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A B S T R A C T

Ensuring safety across the blue hydrogen value chain is essential in the short term decarbonization perspective. A 
novel consequence-based methodology is developed to quantitatively assess inherent safety across entire value 
chains since early design. The methodology has the unprecedented capability of identifying the safety-critical 
components and of accounting for interdependencies. The application to the blue hydrogen value chain iden
tified hydrogen production as the most hazardous fixed asset, CO2 pipelines as the more hazardous transport 
systems, and liquefied hydrogen accidents as those having the wider potential impact area, even if their likeli
hood is 50% lower than that of accidents involving compressed gaseous hydrogen. The approach, providing 
sound-consequence based hazard indexes, closes gaps in conventional inherent safety assessment often based on 
semi-quantitative metrics, and support the safe deployment of blue hydrogen technologies providing a clear 
overview of the safety critical components of the blue hydrogen value chain.

1. Introduction

Nowadays, the significant increase in carbon dioxide (CO2) emis
sions has become a primary international concern [1,2]. Several stra
tegic initiatives are being implemented worldwide for the 
decarbonization of processes and commodities [3,4], which involve 
transitioning away from fossil fuels toward cleaner energy sources and 
sustainable practices, aiming at the reduction of greenhouse gas emis
sions and at the mitigation of climate change [5]. In this framework, the 
development and utilization of hydrogen (H2) as a clean or low-carbon 
energy carrier is gaining momentum [6–8]. Depending on the feedstock 
and production process, a broad spectrum of hydrogen types is available 
[9]. Among these options, blue hydrogen positions itself as a key tran
sitional solution, playing a crucial bridging role in the pathway toward a 
sustainable energy future [10]. Blue hydrogen is generated from natural 
gas (NG) using steam methane reforming (SMR), with Carbon Capture 
and Storage (CCS) employed to mitigate the release of CO2 into the at
mosphere [11–14]. CCS consists of capturing carbon emissions from flue 
gases, transporting them, and storing them underground in deep 
geological formations to prevent their release into the atmosphere [15,
16]. While CCS alone offers a short-term solution for reducing carbon 
emissions from fossil fuel-based industries, blue hydrogen enhances its 
effectiveness by providing a cleaner alternative to traditional grey 
hydrogen [17]. The well-established and consolidated nature of grey 

hydrogen provides a solid foundation for developing blue hydrogen, 
allowing CCS to be integrated as an add-on without the need to build an 
entirely new production infrastructure. Blue hydrogen also comple
ments green hydrogen, which is produced through renewable 
energy-powered electrolysis of water [12], by offering a more immedi
ate and scalable solution to decarbonize sectors heavily reliant on hy
drocarbons. Given the current dependency on fossil fuels and the time 
required for the widespread adoption of renewable energy, blue 
hydrogen can serve as a pragmatic intermediary, allowing for significant 
emission reductions while paving the way for the long-term transition to 
green hydrogen and a truly carbon-neutral energy system [18].

The blue hydrogen value chain encompasses the entire production 
process of hydrogen from NG, including the extraction or sourcing of 
NG, its conversion to H2 through processes like the SMR, the capture and 
storage of CO2 emissions produced during hydrogen production, and 
finally, the distribution and utilization of H2 as a low-carbon energy 
carrier [19,20]. Due to the inherent hazards of hydrogen, it is crucial to 
address safety and manage risks across every step of the value chain 
from the earliest design phases, both to enable safe industrial deploy
ment and to improve societal acceptance of this emerging technology 
[21]. This highlights the importance of consistently applying inherent 
safety principles throughout the entire blue hydrogen value chain.

Inherent safety emphasizes the management of risk by the elimina
tion or reduction of hazards since the design phase, rather than relying 
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on protective measures or controls [22]. Assessment methods for 
inherent safety involve the systematic identification and quantification 
of hazards, enabling the comparison of design alternatives with respect 
to their inherent risk footprint. The inherent safety screening of the 
hydrogen value chain is thus crucial, given the unique hazards associ
ated with hydrogen, such as high flammability and explosivity risks 
[23], to identify and prioritize the most critical systems and units, where 
the adoption of appropriate safe design criteria is required to mitigate 
and control the risk.

A broad range of inherent safety assessment approaches has been 
developed in the literature, some of which are potentially applicable to 
entire industrial value chains [24]. These indicators are commonly 
grouped into four categories. Parameter-based indicators, such as the 
Prototype Index of Inherent Safety (PIIS) [25] and the Inherent Safety 
Index (ISI) [26], quantify inherent safety through scoring of material, 
process, and equipment attributes, including toxicity, flammability, and 
operating conditions. Consequence-based indicators, including the 
Hazard Identification and Ranking – Fire and Explosion Damage Index 
(HIRA-FEDI) [27], the Integrated Inherent Safety Index (I2SI) [28], and 
the Inherent Safety Key Performance Indicator (IS-KPI) [22], evaluate 
the severity of potential outcomes from fires, explosions, or toxic re
leases. Risk-based indicators, such as the Risk-Based Inherent Safety 
Index (RISI) [29] and the Anticipated Inherent Risk Index (AIRI) [30], 
combine consequence and probability to provide a probabilistic 
assessment of inherent safety. Finally, safety-environment indicators, 
including the Inherent Benign-ness Indicator (IBI) [31] and the Inherent 
Chemical Process Route Index (ICPRI) [32], extend the assessment to 
consider environmental and health impacts alongside safety.

A closer look at these methods highlights key limitations. Many in
dicators listed in Table 1 remain qualitative or semi-quantitative, 
limiting the accuracy of hazard assessment. Few methods are designed 
for ex-ante application, i.e., for evaluation during the early design stage 
when decisions can effectively reduce risk. Effective applications across 
entire value chains are scarce, and comprehensive analyses of full 
hydrogen pathways, including blue hydrogen, are almost entirely absent 
[33–37]. Existing studies on hydrogen technologies tend to focus on 
specific segments or components of the value chain, such as hydrogen 

storage or production units [33–36], or consider only partial chains (e. 
g., from hydrogen production to end-user utilization [37]). In addition, 
VOSviewer software [38] was used to visualize the co-occurrence of 
indexed keywords, overlaid with the average publication year of the 
documents retained in the bibliometric analysis reported in Table 1, 
offering insights into the temporal evolution of research themes. The 
resulting map is provided in the Supplementary Material in Fig. A1, 
showing interconnected clusters centered on inherent safety, process 
design, and risk assessment, with a temporal gradient indicating 
growing attention from 2010 to 2020. Taken together, these findings 
highlight the lack of comprehensive evaluations that account for in
terdependencies, potential hazard propagation, and systemic risks along 
the entire value chain. These gaps underscore the need for a quantita
tive, consequence-based framework capable of assessing inherent safety 
along all stages of the value chain, capturing potential hazard propa
gation and systemic risks.

Aiming to fill this gap, the present study proposes a novel, system
atic, quantitative, consequence-based methodology to assess the 
inherent safety of blue hydrogen value chains. The methodology is 
designed for ex-ante application during the early conceptual design 
stage, enabling proactive identification and mitigation of potential 
hazards before key design choices are fixed. The elementary components 
of the value chain are first identified, focusing on the core technologies, 
and their inherent safety performance is assessed. The analysis is then 
extended to encompass the entire value chain, capturing in
terdependencies between units. The detailed assessment of results ob
tained from the analysis of alternative value chains embodying different 
technological options is used to highlight the systematic and versatile 
nature of the approach. The methodology also supports modular inte
gration with environmental assessment, facilitating a multi-dimensional 
evaluation of safety and sustainability trade-offs where relevant. Over
all, it provides a systematic, quantitative, and holistic tool to support 
safer and informed decision-making in emerging industrial technolo
gies, including complex hydrogen pathways.

The structure of the paper is the following. In Section 2, a brief 
overview of the blue hydrogen value chain is provided. Section 3 pre
sents the innovative methodology developed to quantitively assess the 
inherent safety of entire value chains through the evaluation of key 
hazard indexes. Section 4 describes the alternative blue hydrogen value 
chains considered as the case study. The results of the application of the 
methodology to the case study, including the inherent safety indexes of 
both individual value chain components and the overall value chains, 
are presented and discussed in Section 5. Concluding remarks are out
lined in Section 6.

2. Overview of the blue hydrogen value chain

Blue hydrogen is a promising short to medium-term decarbonization 
option characterized by the implementation of CCS in hydrogen pro
duction processes from fossil fuels [10]. Its value chain spans from the 
mining of raw materials to the final delivery and utilization of hydrogen 
as a low-carbon energy carrier [40], thus involving multiple inter
connected stages with distinct environmental and safety implications. It 
can be produced from several non-renewable feedstocks, including 
natural gas, brown coal, and black coal, as shown in Fig. 1 [20].

Natural gas, mostly composed by methane (CH4), is currently the 
primary feedstock considered for blue hydrogen production, due to its 
widespread availability [41]. Brown coal (lignite) and black coal 
(bituminous coal) represent alternative feedstock options, although they 
differ in terms of environmental impact [42]. The production of 
hydrogen from such raw materials typically involves processes as SMR, 
autothermal reforming (ATR), or gasification, depending on the feed
stock utilized (see Fig. 1) [9]. When NG is used as a feedstock, SMR is 
normally selected as the conversion process [30]. Fig. 2 provides an 
overall schematization of the blue hydrogen value chain [40].

All the aforementioned fossil-based hydrogen production processes 

Table 1 
Representative sample of inherent safety approaches reported in the literature 
for application along the value chain.

Inherent safety 
indicator

Acronym Category Approach Reference

Prototype Index of 
Inherent Safety

PIIS Parameter- 
based

Qualitative/ 
Semi- 
quantitative

[25]

Hazard 
Identification and 
Ranking – Fire and 
Explosion Damage 
Index

HIRA- 
FEDI

Consequence- 
based

Qualitative/ 
Semi- 
quantitative

[27]

Inherent Safety 
Index

ISI Parameter- 
based

Qualitative/ 
Semi- 
quantitative

[26]

Integrated Inherent 
Safety Index

I2SI Consequence- 
based

Quantitative [28]

Inherent Safety Key 
Performance 
Indicator

IS-KPI Consequence- 
based

Quantitative [22]

Inherent Benign- 
ness Indicator

IBI Safety- 
environment

Quantitative [31]

Inherent Chemical 
Process Route 
Index

ICPRI Safety- 
environment

Quantitative [32]

Risk-Based Inherent 
Safety Index

RISI Risk-based Quantitative [29]

Anticipated Inherent 
Risk Index

AIRI Risk-based Quantitative [30]

Stream Safety Index SSI Risk-based Quantitative [39]
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generate CO2 as a by-product. When considering blue hydrogen pro
duction, CCS methods may be applied to mitigate the environmental 
impact. Post-combustion capture processes stand out as the preferable 
choice for reducing CO2 emissions from hydrogen production owing to 
their relative maturity, ability to be retrofitted to existing plants, and 
broad applicability [43]. Examples include chemical or physical ab
sorption, adsorption, calcium looping, and cryogenic distillation [44]. 
However, other CO2 capture methods, such as pre-combustion or 
oxy-fuel combustion processes, can also be considered [14].

Once captured, CO2 is conditioned and transported via pipeline, ship, 
rail or road tanker, or by a combination of these systems, to a suitable 
underground storage site, where it can be securely stored preventing its 
release to the atmosphere [14,45]. Alternatively, Carbon Capture and 
Utilization (CCU) technologies offer the potential to convert captured 
CO2 into valuable products, further enhancing the sustainability of the 
blue hydrogen value chain [46].

The produced H2 can be stored and delivered to end-users in different 
forms, including liquid hydrogen (LH2), compressed gaseous hydrogen 
(CGH2), and other solutions [37]. In the case of LH2, H2 is liquefied at 
extremely low temperatures (− 253 ◦C) for transportation and storage 
[47]. Specific vacuum-insulated cryogenic tanks and transport vessels 
are used to maintain the low temperatures required for storage and 
transportation [48]. Upon deliver to the final user, LH2 is converted back 
to its gaseous state through vaporization [37]. In the case of CGH2 
supply chain, instead, H2 is compressed to high pressures (up to 700 bar) 
for storage and transportation [34]. CGH2 is then transported to 
end-users via pipeline, tank trailer, compressed gas cylinders or com
binations of the above. At the point of use, the CGH2 is depressurized to 
match the operating pressure of the end-use system.

Currently, CGH2 and LH2 transport and storage are the most mature 
and currently the most widely used technologies for H2 transport and 
storage. An overview of alternative technologies for hydrogen trans
portation, which generally have lower technology readiness levels 
(TRLs), is provided by Ref. [49]. Among these, metal hydrides [50] is 
perhaps the alterative technology with the highest TRL. Metal hydrides 
are compounds formed between metals and hydrogen, in which the 
metal acts as a storage medium for the hydrogen [51]. In this process, H2 
is absorbed into the metal lattice at relatively low pressures and tem
peratures and released when needed through heating or depressuriza
tion. Metal hydrides offer advantages such as high storage densities and 
relatively low operating pressures. However, challenges such as slow 
kinetics and limited reversibility of some metal hydride systems still 
need to be addressed for their widespread adoption [52].

Beyond technological aspects, safety issues across the blue hydrogen 
value chain deserve consideration. Although no incidents have been 
specifically documented for fully integrated blue hydrogen plants, in
dividual components of the value chain have experienced safety-related 
events. In particular, both grey hydrogen production facilities and CCS 
infrastructures have been associated to documented accidents, including 
leaks, fires, explosions, and equipment failures such as valve or flange 
malfunctions [53,54]. Historical incidents in hydrogen production and 
handling illustrate these hazards: for example, a pipe rupture during 
SMR start-up in 1996 highlighted the risks associated with 
high-temperature and high-pressure gas systems, and multiple incidents 
involving hydrogen refueling stations and distribution infrastructure 
have been linked to equipment failures such as flange leaks, valves, and 
weld joint defects [55].

Different segments of the blue hydrogen value chain present specific 
hazards: CO2 pipelines carry risks of rupture, leaks, and uncontrolled 
releases [45], LH2 handling involves cryogenic hazards and flamma
bility concerns, and CGH2 storage and transport introduce high-pressure 
containment and embrittlement challenges [23]. Analyses of HIAD 2.1 
incident database [55] reveal that a significant portion of 
hydrogen-related accidents involve fires and explosions, often triggered 
by human or design errors, with a notable share occurring in distribution 
(40%) and storage (24%) segments of the infrastructure. Material 
challenges such as hydrogen embrittlement and high-pressure contain
ment further complicate the safety landscape, particularly in long 
pipelines and storage systems where loss of integrity can lead to rapid 
releases and elevated hazard scenarios. These real-world examples and 
mechanistic failure modes demonstrate that inherent hazards are not 
limited to isolated units but may propagate across multiple stages of the 
value chain, motivating the need for comprehensive, value chain–level 
safety assessment.

3. Methodology

An innovative methodology for the quantitative assessment of the 
inherent safety of a value chain has been developed in the present study. 
It is based on a consequence-driven inherent safety metric, specifically 
conceived to provide a quantitative assessment of the inherent safety 
performance of entire value chains. The assessment of inherent hazard 
indexes enables the comparison among alternative value chains and the 
identification of the most vulnerable system components and/or 
equipment items, highlighting specific stages of the value chain that 

Fig. 1. Types of hydrogen colors based on feedstocks and production processes 
(adapted from Refs. [9,20]). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Blue Hydrogen value chain scheme [40]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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show criticalities and/or require more detailed evaluation within the 
framework of risk assessment and management.

Fig. 3 shows the flowchart of the methodology, which is structured 
into four main steps, each including several sub-steps. Its cyclical 
approach promotes continuous improvement and modification 
throughout the process. The feedback loops, linking the various steps of 
the methodology, reflect the iterative nature of the assessment, ensuring 
that new data and potential system modifications are included as the 
analysis progresses. In the following sections, the metric and the single 
methodological steps required for the calculation of the inherent hazard 
indexes are discussed.

3.1. Step 1: Preliminary phase

This preliminary phase (Step 1 in Fig. 3) consists of three sub-steps 
(1.1 to 1.3), which are intended to set the system boundaries and to 
collect the required information concerning the selected reference value 
chain and its constituents.

The starting point of the methodology (Step 1.1 in Fig. 3) involves 
the identification and the selection of the reference value chain (RVC) of 
interest. Defining the value chain also entails determining the system 
boundaries, i.e., deciding which processes are included in the system. 
This step ensures that the selected value chain aligns with the strategic 
objectives of the analysis.

In Step 1.2 (see Fig. 3), the selected RVC is broken down into single 
elementary components (ECs), each representing a section of the value 
chain performing a specific function (e.g., production, large-scale stor
age, transport, etc.). Relevant data are then collected to define the 
different ECs. Since each EC may consist of one or more equipment items 
(EIs), including process equipment (e.g., columns, heat exchangers, re
actors), storage units (storage tanks, process buffers), or transport sys
tems (e.g., pipelines), it is crucial to gather detailed information on the 

system layout, such as simplified process flow diagrams (PFDs) or 
similar technical schemes, and equipment items, their functional activ
ities, operational parameters (i.e., pressure and temperature), sub
stances involved (including their thermodynamic and dangerous 
properties), and any pertinent historical data (if available). The EIs 
composing each EC are thus identified. This breakdown allows for a 
thorough assessment of the potential hazards associated with specific 
operations and provides the context for the following steps of the 
methodology. For clarity, Fig. A2 in the Supplementary Material dis
plays an example of a conceptual scheme of a RVC.

In Step 1.3 (see Fig. 3), the relevant EIs having a major accident 
hazard inherent potential are identified. The MIMAH (Methodology for 
the Identification of Major Accident Hazards) procedure [56] or the TNO 
Purple Book [57] may be used for this purpose. For instance, MIMAH 
provides a classification of the hazardous substances involved in the 
process [58], assigning each EI to one of 16 predefined hazard classes 
that reflect the type and severity of the inherent hazard (see Table A1 in 
the Supplementary Material). An indexing method is then applied to 
determine which EIs are relevant by comparing the inventory (mass) of 
hazardous material contained in the EI to specific threshold quantities. If 
the amount exceeds the threshold, the EI is flagged. This systematic 
approach ensures that only EIs with a significant potential to cause 
major accidents are retained in the analysis.

3.2. Step 2: Critical event assessment

This second step of the methodology (Step 2 in Fig. 3) includes two 
sub-steps (2.1 and 2.2), involving the identification and characterization 
of critical events leading to end-point scenarios and to the assignment of 
credit factors.

More in detail, Step 2.1 (see Fig. 3) consists of the identification of 
critical events (CEs), defined as losses of containment of materials and/ 
or energy from process equipment and pipework, potentially affecting 
each EI. In order to identify the CEs, the MIMAH procedure [56] may be 
used, providing a list of 12 potential critical event categories, which are 
detailed in Table A2 in the Supplementary Material. These can be 
associated to the EIs following a specific procedure based on two 
matrices. The first matrix intersects the EI classes (as referenced in Step 
1.3 and in Table A1 in the Supplementary Material) with the 12 po
tential critical event categories (see Table A2 in the Supplementary 
Material), while the second matrix correlates the potential CEs to the 
physical state of the substance (see Step 1.2).

The characterization of the CEs is based on the definition of reference 
release modes (RRMs), which assume specific factors for the release 
geometry, duration, entity, and conditions. Each CE is linked to at least 
one RRM, derived from the analysis of literature data [57,59–63]. Ex
amples of these RRMs are provided in Table 2 [59,61,63]. A complete 
list of RRMs associated with each CE is reported by Delvosalle et al. [61].

In Step 2.2 (see Fig. 3), a credit factor is assigned to each RRM to 
evaluate its inherent proneness to cause releases. Credit factors are 
derived from baseline data available for the failure frequencies of 
standard components [57,61–66], when no historical data is available. 
The credibility of a given CE varies across different EIs due to the 
inherent characteristics of their design and operational modes (e.g., due 
to the presence of rotating parts, network complexity, etc.) [59,67]. In 
case of non-standard technologies, approaches such as the Failure Mode 
and Effect Analysis (FMEA) [68] or the Fault Tree Analysis (FTA) [69] 
may be applied to obtain the credit factors.

Calculating the credit factors for transport and transfer units needs 
additional specifications. In particular, in the case of pipelines, credit 
factors are obtained multiplying the length of the pipeline by the base
line value of the failure frequency per unit length, λkm, obtained from 
literature data [63]. In the case of rail, road, and ship/barge tankers, the 
length of a single voyage, Lv (km/voyage), and the total number of 
voyages per year, v (voyage/year), are used to obtain the credit factor λy 

(1/year), as follows [64]: Fig. 3. Flowchart of the methodology developed in the present study.
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λy = λkm⋅Lv⋅v (1) 

Examples of credit factors assessed in the case study analyzed in the 
present study are provided in Table 3. These values were retrieved from 
baseline failure frequency datasets and past accident analyses [63,70].

3.3. Step 3: Consequence analysis

The third step of the methodology (Step 3 in Fig. 3) involves three 
sub-steps (3.1 to 3.3), addressing the analysis of the consequences of the 
CEs.

First, in Step 3.1 (see Fig. 3) the end-point (accident) scenarios (j) are 

identified for each RRM associated to the EIs through the adoption of 
case-specific or baseline post-release event trees. Generally, two factors 
are considered when building the event trees: the type of equipment 
item and the pre- and post-release physical state of the hazardous sub
stance. The MIMAH procedure [59] and the TNO Purple Book [57] 
provide a comprehensive set of baseline event trees. However, methods 
described in Refs. [57,59,67] can be used to obtain case-specific event 
trees.

It is then necessary to define threshold values of physical effects for 
damage to humans in the different scenarios (Step 3.2 in Fig. 3). 
Threshold values derived from technical standards can be considered, as 
those reported in Table A3 in the Supplementary Material [22].

In Step 3.3 (see Fig. 3), the threshold values are used to calculate the 
damage distance for each end-point scenario identified in Step 3.1. The 
damage distance is defined as the maximum distance from the release 
location at which the physical effect of the considered scenario equals 
the specific threshold value. Models for consequence analysis [67,70,
71], alongside software tools such as PHAST [72], EFFECTS [73], OLGA 
[74], TAMOC [75], and ALOHA [76], can be adopted for this estimation. 
The possible occurrence of escalation scenarios [77] is not considered in 
the calculation of the reference damage distances.

3.4. Step 4: Assessment of hazard indexes

Once the severity of the impacts of the end-point scenarios has been 
assessed, in the fourth step of the methodology the hazard indexes are 
calculated (Step 4 in Fig. 3) by four sequential sub-steps (4.1 to 4.4).

In Step 4.1 (see Fig. 3), the hazard indexes proposed by Crivellari 
et al. [33] are calculated for each EI: 

EPIe,k = σ ⋅ π⋅
(

max
i

(

max
j

(
max

(
dj,i,e,k, c

))
))2

(2) 

EHIe,k = σ ⋅ π ⋅
∑ne,k

i=1
λi,e⋅

(

max
j

(
max

(
dj,i,e,k, c

))
)2

(3) 

where the EPIe,k (m2) and EHIe,k (m2/y) indexes are respectively the 
potential and inherent hazard indexes of the eth EI in the kth EC. In these 
equations, dj,i,e,k represents the expected damage distance calculated for 
the jth end-point scenario of the ith RRM affecting the eth EI in the kth EC. 
The constant c (set at 5 m) defines a “near field” zone, delimiting the area 
in which integral consequence models are deemed as unreliable [22]. 
The term λi,e indicates the credit factor for the ith RRM affecting the eth EI, 
and ne,k represents the number of RRMs considered for the eth EI in the 
kth EC. In Eq. (3), σ is a corrective factor that is equal to 1 for all EIs 
except for road, rail, and ship/barge tankers. In the latter case, σ ac
counts for the number of tanker trips (n) required to transport the pro
duction capacity of the upstream EC, as well as the trip duration: 

σ = n⋅
τv

τy
(4) 

where τv is the time of a trip (h) and τy is the number of hours in a year 
(8766 h).

Eq. (2) and Eq. (3) provide respectively the maximum impact area 
(EPIe,k) that may arise from the worst-case scenario considered for each 
EI, and the maximum credible impact (EHIe,k) considering all alternative 
end-point scenarios associated with the EI of interest. An iterative 
approach must be adopted to ensure that all the EIs within a specific EC 
of the value chain are systematically assessed.

In Step 4.2 (see Fig. 3), an allocation criterion is applied. The pur
pose of this step is to determine the appropriate number of equipment 
items required for each elementary component so that a coherent and 
functional value chain is established. Each EC corresponds to a key 
technology in the chain and is characterized by a specific size, which, 
depending on the technology involved, can be expressed as a 

Table 2 
Sample list of reference release modes (RRMs) associated with critical events 
(CEs) for process equipment (i.e., pumps, compressors, pressure vessels, heat 
exchangers) and pipelines considered in the case study (adapted from Refs. [59,
61,63]).

Critical 
event

RRM description

Process equipment

CE8-CE9 RRM_1: Small pipe leak, continuous release from a hose having 10% 
of pipe diameter
RRM_2: Medium pipe leak, continuous release from a hose having 
22% of pipe diameter
RRM_3: Pipe rupture, continuous release from the full-bore pipe

CE7-CE10 RRM_4: Small leak, continuous release from a 10 mm equivalent 
diameter hole

​ RRM_5: Medium leak, continuous release from a 35 mm equivalent 
diameter hole

​ RRM_6: Large leak, continuous release from a 100 mm equivalent 
diameter hole

​ RRM_7: Catastrophic rupture, release of the entire inventory in 600 s 
at constant rate

​ RRM_8: Catastrophic rupture, instantaneous release of the entire 
inventory

Pipelines

CE8-CE9 RRM_9: Small pipeline leak, continuous release from a 10 mm 
diameter hole
RRM_10: Medium pipeline leak, continuous release from a 50 mm 
diameter hole
RRM_11: Large pipeline leak, continuous release from a 100 mm 
diameter hole
RRM_12: Pipeline rupture, continuous release from both sides of the 
full-bore conduit

Table 3 
Credit factors related to the reference release modes (RRMs) of interest for 
process equipment (y− 1) and pipelines (km− 1y− 1) (n.a., not applicable; n.c., not 
considered) [63,70].

RRM Credit factor

Process 
equipment

Pump Compressor Pressure vessel Heat 
exchanger

RRM_1 5.0 × 10− 4 1.0 × 10− 3 1.8 × 10− 6 1.8 × 10− 6

RRM_2 4.5 × 10− 4 8.8 × 10− 4 6.5 × 10− 7 6.5 × 10− 7

RRM_3 1.0 × 10− 4 1.0 × 10− 4 1.2 × 10− 7 1.2 × 10− 7

RRM_4 n.a. n.c. 5.0 × 10− 4 n.c.
RRM_5 n.a. n.c. 5.0 × 10− 5 n.c.
RRM_6 n.a. n.c. 5.0 × 10− 6 n.c.
RRM_7 n.a. n.c. 5.0 × 10− 6 n.c.
RRM_8 n.c. 5.0 × 10− 6 5.0 × 10− 6 5.0 × 10− 6

Pipelines CO2 on-land 
pipelinea

CO2 

sealinea
CH4 on-land 
pipelineb

CH4 sealineb

RRM_9 2.8 × 10− 4 7.2 × 10− 3 9.1 × 10− 5 3.5 × 10− 3

RRM_10 4.0 × 10− 5 8.5 × 10− 4 2.0 × 10− 5 4.1 × 10− 4

RRM_11 1.4 × 10− 5 1.7 × 10− 4 6.5 × 10− 6 8.2 × 10− 5

RRM_12 2.6 × 10− 5 2.6 × 10− 4 1.3 × 10− 5 1.2 × 10− 4

a pipeline diameter: 8 in.
b pipeline diameter: 14 in.
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potentiality (kg/h), as a storage mass (kg), or as the number of transport 
units (− ). Since each technology has inherent limitations in terms of 
size, a single item may not be sufficient to guarantee the required per
formance of the overall value chain. The allocation process therefore 
ensures that the value chain is properly dimensioned by calculating a 
scaling factor (Sk), which expresses how many units of each EC are 
necessary to sustain the desired output.

An example of allocation criteria applied in the case study discussed 
in Section 4 is a linear approach based on a reference conversion yield, 
which represents the amount of final product to which the indexes are 
related. To allocate resources coherently, the scaling factor is calculated 
accordingly and integrated into the final evaluation of the indicators 
(see Step 4.3), ensuring that the potentiality of the system is consistently 
and accurately reflected throughout the analysis. This linear approach is 
adopted to enable transparent and consistent aggregation of hazard 
contributions at an early design stage and to support robust comparison 
between alternative value chain configurations, while acknowledging 
that more refined or non-linear allocation schemes may be needed in 
later design phases as detailed, site-specific data become available.

In Step 4.3 (see Fig. 3), the hazard indexes associated with each EC 
of the value chain are calculated. Specifically, the elementary compo
nent potential index, CPIk (m2), and the inherent component hazard 
index referred to the kth EC of a single chain, CHIk (m2/y), can be derived 
as follows: 

CPIk = Sk⋅
∑Nk

e=1
EPIe,k (5) 

CHIk = Sk⋅
∑Nk

e=1
EHIe,k (6) 

where Nk represents the number of EIs involved in the kth EC, and Sk is 
the scaling factor in the kth EC obtained from the allocation criterion (see 
Step 4.2).

Finally, in Step 4.4 (see Fig. 3), the overall potential and inherent 
hazard indexes of the value chain, namely VPI (m2) and VHI (m2/y), are 
calculated as follows: 

VPI=
∑M

k=1
CPIk (7) 

VHI=
∑M

k=1

CHIk (8) 

with M representing the number of ECs within the value chain.

4. Case study

The novel methodology was applied to evaluate the two alternative 
reference value chains illustrated in Fig. 4, representing distinct pro
duction and distribution configurations for blue hydrogen based on LH2 
(see Fig. 4-a)) and CGH2 (see Fig. 4-b)). Both value chains cover all 
stages, from raw material extraction to the final delivery and end use of 
hydrogen as a low-carbon energy carrier. The configuration and main 
components of each value chain were defined according to data avail
able in the literature [78–80].

Four distinct macro-areas in the value chains were identified and 
represented using different colors (see Fig. 4). 

• NG production, colored in green and tagged with the number 1, in
cludes NG upstream production and transport;

Fig. 4. Reference schemes of the blue hydrogen value chains considered in the case study: a) RVC-1: liquefied hydrogen (LH2) transportation and distribution; b) 
RVC-2: compressed gaseous hydrogen (CGH2) transportation and distribution. The different elementary components are detailed in Table 4. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)
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• H2 production, colored in blue and tagged with the number 2, in
volves the conversion of NG into H2, resulting in the generation of 
CO2 as a by-product;

• CCS, colored in yellow and tagged with the number 3, entails the 
capture of CO2, its conditioning, transportation, and subsequent in
jection into underground storage sites;

• H2 storage and distribution, colored in orange and tagged with the 
number 4, includes the liquefaction, storage, compression, regasifi
cation, transport, distribution, and utilization of H2.

Table 4 reports a short description of each elementary component of 
the value chain, along with the corresponding tags, distinguishing be
tween fixed assets and transport systems. For the sake of clarity, shared 
elementary components are labeled with a tag consisting of two 
numbers: the first indicates the macro area (1, 2, 3 or 4), and the second 
identifies the specific EC (e.g., 1.1). In case the EC coincides entirely 
with the macro area, only the first number is shown (e.g., 1). ECs that 
differ between the two value chains include an additional preliminary 
number that corresponds to the respective value chain (e.g., 1-4.1 and 2- 
4.1, etc.).

As illustrated in Fig. 4, the two value chains share the same macro 
areas for NG and H2 production, and for CCS. In particular, all 
elementary components pertaining to upstream natural gas production 
and transportation, as well as those associated with carbon capture and 
storage and hydrogen utilization, are identical across both value chains. 
However, significant differences emerge in the downstream hydrogen 
processes. In value chain RVC-1, hydrogen undergoes liquefaction and is 
stored on-site as LH2. As a result, the transportation and final distribu
tion occur in the liquid phase, with regasification taking place at the 
final user during distribution. Differently, value chain RVC-2 transports 
and distributes hydrogen to the final user in the gaseous phase, after 
compression and on-site storage as CGH2. Consequently, as shown in 
Fig. 4 and Table 4, the two value chains differ significantly in only three 
elementary components (i.e., 4.1, 4.2, and 4.3) within the macro area 
named “H2 storage and distribution”.

The assumed characteristics of the elementary components in the 
two value chains analyzed in this case study are summarized below. 
Additional details concerning system layouts, technical schemes, sub
stances involved, operating conditions, and EIs are provided in the 
Supplementary Material. In order to model heat and mass balances 
throughout the whole process, as well as the transient CH4 and CO2 
flows in pipelines and sealines, Aspen Plus [81], Multiflash [82], and 
OLGA [74] software tools were used. Aspen Plus [81] and Multiflash 
[82] were employed for process simulation and thermodynamic prop
erty evaluation, respectively, while OLGA [74] was used for transient 
multiphase flow modeling of the pipeline and sealine transport. For 
clarity, this case study is conducted as an ex-ante, early-stage, 
screening-level assessment focusing on inherent safety. Simplified 

assumptions regarding system layouts, substances, and operating con
ditions are applied consistently to allow comparison of hazard profiles. 
A detailed quantitative risk assessment is beyond the scope of this study, 
as the necessary data are typically unavailable at early conceptual 
design stages. Such quantitative analyses are more appropriately applied 
ex-post, once the basic design of the selected option has been 
consolidated.

In both RVCs, natural gas serves as the feedstock for blue hydrogen 
production. The extraction process is expected to involve a subsea sys
tem linked to a top-side production separator and a test separator. For 
the purpose of this inherent safety and early-stage analysis, pure CH4 
was assumed for NG composition, with a production rate of 101 t/h. This 
assumption is consistent with common practice in preliminary hazard 
and risk screening studies, where CH4, being the dominant constituent of 
commercial natural gas, largely governs dispersion and flammability 
behavior [83]. While minor fractions of heavier hydrocarbons and inert 
components may influence specific thermophysical properties, their 
effect on the order of magnitude of consequence distances is generally 
limited at this level of analysis and within the uncertainties associated 
with early design assumptions. Nevertheless, the adopted methodology 
is sufficiently general and may also be applied to more complex natural 
gas compositions, including higher molecular weight hydrocarbons, 
inert species, and hydrogen sulphide, should a more detailed composi
tional definition be required at later design stages.

A 67 km-long, 14-inch sealine, operating under adiabatic conditions 
was considered for the transport of NG to the onshore hydrogen pro
duction site. The pipeline extends from 70 m-deep extraction wells to the 
hydrogen production facility located 7 km inland, comprising a 60 km 
seabed-laid offshore and a 7 km buried onshore section. The buried 
onshore section is assumed to be installed at a depth of 1.5 m, while the 
offshore section is assumed to be stabilized on the seabed by a layer of 
gunite to ensure it remains securely laid. The operating pressure and 
temperature are assumed to be 80 bar and 45 ◦C, respectively. Detailed 
information on the features and on the lay-out assumed for the NG 
production system, adapted from that proposed by Crivellari et al. [33], 
is provided in Figure C1 of the Supplementary Material.

The hydrogen production process is based on a steam methane 
reforming unit combined with a pressure swing adsorption (PSA) unit. A 
simplified PFD of this conventional hydrogen production process, 
adapted from Tugnoli et al. [35], is presented in Figure C2 of the Sup
plementary Material.

To curb carbon emissions, CO2 is assumed to be removed from the 
flue gases at the hydrogen production plant via an amine scrubbing- 
based capture process, designed according to the guidelines provided 
by Madeddu et al. [84]. This process achieves an 89.8% capture rate 
using monoethanolamine (MEA) as a solvent. The captured CO2 un
dergoes purification and compression in a conditioning unit equipped 
with compressors, coolers, and separators. The resulting CO2 achieves a 

Table 4 
Description of the elementary components of the value chains and classification into fixed assets and transport systems [37].

Elementary component Type of industrial facility

Tag Description Fixed asset Transport system

1.1 NG upstream production ✓ ​
1.2 NG transport (pipeline) ​ ✓
2 H2 production (SMR) ✓ ​
3.1 CO2 capture ✓ ​
3.2 CO2 conditioning ✓ ​
3.3 CO2 transport (pipeline) ​ ✓
3.4 CO2 injection ✓ ​
1-4.1 H2 liquefaction and storage ✓ ​
2-4.1 H2 compression and storage ✓ ​
1-4.2 LH2 transport (cryogenic tanks) ✓ ✓
2-4.2 CGH2 transport (tube trailers) ​ ✓
1-4.3 LH2 storage, regasification and distribution ✓ ​
2-4.3 CGH2 storage and distribution ✓ ​
4.4 H2 utilization ✓ ​
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purity of over 95% and a residual water content of 200 ppm, meeting 
ISO 27913 [85] pipeline transportation requirements. The dense-phase 
CO2 stream, flowing at a rate of 198 t/h, is assumed to be transported 
via a 15 km-long, 8-inch pipeline to the final injection site, involving a 
13 m-deep depleted oil and gas reservoir. The operating pressure and 
temperature of the CO2 pipeline are assumed to be 120 bar and 40 ◦C, 
respectively. The transport process is considered adiabatic, with the 
pipeline divided into 8 km buried onshore and 7 km seabed-laid offshore 
sections. The buried onshore section is assumed to be installed at a depth 
of 1.5 m, while the offshore section is assumed to be stabilized on the 
seabed by a layer of gunite to ensure it remains securely laid. Injection is 
assumed to be performed by a platform wellhead equipped with risers 
and pump units. Further details on the processes of the CCS value chain 
are provided in Figure C3 (CO2 capture and conditioning) and Figure C4
(CO2 transport and injection) of the Supplementary Material. Geological 
storage of CO2 is considered out of scope of the inherent safety assess
ment, since the risks span over a different time scale [14].

In RVC-1, hydrogen produced via SMR is assumed to be liquefied and 
stored in a large-scale facility with a maximum capacity of 27000 kg. 
LH2 is then transported using single vacuum-jacketed cryogenic tanks, 
each with a maximum capacity of 3000 kg, to minimize the surface-to- 
volume ratio. Distribution occurs after vaporization and compression at 
the distribution site to meet the pressure requirements (250 bar) of the 
final user.

Differently, in RVC-2, hydrogen produced via SMR is assumed to be 
compressed to 400 bar and stored on-site in a large-scale facility with a 
maximum capacity of 27000 kg. CGH2 is then transported using tube 
trailers, each carrying up to 320 kg (32 kg per vessel). For final distri
bution and end use, the pressure is reduced to 250 bar. Process flow 
diagrams for the hydrogen liquefaction, storage, compression, regasifi
cation, transport, and distribution processes, adapted from Landucci 
et al. [34,37], are provided in Figures C5-C8 of the Supplementary 
Material.

The substances involved in the RVCs are characterized by inherent 
hazardous properties. Specifically, CH4, diethylene glycol (C4H10O3), 
and H2 are flammable [86–88], whereas methanol (CH3OH) and MEA 
are both flammable and toxic [17,89]. CO2, in contrast, is only mildly 
toxic [15]. As indicated in Table A3 in the Supplementary Material, the 
flash fire threshold, represented by the lower flammability limit (LFL), is 
50000 ppm for CH4 [90], 16000 ppm for C4H10O3 [88], 40000 ppm for 
H2 [90], 60000 ppm for CH3OH [89], and 55000 ppm for MEA [91]. For 
toxic cloud scenarios, the immediately dangerous to life and health 
concentration (IDLH), which represents the maximum level of a haz
ardous substance to which workers can be exposed without suffering 
severe or life-threatening health effects for 30 min, is 6000 ppm for 
CH3OH [30,92] ppm for MEA [92], and 40000 ppm for CO2 [93].

In the case study, for the sake of simplicity the analysis focused only 
on human impacts. Thus, technical guidelines such as the MIRAS 
(Methodology for the Identification of Reference Accident Scenarios) 
procedure [59] and the TNO Purple Book [57] recommend identifying 
potential end-point scenarios based on the hazardous substance 
involved and its physical state after the release. The end-point scenarios 
listed in Table 5 were thus identified.

Furthermore, the conversion yield of the SMR process (approxi
mately 880 kg/h) was selected as the allocation basis for the linear 
approach outlined in Step 4.2 of the methodology (see Fig. 3). This value 
represents the reference production potentiality for determining the 
scaling factors of the elementary components. Table 6 provides a 
detailed overview of the ECs, including the intrinsic capacity limits, the 
average annual transportation route length for vehicle-based systems, 
and the corresponding scaling factors calculated for each component. 
The latter ensures an accurate assessment and comparison of the results 
by reflecting the number of facilities and transport modes required to 
maintain a functional value chain. Clearly enough, hydrogen distribu
tion parameters may vary according to specific situations such as, e.g., 
territory, road network, vehicle characteristics. In the current study, 

these parameters were adapted from those of gasoline delivery and 
utilization for a representative European scenario [94]. Details con
cerning the determination of the single scaling factors are provided in 
the Supplementary Material.

The effects of the end-point scenarios identified in Table 5 were 
simulated using consequence modelling software. The selection of the 
most appropriate software depends on whether the release occurs subsea 
or to the atmosphere. Specifically, in the present study, OLGA [74] and 
TAMOC [75] software were applied to model the dispersion of hazard
ous substances in the water column. OLGA, a dynamic multiphase flow 
simulator, was used to model the source term, while TAMOC, a 
specialized modeling package designed for steady-state underwater 
single- and multi-phase spill scenarios, was applied to model the 
seawater dispersion [15]. Additionally, the PHAST software [72] was 
used to simulate atmospheric releases and sealine accident scenarios, in 
particular in cases where the released plume reached the sea surface and 
atmospheric dispersion became significant, as observed in 
shallow-water releases [13]. For jet fire consequence assessment, the 
model of Clay was used [71]. Finally, the equations reported in Section 3
were used to evaluate the final inherent safety indexes and were applied 
based on the output data generated by PHAST software [72].

5. Results and discussion

5.1. Results of the case study

The potential and inherent hazard indexes calculated for the 
elementary components of the reference blue hydrogen value chains are 
summarized in Table 7.

Due to the features of the value chains, the CPI and CHI values of the 

Table 5 
End-point scenarios considered in the case study as a function of the substance 
involved and its post-release physical state (i.e., gas (G), liquid (L), solid-gas (S- 
G), and liquid-gas (L-G)) [67].

End-point scenario CH4 H2 MEA CO2 C4H10O3 CH3OH

G G L- 
G

L G S- 
G

L L

Toxic Cloud (TC) ​ ​ ​ ✓ ✓ ✓ ​ ✓
Flash Fire (FF) ✓ ✓ ✓ ✓ ​ ​ ✓ ✓
Fireball (FB) ​ ​ ✓ ​ ​ ​ ​ ​
Jet Fire (JF) ✓ ✓ ✓ ​ ​ ​ ​ ​
Pool Fire (PF) ​ ​ ✓ ✓ ​ ​ ✓ ✓
Vapor Cloud 

Explosion (VCE)
✓ ✓ ✓ ✓ ​ ​ ✓ ✓

Physical Explosion 
(PE)

✓ ✓ ✓ ✓ ✓ ✓ ​ ​

Table 6 
Features of the elementary components (ECs) of the value chains: size (i.e., 
potentiality (kg/h), mass (kg), or number of transport units (− )), average annual 
route length of tankers (km), and scaling factor (S).

EC taga Size Distance (km)b S

1.1 1.0 × 105 kg/h - 0.30
1.2 1.0 × 105 kg/h - 0.05
2 880 kg/h - 1
3.1 2.0 × 105 kg/h - 0.05
3.2 2.0 × 105 kg/h - 0.05
3.3 2.0 × 105 kg/h - 0.05
3.4 2.0 × 105 kg/h - 0.05
1-4.1, 2-4.1 27000 kg 50000 1
1-4.2 3000 - 9
1-4.3 320 - 84
1-4.3, 2-4.3 500 kg - 80
4.4 5 kg 10000 65170

a see Table 4.
b Only for transport units.
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elementary component of the two value chains differ only in the 
hydrogen downstream processes (ECs 1-4.1, 1-4.2 and 2-4.1 to 2-4.3). 
When the transportation of hydrogen is considered, the CPI decreases 
when switching from LH2 to CGH2, while the CHI increases. In contrast, 
in the subsequent storage and distribution processes, the CPI is higher, 
and the CHI is lower for CGH2 compared to LH2. Furthermore, the 
liquefaction and storage processes exhibit the highest potential hazard 
index (i.e., the greatest impact area), but not the highest inherent hazard 
index, which is observed for hydrogen production. This indicates that H2 
production poses the highest credible risk to human targets.

Fig. 5 compares the potential (Fig. 5-a)) and inherent (Fig. 5-b)) 
hazard indexes of the different macro areas considered for the value 
chain.

As shown in Fig. 5-a) and in Table 7, the liquid hydrogen value chain 
(RVC-1) shows the highest value of the overall potential index, due to 
the higher value of the macro area dedicated to hydrogen storage and 
distribution. The hydrogen production process, instead, is the main 
contributor to the overall potential index of the compressed gaseous 
hydrogen value chain (RVC-2). A similar trend is also observed for the 
inherent hazard index (see Fig. 5-b)). However, the difference between 
the two value chains in this case is much smaller, approximately 3%, 
compared to the 54% difference observed when considering the poten
tial hazard index. This suggests that, although the damage distances of 
accident scenarios are higher for the liquid hydrogen value chain, the 
credibility of equipment failures leading to hydrogen releases in the 
compressed gaseous hydrogen value chain generates a comparable 
inherent hazard. It should also be remarked that in the case of the 
inherent hazard index, the hydrogen production macro area scores the 
highest index value, followed by natural gas production, CCS, and 
finally, hydrogen storage and distribution processes.

Additional insights can be obtained normalizing the CHI values 
against the maximum CHI value within each value chain and separating 
the contributions of scenarios caused by toxicity and flammability. The 
results obtained for the NG production, hydrogen production, and CCS 
macro areas, that are the same in the two RVCs considered, are shown in 
Fig. 6.

As shown in Fig. 6, in the case of NG and H2 production, the hazard 
index is driven solely by flammability scenarios, resulting in an FCHI 
value equal to the CHI. In contrast, within the CCS value chain (Fig. 6- 
c)), toxicity-related hazards become significant due to potential CO2 
release scenarios, while MEA contributes primarily to flammability 
hazards. Among the components of this macro area, CO2 transport and 

injection show moderate, comparable hazards, while CO2 conditioning 
demonstrates the lowest hazard.

Fig. 7 presents a comparison of the CHI values with respect to the 
maximum CHI value within each value chain and separates between 
contributions from toxicity and flammability scenarios specifically in 
the H2 storage and distribution area for the two value chains considered.

Fig. 7 shows that, as expected, the only contributions to the hazard 
index derive from scenarios associated with hydrogen flammability, and 
the FCHI values are coincident with the CHI value. As evident from the 
figure, hydrogen storage and distribution is associated to moderate CHI 
values. The highest hazards are associated with tube trailers (CGH2 in 
Fig. 7-b)) compared to cryogenic tanks (LH2 in Fig. 7-a)). Overall, Figs. 6 
and 7 show that flammability is the dominant contributor to hazard 
indexes across all macro areas, except in the CCS value chain, where 
toxicity plays a more significant role.

Fig. 8 shows a comparison of the overall hazard indexes obtained for 
fixed assets and transport systems in the macro areas considered in the 
RVCs where the transport of NG, H2 or CO2 is present (thus H2 pro
duction is not considered in this and in the following figure, since no 
transport system is present in the macro area).

Fig. 8 shows that the inherent hazard of transport system is compa
rable and may even exceed that of fixed assets, as in the case of CCS, 
where the inherent hazard index associated to the CO2 pipeline is higher 
than that of the CO2 capture, conditioning, and injection phases (see 
Fig. 8-b)). Differently, for the case study considered, in both RVC-1 and 
RVC-2, the hydrogen fixed assets score higher cumulative hazard index 
values than those of the hydrogen transport systems. Notably, a higher 
HI value is associated to the transport of compressed gaseous hydrogen 
(RVC-2) with respect to LH2 (RVC-1), mostly due to the higher number 
of trucks needed to transport the same amount of hydrogen.

More in general, Fig. 8 shows that the inherent hazard of transport 
systems is relevant with respect to that of fixed assets when long-range 
transportation of relevant quantities of hazardous substances is consid
ered, as in NG production and CCS.

These observations are confirmed by Fig. 9, reporting the normalized 
values of the inherent hazard indexes calculated for each macro area, 
distinguishing the contributions of fixed assets from those of transport 
systems.

Fig. 9-a) shows that, as expected, in the case of NG production, 
inherent hazards due to flammability are dominant for both fixed assets 
and transport systems and the CHI value is always coincident with the 
FCHI value. Differently, Fig. 9-b) shows that in the case of CCS, toxicity 
is dominant for both fixed assets and transport systems and in the case of 
transport systems the CHI value is equal to the TCHI value. Fig. 9-c) and 
Fig. 9-d) show that in the case of H2 storage and distribution in RVC-1 
and RVC-2, respectively, flammability is the dominant hazard contrib
utor both in the case of fixed assets and transport systems.

Finally, a quantitative sensitivity assessment was conducted focusing 
on the CCS value chain as a representative segment of the overall system. 
This segment includes contributions from both toxic and flammability 
hazards, making it suitable to reflect the behavior of the entire value 
chain. The sensitivity analysis was performed using a Monte Carlo 
approach, sequentially applying normal distributions to key input pa
rameters: first to damage distances, then to credit factors, and finally to 
scaling factors, each with a mean of 1 and a standard deviation of 0.25. 
Robustness was assessed by examining the cumulative CHI values, 
which remained within 83%, 97%, and 72% of their nominal values for 
damage distance, credit factor, and scaling factor, respectively, as shown 
in Fig. 10. This confirms that the relative ranking and comparative 
conclusions are stable despite uncertainties in the input parameters.

5.2. Discussion

The present study introduces a rigorous and systematic approach to 
the quantitative assessment of inherent safety across entire value chains. 
By employing quantitative hazard indexes, the approach enables a 

Table 7 
Potential and inherent hazard indexes calculated for each elementary compo
nent of the reference value chains and for the value chains themselves (RVC-1: 
liquid hydrogen; RVC-2: compressed gaseous hydrogen).

EC taga RVC-1 RVC-2

CPI (m2) CHI (m2/y) CPI (m2) CHI (m2/y)

1.1 2.0 × 104 6.6 × 101 2.0 × 104 6.6 × 101

1.2 1.1 × 103 1.2 × 101 1.1 × 103 1.2 × 101

2 2.1 × 106 4.1 × 102 2.1 × 106 4.1 × 102

3.1 1.2 × 105 6.2 × 100 1.2 × 105 6.2 × 100

3.2 1.6 × 104 9.8 × 10− 1 1.6 × 104 9.8 × 10− 1

3.3 1.9 × 104 4.4 × 101 1.9 × 104 4.4 × 101

3.4 1.5 × 103 1.4 × 100 1.5 × 103 1.4 × 100

1-4.1 3.5 × 106 3.8 × 101 - -
2-4.1 - - 3.0 × 105 2.2 × 101

1-4.2 1.3 × 105 1.8 × 100 - -
2-4.2 - - 1.1 × 105 4.4 × 100

1-4.3 3.0 × 104 1.6 × 100 - -
2-4.3 - - 3.1 × 104 9.7 × 10− 1

4.4 5.3 × 103 1.5 × 10− 1 5.3 × 103 1.5 × 10− 1

​ VPI (m2) VHI (m2/y) VPI (m2) VHI (m2/y)

​ 5.9 × 106 5.8 × 102 2.8 × 106 5.7 × 102

a see Table 4.
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detailed comparison between alternative value chain configurations, 
identifying the most vulnerable core technologies that pose significant 
safety concerns. This framework provides not only a strategy to pinpoint 
components requiring further risk analysis but also a clearer under
standing of the contributions of individual process units and transport 
systems to the overall inherent hazard of the value chain. Furthermore, 
the iterative feedback-loop structure of the methodology promotes 
continuous improvement and refinement, ensuring that updated infor
mation and new insights can be seamlessly integrated throughout the 

analysis.
The application of the proposed approach to blue hydrogen value 

chains provides valuable insights into the safety characteristics of these 
emerging decarbonization technologies. Overall, the results show that 
liquid hydrogen distribution facilities exhibit higher potential hazard 
indexes compared to the compressed gaseous hydrogen infrastructure, 
primarily due to the larger impact areas associated with cryogenic op
erations. The production of H2 emerges as the most inherently hazard
ous fixed asset, reflecting the higher credibility of equipment failures 
and releases in this phase. This is followed by the extraction of natural 
gas and by the compression or liquefaction of hydrogen. Across all 
macro areas, flammability is confirmed as the dominant hazard 
contributor, while toxicity plays a significant role only within the carbon 
capture and storage segment, where it is associated with the handling of 
CO2 and MEA streams.

The assessment of transport systems relative to fixed assets reveals 
that their hazard contribution grows in importance when large in
ventories and extensive networks are involved. In particular, when 
considering inherent rather than potential hazard indexes, CO2 pipeline 
transport emerges as the most hazardous transport operation, high
lighting the need for robust containment and continuous monitoring 
strategies.

Thus, since transport directly influences the overall hazard index of 
transportation systems (and not of fixed assets), the optimization of the 
transport infrastructure is crucial to reduce the risk. Hazard indexes 
increase markedly when long-range transportation of hazardous sub
stances by pipeline or road/rail are considered becoming major con
tributors to the total inherent hazard of the value chain, as in the case of 
CCS (see Fig. 8). This result underscores the importance of careful route 
planning, pressure management, and continuous monitoring, particu
larly in H2 and CO2 logistics, to effectively manage the transport risks 
and to ensure resilient system design.

It should be noted that the present study focuses exclusively on 
inherent safety assessment and does not consider domino effects, envi
ronmental and economic consequences, or long-term CO2 storage risks. 
These aspects are explicitly out of scope of the methodology, even if they 
are recognized as important for a comprehensive risk evaluation in real 
industrial applications. Their omission may lead to an underestimation 
of specific hazards under full-scale operational conditions. Thus, a 
dedicated assessment is advised as a follow-up of the present analysis. 
The present methodology, addressing the early-stage inherent safety 
screening, provides a solid basis for such an assessment. Future work 
may extend the approach to harmonize follow-up detailed studies 
addressing the above-mentioned additional risk dimensions with the 
results of the hazard screening obtained by the present methodology.

Altogether, the findings demonstrate the relevance of a robust and 
systematic methodology for assessing the inherent safety of entire value 

Fig. 5. a) potential (PI) and b) inherent hazard (HI) indexes of the different macro areas of the value chain (RVC-1: liquid hydrogen; RVC-2: compressed gaseous 
hydrogen). The ECs included in each macro area are shown in Fig. 4.

Fig. 6. Comparison among the normalized EC inherent hazard indexes (ratio 
among the CHI and the maximum calculated CHI value) per macro area: a) NG 
production; b) H2 production; c) CCS. The specific contributions of scenarios 
caused by toxicity (TCHI) and flammability (FCHI) hazards are also shown. In 
NG and H2 production toxic hazards are absent, since no toxic component was 
assumed to be present in the NG feedstock.
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chains, particularly in the context of emerging decarbonization tech
nologies. By addressing safety gaps across the value chain, the proposed 
approach stands out as a critical tool for advancing secure and sus
tainable design practices. When compared with established value chain 
assessment methodologies, such as Life Cycle Assessment (LCA), 
recognized for their comprehensive evaluation of environmental and 
social impacts, the novel developed inherent safety methodology offers a 
unique focus on inherent safety considerations, complementing existing 
frameworks. This alignment with best-performing methodologies such 
as LCA underscores its relevance and potential as a benchmark for 
safety-driven decision-making in hydrogen infrastructure and in other 
safety-critical industries.

6. Conclusions

A novel, quantitative, and systematic methodology was developed to 
evaluate the inherent safety of entire value chains from the earliest 
stages of the design lifecycle. By employing a robust, consequence-based 
approach, the methodology addresses the limitations of conventional 
inherent safety methods, which are often fragmented and do not provide 
a comprehensive, chain-wide perspective.

The methodology was applied to a case study involving two alter
native blue hydrogen value chains. The results demonstrate its effec
tiveness in advancing inherent safety across all stages, from natural gas 
production to hydrogen utilization, while supporting the broader 
development of a safe and sustainable hydrogen economy.

Crucially, the methodology is able to specifically address the early 
design phase, when detailed data are limited. In this context, the 
inherent safety indexes serve as ex-ante screening and ranking tools to 

guide preliminary design choices rather than as absolute decision 
criteria. Their application highlights safer options and enables iterative, 
informed decision-making, with results progressively refined and inte
grated with more detailed analyses in subsequent project phases. By 
adopting this approach, the methodology ensures proactive imple
mentation of inherent safety principles, allowing potential hazards to be 
identified early while accommodating the evolving nature of the design 
process.

The flexibility of the methodology makes it applicable beyond 
hydrogen technologies, extending to industries such as automotive and 
packaging, where safety is equally vital. By offering a comprehensive 
framework for assessing and comparing inherent risks, it becomes a 
valuable tool for decision-makers to manage hazards effectively while 
promoting sustainable practices. The same flexibility also enables future 
applications to compare alternative technologies and value chain con
figurations within and across sectors. In this way, the methodology es
tablishes a solid foundation for advancing safety management across 
sectors, ensuring that innovation and decarbonization efforts are pur
sued securely and responsibly.

Overall, this study bridges a significant gap in the availability of 
methodological approaches for assessing the inherent safety of full value 
chains, facilitating in-depth investigations of emerging decarbonization 
technologies. It also represents a pioneering contribution to enhance 
knowledge of safety considerations as hydrogen economies expand.
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Abbreviations

ATR Autothermal reforming
C4H10O3 Diethylene glycol
CCS Carbon Capture and Storage
CCU Carbon Capture and Utilization
CE Critical event
CGH2 Compressed gaseous hydrogen
CH3OH Methanol
CH4 Methane
CHI Elementary Component inherent Hazard Index
CO2 Carbon dioxide
CPI Elementary Component Potential hazard Index
EC Elementary component
EHI Equipment item inherent Hazard Index

(continued on next page)

Fig. 10. Cumulative distributions of the CHI for: a) damage distance, b) credit 
factor, and c) scaling factor. Blue bars represent the cumulative frequency of 
CHI values, while the red vertical line indicates the reference CHI (52 m2/y). 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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(continued )

EI Equipment item
EPI Equipment item Potential hazard Index
FB Fireball
FCHI Flammable elementary Component inherent Hazard Index
FF Flash fire
FMEA Failure Mode and Effect Analysis
FTA Fault Tree Analysis
G Gas
H2 Hydrogen
HI Inherent hazard index
IDLH Immediately Dangerous to Life and Health concentration
JF Jet fire
L Liquid
LCA Life Cycle Assessment
LFL Lower flammability limit
L-G Liquid-Gas
LH2 Liquid hydrogen
MEA Monoethanolamine
MIMAH Methodology for the Identification of Major Accident Hazards
MIRAS Methodology for the Identification of Reference Accident Scenarios
NG Natural gas
PE Physical explosion
PF Pool fire
PFD Process flow diagram
PI Potential hazards index
PSA Pressure swing adsorption
RRM Reference release mode
RVC Reference value chain
S-G Solid-Gas
SMR Steam methane reforming
TC Toxic cloud
TCHI Toxic elementary Component inherent Hazard Index
TRL Technology readiness level
VCE Vapor cloud explosion
VHI Value chain inherent Hazard Index
VPI Value chain Potential hazard Index
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