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With rising global carbon dioxide (CO,) emissions and worldwide commitment to mitigate and avoid

environmental impacts, the contribution of carbon capture and storage (CCS) technologies is crucial.
Controlling impurities in CCS pipelines is key to this effort. This article presents an analysis of how trace

components in CO, streams impact thermodynamic and transport properties with potential long-term

consequences on asset integrity. While the associated risks are highlighted, the focus is on developing

robust engineering solutions for large-scale implementation.

According to the International Energy Agency (IEA), “Carbon capture and storage involves the capture of

CO, from large point sources, including power generation or industrial facilities that use either fossil fuels
or biomass for fuel. The CO, is then compressed and transported via pipelines, ships, rail or trucks to be

used in a range of applications or injected into deep geological formations like depleted oil and gas
reservoirs or saline formations for permanent storage.”1 FIG. 1 illustrates the CCS process that involves

capturing CO, emissions from sources like fossil fuel power plants or manufacturing plants and storing it

to prevent it from entering the atmosphere.
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FIG. 1. A simplified representation of a CCS project consisting of capture, transport and storage underground.

CCSiis a critical technology for emissions reduction and achieving net-zero emissions, as it can
significantly reduce greenhouse gas (GHG) emissions in hard-to-abate manufacturing sectors such as
cement, steel, chemical production and the oil and gas sector.? Collectively, these industrial sectors
produce ~60% of global CO, emissions, with the oil and gas sector—and refining in particular—accounting
for approximately 42% of the total CO, emissions.3

The IEA estimates that CCS must contribute at least 15% of the total CO, emissions reductions needed to

achieve net-zero by 2050.4 This underscores the importance of CCS in the global energy transition. No

realistic scenario can achieve net-zero by 2050 without the contribution of CCS.

According to the Global CCS Institute, the CCS industry is rapidly developing, as shown in FIG. 2.51n 2023,
> 20 new carbon capture facilities were either under construction or commencing operations, capturing

more than 350 MMtpy of CO,. This represents an increase of nearly 50% since 2022, highlighting the rapid

growth and critical role of CCS in reducing emissions. A similar growth is expected for 2025.
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FIG. 2. Global CCS capacity 2012-2023.°

Understanding the thermodynamic behavior of CO, mixtures. Despite increasing

demand, CCS projects present unique technical and economic challenges. CO, has unique

thermodynamic properties, particularly related to its unusually high Joule-Thomson (J-T) coefficient, which

makes it difficult to manage during transport and storage.

This J-T coefficient represents the rate at which a fluid cools down or heats upon expansion or
compression. CO, has a large, positive J-T coefficient, which means it cools down when expanded or
heats up when compressed, rapidly and by large amounts. This is problematic during transport and
storage. Rapid cooling can lead to thermal shocks in transport and injection facilities, such as pipelines
and well tubings/casings, risking cracks and compromising infrastructure integrity. These risks increase in

a project’s early stages when highly compressed CO, is injected into a low-pressure depleted reservoir.

Phase behavior and the effect of impurities. Another key challenge in CCS transport is related
to its significant variations in density and viscosity at different operating conditions. To avoid excessive

pressure drops and maximize the mass flowrate, CO, is transported in single phase, ideally at high

pressure in supercritical dense phase. This also minimizes the risks of corrosion associated with liquid or

aqueous phase drop-out.

Maintaining operating conditions in the supercritical range, however, is challenging. As the CO, is

transported along pipelines, its pressure and temperature drop rapidly, as depicted in FIG. 3. When the

fluid reaches the injection wellhead, it is likely to be in conditions nearing the critical point of CO, [31.1°C

(~88°F) and 73.8 bar]. Initially, the injection well of a depleted reservoir is likely to be at an even lower

pressure (~10 bar or less). Therefore, during the expansion in the well, the fluid may transition to a liquid



phase. In the presence of impurities, the two-phase coexistence (represented by the red curve in FIG. 3)

expands to a two-phase coexistence region (as shown in FIG. 4). The width of the curve is determined by

the level of impurities.
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FIG. 3. A schematic representation of the profile of a CCS transport and injection line overlayed on the phase diagram
of pure CO,.

In the expansion across the wellhead choke or along the tubing, the CO, mixture cools further and is

therefore likely to go through the two-phase coexistence region represented in FIG 4. This may cause
liquid buildup in the wells, excessive cooling, corrosion or even blockages due to the formation of solids

(e.g., hydrates) in some extreme cases (e.g., when the CO, mixture gets into contact with water forming in

the reservoir). As the reservoir fills up and the backpressure increases, operating conditions in the
transport and injection facilities may approach the two-phase region more quickly, causing liquid dropout
in the transport lines. This situation may increase the friction, causing increased pressure drop and

requiring extra compression and energy to maintain the flowrate. Impurities in CO, mixtures play a crucial

role in modifying the thermodynamic behavior of gas compared to pure CO,.



CO2 + impurities
100

90

(]
(2]

Pressure (bar)

o
-50 -40 -30 -20 -10 0 10 20 30 40

Temperature (°C)

Pure CO2 —— (02 (99%)-H2(1%) ~——Mix 1 COZ (95%) - H2 (1%) - other ——Mix 2 COZ (94%) - H2 (2%) - other

FIG. 4. Two-phase (gas-liquid) coexistence of pure CO, and typical mixtures found in CCS applications.

Impurities in the mixture modify the topology of the phase diagram. In a pure gas system, two-phase can
coexist only on a phase coexistence line in the pressure and temperature representation of the phase
diagram. As the gas mixture becomes more complex, the phase coexistence line opens into a phase
coexistence region with different impurities affecting the bubble or dewpoint temperature in different

ways.

Even small amounts of impurities can significantly shift the critical point and phase behavior of CO, as
shown in FIG. 4. In particular, the presence of non-condensable gases such as hydrogen (H,) and nitrogen

can alter the bubble and shift the critical pressure by several bars. Therefore, accurately predicting the

thermodynamic behavior of the CO, mixture is important to identify and mitigate the associated risks.

The J-T effect—when CO, cools rapidly upon expansion—can intensify these risks. The fast expansion of
CO, containing impurities can cause cooling that results in the formation of liquid phases, causing
blockages and pipeline damage. Additionally, water in the CO, stream can cause the formation of

hydrates, potentially obstructing flow and causing significant operational challenges.

Another significant risk is corrosion. Even small quantities of water in the CO, stream react to form

carbonic acid, which is highly corrosive. This can degrade pipeline materials and increase leaks. Impurities

(e.g. sulfur compounds) exacerbate corrosion, making dehydration of the CO, stream essential. For this



reason, CCS mixtures are dehydrated to a very high standard in the order of the parts per million (ppm) and
controlled along the supply chain. Nonetheless, a small trace of some impurities often present in the
mixture (e.g., alcohols, glycols) may cause the formation of small pools of liquid or aqueous phase, which
can obstruct the flow or increase the risk of corrosion. This may be particularly critical in areas where the

flow slows down (i.e., low points of the pipeline, or elbows and bends).

To mitigate the risks associated with these complex behaviors, accurate thermodynamic predictions are

needed to develop effective engineering and operating solutions.

Optimizing CCS transport. An integrated asset model (IAM) integrates surface facilities and

subsurface reservoirs to provide a holistic view of the asset. This approach is used in oil and gas

applications for field planning and long-term forecasting. However, the thermodynamic complexity of CO,

and the tight hydraulic coupling between the storage site and transport facilities make it a key element to

evaluate operating scenarios and design solutions.

FIG. 5 shows an IAM of a CCS transport and injection facility, including compression, dehydration, subsea
pipeline transport and injection in offshore depleted reservoirs. This integrated approach allows users to
simulate various scenarios over the life of the field to evaluate changes in reservoirs and in capture and
transport facilities—including different impurity concentrations—to predict impacts on flow and transport

conditions. This helps identify risks and optimize operations.
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FIG. 5. A schematic representation of an IAM of a CCS facility, showing emitting sources, dehydration, compression,
pipeline transport and reservoir injection.

In CCS—given the highly non-ideal thermodynamic behavior of CO,—compositional simulations are

required to distinguish the effects of compositional changes over time and their impact on the technical
and economic feasibility. Black oil and table-based simulations often used in oil and gas production will be
insufficient for CCS applications. By adjusting operating parameters and engineering choices, IAM helps

design transport strategies that minimize the risk of phase changes and maintain efficient flow.



Designing efficient transport strategies. IAM is a powerful tool for managing the complexities

of CO,, transport in CCS projects, particularly when dealing with different impurity concentrations. Using

compositional simulations, IAM precisely models phase behavior and fluid properties across different
pressures and temperatures. Sensitivity analyses identify critical impurity thresholds that could lead to
operational issues, while scenario planning enables engineers to design robust transport strategies
capable of handling a range of potential feed compositions. IAM's optimization capabilities allow
engineers to determine the optimal pressure and temperature conditions for transport, considering the

specific impurity profile of the CO, stream—this is critical to maintain single-phase flow and avoid issues

like liquid dropout or hydrate formation.®

Risk assessment is another key feature of IAM, which models the impact of impurities on corrosion rates,
material degradation and other risks to guide mitigation strategies and select materials for construction.
From an economic perspective, IAM assesses the impact of different purification levels, balancing the
costs of impurity removal against potential operational and maintenance costs associated with

transporting CO, with higher impurity levels. The time-based simulation capabilities of IAM allow users to

model how changes in impurity concentrations affect the transport system over time, enabling adaptive

management strategies.

By modeling the entire CCS chain, IAM helps engineers evaluate how variations in the composition in the
capture phase may impact the transport phase and storage processes downstream, ensuring a holistic
approach to impurity and risks management. These capabilities empower engineers to design efficient

and resilient transport strategies that optimize the performance and longevity of CCS infrastructure.

Case study. In this case study, the effect on a CCS transport and injection network was modeled and

simulated when an additional source of CO, was introduced, as depicted in FIG. 6. Alongside existing

emitters, representing a refinery and a fertilizer plant operating at a fixed flowrate, a storage facility was
added that collects CCS gas mixtures transported to the storage tank via shipping. This source is located
at the offshore hub and distributes CCS gas mixtures to the three offshore storing facilities in depleted gas

reservoirs.
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FIG. 6. A representation of the CCS transport and injection facility, with the source from shipping located at the
offshore hub.

The IAM simulation shows that by adjusting the pressure and temperature, the system can be maintained

in single-phase flow, preventing liquid dropout and ensuring efficient transport. Adding CO, via shipping

impacts the overall flowrates and balance of the network, with potential capacity shortages in the

transport and injection facilities as the turndown increases.

In this case, from a thermodynamic perspective, the additional CO, source had a higher purity, with a
higher concentration of CO,. This affected the overall composition of the CO, transported stream. This

change in composition can shift the critical points and phase behavior, requiring adjustments to the

operational parameters to maintain a single-phase flow.

The IAM simulation demonstrated that increasing pressure and adjusting the temperature prevented liquid
dropout and maintained efficient transport across the entire network. The simulation also showed that the
addition of the CCS mixture from shipping can increase the overall flowrate; however, this must be
balanced against the capacity of the transport and injection facilities. Continuous monitoring and

adjustment of the operational parameters are essential to ensure the project’s feasibility and efficiency.

Tackling transport challenges with IAM. IAM provides a comprehensive approach to

managing the complexities of CO, transport in CCS projects. By integrating surface and subsurface

modeling, IAM helps identify and mitigate risks associated with the evolutions of the asset over time.
These could be due to varying impurities, operational changes, project layout modifications, and the
pressure increase as the storage site fills up. This integrated modeling approach supports the design of
robust transport strategies that maintain the integrity and efficiency of the CCS asset over its lifecycle.
However, continuous monitoring and adjustment of operational parameters are essential to adapt to the

dynamic conditions of CO, transport.



The ability of the integrated model to simulate various scenarios and predict the impact of different
impurity concentrations allows engineers to design transport strategies that minimize risks and optimize
performance. By maintaining a single-phase flow and preventing issues such as liquid dropout, hydrate

formation and corrosion, IAM ensures the long-term sustainability and economic viability of CCS projects.

Takeaways. Managing impurities in CCS pipelines is a critical aspect of ensuring the efficiency, safety

and long-term viability of CCS projects.

Through exploring this topic, the following key points emerge:
¢ Impurity impact: Even small amounts of impurities can significantly alter the thermodynamic
behavior of CO,, affecting critical points, phase boundaries and transport properties. This

emphasizes the need for precise compositional control and monitoring in CCS systems.
¢ Thermodynamic complexity: The unique properties of CO,, particularly its high J-T coefficient and

complex phase behavior, complicate optimal transport conditions. Managing these properties is
crucial for efficient and safe CCS operations.
¢ Risk mitigation: Impurities increase risks like corrosion, hydrate formation and phase changes. Risk
assessment and mitigation strategies are essential for the long-term integrity of CCS infrastructure.
¢ Integrated modeling approach: IAM offers a comprehensive approach to manage the complexities
of CO, transport, enabling engineers to optimize operations, predict issues and design robust

transport strategies.
¢ Adaptive management: Given the dynamic nature of CCS projects and the potential variations in
CO, sources and impurity profiles over time, adaptive management strategies supported by

continuous monitoring and modeling are crucial.

e Economic considerations: Managing impurities presents significant economic implications,
affecting both capital and operational expenses. Balancing purification costs against potential
operational issues is a key consideration in CCS project planning.

¢ Technological advancement: Continued innovation in impurity removal, materials science and
modeling techniques will be needed to improve the efficiency and reduce the costs of CCS systems.

While impurities in CCS pipelines present significant challenges, they are not insurmountable. Through

careful engineering, advanced modeling techniques and a thorough understanding of CO, behavior, these

challenges can be effectively managed. Implementing IAM offers practical benefits, such as reducing
operational risks, minimizing costly shutdowns and ensuring compliance with safety and environmental
standards. As the CCS industry continues to grow and evolve, the lessons learned and technologies
developed in managing impurities will play a crucial role in realizing the full potential of CCS as a key

strategy in global emissions reduction efforts. GP&LNG
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