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Global warming, driven largely by rising carbon dioxide (CO2) emissions from human activities, continues to pose a critical global challenge, impacting ecosystems, economies, and public health. Carbon Capture and Storage (CCS) has emerged as a promising strategy for reducing emissions, particularly during the ongoing energy transition when fossil fuels remain a primary energy source. However, the effectiveness and public acceptance of CCS are hampered by safety concerns throughout its value chain, especially due to the peculiar thermodynamic properties of CO2. This paper addresses such safety concerns reviewing existing literature on risk assessment and safety evaluation models for CCS technology, identifying key knowledge gaps across all stages of the CCS value chain. Then, to bridge these gaps, a twofold approach is proposed: i) the study compiles a comprehensive baseline of reference data for the safety assessment of CCS systems; ii) inherent safety principles are applied to a real-world-like CCS case study, using consequence modelling to assess specific hazard indexes. By combining the theoretical review with practical applications, the paper emphasizes the importance of integrating safety into CCS design and operations and provides data to support safety enhancement in future CCS projects.
Introduction
Climate change and the global push to reduce greenhouse gas emissions have made the energy transition an urgent priority (IPCC, 2005). While renewable energy sources like green hydrogen offer long-term solutions for a sustainable, low-carbon future, technologies such as Carbon Capture and Storage (CCS) are key short and mid-term strategies to bridge the gap during the energy transition (Tamburini et al., 2024a). CCS is particularly important in decarbonizing hard-to-abate sectors and in enabling the production of blue hydrogen, which relies on natural gas (NG) but captures and stores the resulting carbon dioxide (CO2) emissions to lower its carbon footprint (Noussan et al., 2021). Basically, the CCS process involves a value chain consisting of four main stages: capture, conditioning, transport, and injection and storage, as represented in Figure 1.
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[bookmark: _Ref180664874]Figure 1: Schematization of the Carbon Capture and Storage (CCS) value chain.
In this process, CO2 emissions are captured from industrial sources, compressed for safe transport, transferred via pipelines or alternative methods (e.g., ships, trucks, or rail) to a storage site, and injected into deep geological formations such as saline aquifers or depleted oil and gas reservoirs for long-term sequestration (Tamburini et al., 2024b). Despite the environmental benefits offered by this decarbonization technology, it also carries potential safety risks in the event of accidental releases (Tamburini et al., 2023). Indeed, CO2 is not only mildly toxic but also acts as a physical stressor. When it is released from high-pressure equipment into the atmosphere, the pressure difference causes the formation of solid dry ice particles within the gaseous cloud. This occurs because the CO2's triple point pressure (5.2 atm) exceeds atmospheric pressure. The resulting cloud can cause cold burns upon human exposure, material erosion, or cold embrittlement of equipment. Additionally, CO2 releases into marine environment can lower pH levels, potentially impacting marine biota.
To enable the widespread deployment of CCS technologies in industrial applications and ensure public acceptance, guaranteeing robust safety performance becomes crucial. A preliminary literature review of existing data, models, and tools for risk assessment and safety evaluation in CCS technology reveals several knowledge gaps across each stage of the CCS value chain. To address these gaps, a baseline of reference data for safety assessment procedures is suggested, and inherent safety principles are applied to a real-world-like case study involving a CCS system retrofitted onto a power generation plant. This twofold approach provides both theoretical and practical insights that support the safe implementation of CCS technologies from the early design phases of projects.
In the following, Section 2 provides the results of the gap analysis suggesting baseline reference data where no specific information for CO2 is available, while Section 3 presents the methodology for quantitatively assessing inherent safety. Then, Section 4 introduces the case study used to demonstrate the applicability of the methodology and illustrates and discusses the results of the application. Lastly, some conclusive remarks are outlined in Section 5.
[bookmark: _Ref180672619]Gap analysis
The gap analysis has revealed several critical lacks in the data and models necessary for conducting a comprehensive Quantitative Risk Assessment (QRA) of the CCS value chain, as shown in Figure 2. 
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Figure 2: Qualitative overview of the results of the gap analysis: ✓ and ✗ indicate the availability or not of specific and validated scenarios/data/models for CO2.
Specifically, the analysis has highlighted the absence of specific studies addressing critical scenarios identification and failure frequencies, particularly in CO2 capture, conditioning, and transport, due to the limited operational experience with large-scale CCS applications. In these cases, generic scenarios and baseline failure frequency data from the ARAMIS (Accidental Risk Assessment Methodology for Industries) methodology (Delvosalle et al., 2006), the TNO Purple Book (Uijt de Haag and Ale, 1999), and other sources for transport methods (Saccomanno et al., 1993; IOGP, 2010) can serve as a starting point. More specific information is available for storage systems, drawing on experience from the Oil&Gas sector. Furthermore, considerable uncertainty remains in characterizing end-point scenarios, especially for releases from capture units where hazardous substances like amine solvents are involved, as well as for underwater releases from sealines and risers during transport and injection. Reference event trees from the MIRAS (Methodology for the Identification of Reference Accident Scenarios) procedure (Delvosalle et al., 2004) and the TNO Purple Book (Uijt de Haag and Ale, 1999) can aid in identifying end-point scenarios following critical events in capture units. However, other non-specific literature sources may also be considered to derive similar data (CCPS, 2000; Mannan, 2012; OREDA, 2015). The gap analysis has further underscored challenges in consequence modelling. While models for atmospheric CO2 releases have been validated through experimental campaigns (Sherpa Consulting, 2015), significant knowledge gaps persist in other areas of the CCS chain, particularly for underwater stages. Indeed, source term and dispersion models in software tools able to simulate underwater releases, such as OLGA (Schlumberger, 2024) and TAMOC (Socolofsky et al., 2015), lack adequate validation. Addressing these identified gaps is crucial to enhance the reliability, safety, and public confidence in CCS technologies.
[bookmark: _Ref182306820]Inherent safety methodology
The assessment and analysis of the inherent safety performance of a CCS system have been conducted applying a consequence-based methodology originally developed by (Tugnoli et al., 2007) and later refined by (Crivellari et al., 2018). This approach calculates hazard indexes by evaluating the expected end-point scenarios arising from accidental events identified within the system. The methodology comprises a preliminary information-gathering phase, followed by four main steps. In the preliminary phase, relevant input information is collected, including system and component specifications, process and geometrical details of equipment items, as well as the hazardous and thermodynamic properties of the substances involved. The first step then identifies and classifies hazardous equipment items at various stages of the CCS value chain according to their functional categories (Delvosalle et al., 2006). Next, potential critical events are defined for each equipment item by establishing reference release modes. For example, in the capture and conditioning process units of the investigated case study, eight specific release modes have been considered: a leak with a hole of 10% of the pipe diameter (R1), a leak with a hole of 22% of the pipe diameter (R2), a full-bore pipe rupture (R3), a leak with an equivalent hole diameter of 10 mm (R4), a leak with an equivalent hole diameter of 35 mm (R5), a leak with an equivalent hole diameter of 100 mm (R6), a catastrophic rupture with release of the entire inventory over 600 s at a constant rate (R7), and a catastrophic rupture with instantaneous release of the entire inventory (R8). In contrast, only four release modes have been defined for transport via pipelines: a leak with a 10 mm hole diameter (R9), a leak with a 50 mm hole diameter (R10), a leak with a 100 mm hole diameter (R11), and a full-bore rupture (R12). To account for the likelihood of equipment failure, specific credit factors () are estimated for each  release mode of each  equipment item. These estimates are based on statistical frequency data, which may be specific to CO2 applications or generalized, as outlined in Section 2. In the third step, accident scenarios are identified for each release mode using a set of generic event trees. Since the current consequence analysis focuses on human impacts, threshold values for physical effects are defined from (Tugnoli et al., 2007). Following this, specific damage distances () are calculated for each  accident scenario associated with the  release mode of the  equipment item, adopting well-known consequence simulation models and the defined threshold values. Finally, the Potential Hazard Index () and the Inherent Hazard Index () are calculated for each  equipment item, as follows:
	
	(1)

	
	(2)


where  represents the number of critical events considered for the  equipment item. The aggregated  and  for the different stages of the CCS value chain are then obtained by summing the values calculated for each equipment item within those stages.
[bookmark: _Ref180672693]Case study
[bookmark: _Ref182218012]Definition of the CCS system
The case study involves a CCS system consisting of three key stages: capture, conditioning, and transport of CO2 emissions from the stacks of a thermoelectric plant to a depleted NG field for storage. Reusing an exhausted gas reservoir helps keep costs competitive and leverages well-characterized site properties (Tamburini et al., 2023a). The injection and storage stage has been excluded from the analysis due to the unproven human risks associated with potential CO2 leakage (IPCC, 2005).
In the capture stage, an amine scrubbing process using monoethanolamine (MEA) is applied to separate CO₂ from exhaust gases emitted by the thermoelectric plant, which has a flow rate of 2820 t/h. This process achieves a capture rate of 89.8 %. Then, in the conditioning stage, the captured CO2—consisting of 0.97 mol% CO2 and 0.03 mol% H2O—is compressed through six stages with centrifugal compressors, cooled to 40 °C between stages, and purified to meet pipeline transportation requirements. Aspen Plus software (AspenTech, 2024) has been used for heat and mass balance calculations for the capture and conditioning stages. In the transportation stage, the CO2 stream, now composed of over 95 % CO2, is transported through a 15 km pipeline at a rate of 198 t/h in a dense phase. The pipeline includes an 8 km onshore section and a 7 km offshore section, connecting the plant to a depleted NG field 13 m below sea level. The entire transport process has been modelled as adiabatic, with OLGA software (Schlumberger, 2024) used to simulate transient CO2 flow along the pipeline. More detailed information about the equipment across the CCS value chain stages is provided in Table 1.
[bookmark: _Ref180767861]Table 1: Details of the equipment items constituting the CCS system.
	CCS stage
	Equipment item
	Number of items
	Material
	Temperature (°C)
	Pressure (bar)

	Capture
	Pump
	2
	MEA
	43 – 121
	1.2 – 7.0

	
	Heat exchanger
	35
	MEA
	43 – 121
	6.0 – 7.0

	
	Cooler
	3
	MEA
	40 – 53
	6.0

	
	Reboiler
	4
	MEA
	120 – 121
	1.8

	
	Absorption column
	2
	CO2/MEA
	40 – 56
	1.2

	
	Regeneration column
	1
	CO2/MEA
	104 – 120
	1.8

	
	Blower
	1
	CO2
	100 – 123
	1.0 – 1.2

	
	Heat exchanger
	10
	CO2
	56 – 123
	1.2

	
	Direct contact cooler
	2
	CO2
	40 – 96
	1.2

	
	Condenser
	4
	CO2
	50 – 105
	1.8

	Conditioning
	Compressor
	6
	CO2
	40 – 112
	1.8 – 120

	
	Cooler
	6
	CO2
	40 – 112
	3.6 – 120

	
	Separator
	4
	CO2
	40
	3.6 – 30

	Transport
	Pipeline
	1
	CO2
	40
	120



[bookmark: _Ref180672780]Results and discussion
The results from the application of the methodology described in Section 3 have been reported and discussed in the following. Information about hazardous equipment, substances involved, and operating conditions has already been provided in Section 4.1. The only remaining input relates to the hazardous properties of the main substances, MEA and CO2. MEA is both a flammable and toxic, while CO2 is solely mildly toxic (Tamburini et al., 2023a). Toxicity threshold values are based on Immediately Dangerous to Life or Health (IDLH) values: 291 ppm for MEA (CDC, 2024) and 92,000 ppm for CO2 (HSE, 2011). In the case of flammability, MEA's Lower Flammability Limit (LFL) of 55,000 ppm (NOAA, 2024) has been used. With this data, the preliminary phase and part of the first step of the methodology have been completed. However, the first step still requires categorizing hazardous equipment items, which has been done following the TNO Purple Book guidelines (Uijt de Haag and Ale, 1999). For the capture and conditioning stages, four main equipment categories have been identified: compressors (including blowers), pumps, heat exchangers (covering coolers, condensers, direct-contact coolers, and reboilers), and pressure vessels (columns and separators). Based on these findings and on the characterization of critical events (defined through release modes) that could impact the case study equipment, as outlined in Section 4.1, relevant credit factors have been retrieved and are collected in Table 2.
There is no specific data available in the literature for critical scenarios or failure frequencies in CO2 capture and conditioning equipment. Therefore, the baseline failure frequency datasets identified from the gap analysis (see Section 2) have been used. For onshore pipelines, however, historical data is available (Duncan and Wang, 2014a). Although failure data for CO2 sealines is limited in the public domain, several studies suggest that CO2 and NG sealines are comparable in terms of operating pressure and design characteristics, making NG data suitable for identifying critical scenarios and estimating leak frequencies (Duncan and Wang, 2014a; IOGP, 2010). After that, event trees available in the technical literature (i.e., MIRAS procedure (Delvosalle et al., 2004) and TNO Purple Book (Uijt de Haag and Ale, 1999)) indicate vapor cloud explosions, flash fires, pool fires, and toxic clouds as potential accident scenarios in the capture stage, where both MEA and CO2 are involved. In contrast, for conditioning and transport stages, where CO2 is the only hazardous substance, toxic cloud formation is the primary accident scenario.
[bookmark: _Ref182220236]Table 2. Credit factors related to the release modes (Rs) considered in the case study for process equipment (y-1) and pipelines (km-1y-1) (n.a., not applicable; n.c., not considered).
	Release
mode
	Pressure
vessel
	Heat
exchange
	Pump
	Compressor
	Onshore pipeline
	Sealine

	R1
	1.8 × 10-6
	1.8 × 10-6
	5.0 × 10-4
	1.0 × 10-3
	n.a.
	n.a.

	R2
	6.5 × 10-7
	6.5 × 10-7
	4.5 × 10-4
	8.8 × 10-4
	n.a.
	n.a.

	R3
	1.2 × 10-7
	1.2 × 10-7
	1.0 × 10-4
	1.0 × 10-4
	n.a.
	n.a.

	R4
	5.0 × 10-4
	n.c.
	n.a.
	n.c.
	n.a.
	n.a.

	R5
	5.0 × 10-5
	n.c.
	n.a.
	n.c.
	n.a.
	n.a.

	R6
	5.0 × 10-6
	n.c.
	n.a.
	n.c.
	n.a.
	n.a.

	R7
	5.0 × 10-6
	n.c.
	n.a.
	n.c.
	n.a.
	n.a.

	R8
	5.0 × 10-6
	5.0 × 10-6
	n.c.
	5.0 × 10-6
	n.a.
	n.a.

	R9
	n.a.
	n.a.
	n.a.
	n.a.
	2.8 × 10-4
	7.2 × 10-3

	R10
	n.a.
	n.a.
	n.a.
	n.a.
	4.0 × 10-5
	8.5 × 10-4

	R11
	n.a.
	n.a.
	n.a.
	n.a.
	1.4 × 10-5
	1.7 × 10-4

	R12
	n.a.
	n.a.
	n.a.
	n.a.
	2.6 × 10-5
	2.6 × 10-4



To evaluate hazard indexes, damage distances, using the aforementioned threshold values, have been estimated through various software tools: PHAST (DNV, 2024) for onshore releases, while OLGA (Schlumberger, 2024) along with TAMOC (Socolofsky et al., 2015) for subsea releases. Based on this, hazard indexes have been evaluated for the different CCS value chain stages, as shown in Figure 3.  
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[bookmark: _Ref182320617]Figure 3. a) Potential (PI) and inherent (HI) hazard indexes per stage of the CCS value chain; b) normalized inherent hazard indexes per stage of the CCS value chain, with a focus on their toxic (THI) and flammable (FHI) contributions.
Specifically, Figure 3-a) displays both the potential and inherent hazard indexes for the three stages investigated. Notably, HI values, which account for the frequency of accident scenarios, are lower than PI values; however, the trend among the three stages remains the same, with transport showing the highest hazard indices, followed by capture and conditioning. It is worth noting that the HI value of the transport stage is also influenced by the pipeline length, as a longer pipeline increases the frequency of accident scenarios, thereby raising the HI value. Figure 3-b) illustrates the normalized hazard indexes for the capture, conditioning, and transport stages, relative to the highest HI value. In the radar plot, both toxic and flammable contributions to the HI values are identified. The flammable contribution appears only in the capture stage, where MEA is involved, while toxicity impacts all three stages, following the trend discussed for Figure 3-a). 
[bookmark: _Ref180672840]Conclusions
In conclusion, this paper emphasizes the importance of addressing safety challenges in CCS technology to strengthen its role in reducing CO2 emissions as part of the global energy transition. By identifying key gaps in risk assessment, the study underscores the necessity for comprehensive data collection and validated models to improve risk assessment practices. The dual approach—establishing baseline reference data and applying inherent safety principles in a practical case study—provides a framework that not only enhances the understanding of potential hazards but also improves safety protocols for CCS applications. Remarkably, the results of the inherent safety analysis identify the transport stage as the riskiest phase, highlighting the need for targeted safety measures in this area. These findings stress that integrating safety considerations from the design phase onward is crucial for achieving effective emission reductions and gaining public acceptance of CCS technology. To advance these goals, the study calls for coordinated efforts among stakeholders to standardize methodologies, improve scenario identification, and enhance consequence analysis, ultimately supporting a safer and more widely accepted path toward a low-carbon future.
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