	[bookmark: _Hlk145068772][image: cetlogo] CHEMICAL ENGINEERING TRANSACTIONS 

VOL. xxx, 2026
	A publication of
[image: aidiclogo_grande]

	
	The Italian Association
of Chemical Engineering
Online at www.cetjournal.it

	Guest Editors: Valerio Cozzani, Bruno Fabiano, Genserik Reniers
Copyright © 2026, AIDIC Servizi S.r.l.
ISBN 979-12-81206-xx-x; ISSN 2283-9216


Evaluating the Inherent Safety of Hydrogen Supply to Dispersed Industrial Sites
Francesco Zanobettia,*, Alessandro Dal Pozzoa, David Danacib,c,d, 
Benoît Chachuatb,c, Nilay Shahb,c, Valerio Cozzania
aLISES – Dipartimento di Ingegneria Civile, Chimica, Ambientale e dei Materiali, Alma Mater Studiorum - Università di Bologna, via Umberto Terracini 28, 40131 Bologna, Italy
bThe Sargent Centre for Process Systems Engineering, Imperial College London, London, SW7 2AZ, UK
cDepartment of Chemical Engineering, Imperial College London, London, SW7 2AZ, UK
dI-X Centre for AI In Science, Imperial College London, White City Campus, 84 Wood Lane, London, W12 0BZ, UK  
 francesco.zanobetti@unibo.it
Spatially dispersed industrial sites contribute substantially to industrial CO2 emissions. Hydrogen is a key decarbonisation option; however, its high flammability and the logistics required to supply dispersed sites raise safety concerns that remain insufficiently addressed. This work investigates the inherent safety of hydrogen supply strategies for spatially dispersed industrial sites. Centralised configurations are examined in which hydrogen production and conditioning are shared to exploit economies of scale, while truck-based delivery connects dispersed end users. Three centralised options—compressed gaseous hydrogen, liquid hydrogen, and liquid organic hydrogen carrier (LOHC)—are benchmarked against decentralised electrolysis. A newly developed inherent safety assessment framework enables ex-ante evaluation through hydrogen supply potential and inherent hazard indices (HSPI and HSHI), integrating centralised operations, road transport, and on-site processing. Applied to a reference set of spatially dispersed industrial sites, the results show that conditioning-intensive hydrogen supply options can increase inherent hazard levels, with HSPI values up to one order of magnitude above decentralised electrolysis. When accident scenario credibility is incorporated, transport operations emerge as the dominant contributor to inherent hazard. Within the centralised configurations, LOHC-based supply exhibits the lowest HSPI and HSHI values and therefore the most favourable inherent safety performance.
Introduction
Hydrogen is widely recognised as a key enabling technology for industrial decarbonisation, particularly in applications where direct electrification remains challenging (IEA, 2025). A substantial share of industrial emissions originates from sectors such as glass manufacturing, food and drink processing, pulp and paper, and chemicals, where facilities are spatially dispersed (IEAGHG, 2024). In the UK, these sites account for as much as 50 % of industrial emissions (Rattle et al., 2024). Their geographic dispersion restricts access to emerging hydrogen and CO2 infrastructure, thereby posing a challenge to decarbonisation (Aldersgate Group, 2025). These sites are also typically characterised by comparatively small emission scales, for which the deployment of low-carbon technologies is associated with higher specific costs due to limited economies of scale (Berghout et al., 2015). Beyond economic considerations, deploying hydrogen supply systems across dispersed installations may also raise safety concerns, as hazardous inventories and related process units are distributed across multiple locations (Zanobetti et al., 2025b).
Safety represents a necessary enabling condition for sustainable deployment of low-carbon technologies (Park et al., 2020), as safety risks influence technological acceptability and long-term implementation (Zanobetti et al., 2025a). In this context, inherent safety is increasingly adopted as an ex-ante approach to screen emerging technologies prior to detailed design (Pelucchi et al., 2025), with demonstrated applicability to hydrogen-based systems (Zanobetti et al., 2024). Existing research on hydrogen supply to end users has predominantly focused on techno-economic optimisation and logistics planning (Cvetkovska et al., 2025). Hydrogen supply chains have been analysed for alternative hydrogen vectors, including compressed gaseous hydrogen, liquid hydrogen, and liquid organic hydrogen carriers (LOHCs), with explicit modelling of trucking operations, conditioning units, and payload constraints (Cava et al., 2025). Despite improving understanding of economic and operational trade-offs, current studies provide limited insight into how safety considerations influence the comparative performance of alternative hydrogen supply configurations. Safety-oriented studies of hydrogen systems have primarily examined specific technologies or applications, such as storage systems (Camplese et al., 2024) or refuelling infrastructure (Casson Moreno et al., 2025). In industrial applications, inherent safety assessment has recently been integrated into hydrogen supply system design, enabling comparison between on-site production and externally supplied hydrogen at individual facilities (Fede et al., 2025). 
However, the safety implications arising when hydrogen supply systems are deployed across spatially dispersed industrial users remain insufficiently addressed. This study addresses this gap by developing an inherent safety assessment framework to compare hydrogen supply strategies for spatially dispersed industrial sites. Centralised configurations, in which hydrogen production and conditioning are shared among multiple sites and delivery is ensured via truck transport, are benchmarked against local electrolysis as a decentralised reference.
Methodology
An inherent safety assessment framework was developed to enable the ex-ante evaluation of hydrogen supply strategies serving dispersed industrial sites. Figure 1 illustrates the methodological workflow, which comprises four sequential steps: supply-chain decomposition, unit characterisation, consequence analysis, and hierarchical aggregation of inherent safety indicators.
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[bookmark: _Ref222916559]Figure 1: Flowchart of the proposed inherent safety assessment approach for hydrogen supply strategies serving spatially dispersed industrial sites.
In Step 1, the hydrogen supply chain is first decomposed into functional stages to systematically isolate contributions from operations performed at the industrial user site (on-site), hydrogen transport, and centralised operations across all strategies. Within each stage, the relevant process units are identified and subjected to preliminary equipment design in order to estimate operating conditions and substance inventories (Step 2). For each unit, a set of reference release modes (RMs) is defined in accordance with established technical literature, covering loss-of-containment scenarios ranging from small continuous leaks to catastrophic vessel and full-bore pipe ruptures (Uijt de Haag and Ale, 2005). Credit factors , representing the propensity of unit  to generate release mode , are derived from baseline equipment failure frequencies reported in the literature (for instance, Tamburini et al., 2026; Uijt de Haag and Ale, 2005). In Step 3, the consequences associated with the release modes assigned to each unit are evaluated. Event-tree analysis is used to identify the accident scenarios associated with the considered release modes. For each combination of unit , release mode , and accident scenario , the damage distance  is determined as the distance at which the consequences of the accident scenario reach the prescribed threshold value for the human target, depending on the hazardous phenomenon considered (e.g., thermal radiation or explosion overpressure). Threshold criteria are adopted from Tugnoli et al. (2007) and correspond to the consequence level associated with 1 % mortality for exposed individuals. Consequence modelling is performed using EFFECTS v.12.5.2 (GEXCON, 2026) under reference atmospheric conditions (wind speed 2 m s-1, air temperature 20 °C, relative humidity 70 %, and surface roughness 0.17 m).
The fourth step of the methodology defines unit-level inherent hazard indicators based on the computed damage distances and the credit factors associated with the release modes of each unit. Following the formulation proposed by Tugnoli et al. (2007), two complementary metrics are introduced to represent potential consequence severity and a combined measure accounting for both consequence severity and accident scenario credibility.
The unit potential hazard index (UPI) quantifies the largest consequence footprint that unit  can generate, irrespective of the credibility of the associated release modes:
	
	(1)


where the maximum is taken over all release modes  and the corresponding accident scenarios .
By contrast, the unit inherent hazard index (UHI) accounts for the credibility of the release modes through credit factors , thereby weighting consequence severity according to the credibility assigned to each release mode:
	
	(2)


Unit-level indices are subsequently aggregated within each stage of the hydrogen supply chain — on-site operations (), transport (), and centralised operations () — to obtain stage-level inherent safety indices. For each stage, the corresponding stage-level inherent safety index, , represents the sum of the unit-level indicators belonging to that stage, where .
The overall inherent safety index for a given hydrogen supply chain, , is calculated on a per-site basis as follows:
	
	(3)


where  denotes the hydrogen demand of the industrial site under consideration. The factor  allocates the contribution of centralised operations to that site in proportion to its hydrogen demand. When the aggregation is performed using the unit potential index (UPI) as the unit-level metric, the resulting overall inherent safety index corresponds to the hydrogen supply potential hazard index (HSPI). Conversely, when the unit hazard index (UHI) is adopted, the resulting metric defines the hydrogen supply inherent hazard index (HSHI).
Case study
Reference set of spatially dispersed industrial sites
A representative case study is defined to assess and compare the inherent safety performance of alternative hydrogen supply strategies. Table 1 summarises the key assumptions. 
[bookmark: _Ref222927850]Table 1: Key assumptions for dispersed industrial sites and hydrogen transport logistics.
	Parameter
	Assumption
	Unit

	Industrial sites

	Number of industrial sites
	30
	-

	Reference CO2 emission source (per site)
	Natural-gas-fired boiler
	-

	Annual CO2 emissions from the reference source (per site)
	2
	ktCO2 yr-1

	Transport between sites and centralised facility

	Transport mode
	Road (diesel heavy-duty trucks)
	-

	One-way transport distance
	100
	km 



Centralised hydrogen supply configurations are investigated, whereby hydrogen production and conditioning are shared among industrial sites and delivery is ensured via truck transport, as detailed in Section 3.2. A set of 30 representative dispersed industrial sites is considered, each characterised by an identical reference emission source consisting of a natural-gas-fired boiler with annual CO2 emissions fixed at 2 ktCO2 yr-1. All industrial sites are assumed to be located at a uniform distance from the centralised hydrogen production and conditioning facility. A one-way transport distance of 100 km is adopted, consistent with the order of magnitude of inter-site distances reported for dispersed installations under the EU Emissions Trading System (EU ETS) registry (Mura et al., 2021). The adoption of homogeneous emission scales and equal transport distances enables the comparison to focus on differences arising from the hydrogen supply configuration rather than from variability in site characteristics. At each site, the reference natural-gas-fired boiler is assumed to be retrofitted for hydrogen combustion. Hydrogen transport in centralised supply configurations is assumed to occur via diesel heavy-duty road trucks, given the suitability of truck-based delivery for spatially dispersed industrial sites with relatively small demand (Demir and Dincer, 2018). The truck–trailer fleet is sized to meet the aggregate hydrogen demand of the reference industrial sites, accounting for trailer payload capacity, transport distance, and round-trip time.
[bookmark: _Ref223019294]Hydrogen supply strategies
The hydrogen supply strategies analysed are specifically tailored to spatially dispersed industrial sites. The proposed configurations address two structural constraints inherent to such settings—limited economies of scale and geographic dispersion—by centralising hydrogen production and conditioning and by adopting truck-based delivery to link distributed end users. Figure 2 schematically illustrates the evaluated strategies—CGH2, LH2 and LOHC—highlighting centralised operations, road transport, and on-site processing prior to industrial use. LOHC was selected as the hydrogen carrier option due to its favourable safety and handling characteristics compared with alternative hydrogen carriers such as ammonia and methanol (SGN, 2021). Local electrolysis is introduced as the benchmark configuration, representing a fully decentralised supply option without hydrogen transport.
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[bookmark: _Ref222931554]Figure 2: Schematic representation of the evaluated hydrogen supply strategies (CGH2, LH2, LOHC, and local electrolysis), illustrating centralised operations, road transport, and on-site processing prior to industrial use.
An alkaline electrolyser (AEL) is assumed for renewable hydrogen production across all strategies to ensure technological consistency and comparability (Cava et al., 2025). This modelling assumption allows the analysis to isolate the safety implications of alternative hydrogen supply modes, independently of the upstream hydrogen production route. Operating conditions required for process unit sizing in the CGH2 and LH2 strategies are adopted from Cava et al. (2025), while LOHC hydrogenation and dehydrogenation sections are modelled according to Eypasch et al. (2017). The payload capacity of the corresponding transport trailers (tube trailers for CGH2 and tanker trailers for LH2 and LOHC) is derived from technical data reported by Cava et al. (2025).
Results and discussion
HSPI and HSHI were calculated for the alternative hydrogen supply strategies serving the spatially dispersed industrial sites considered in the case study. Figure 3 presents the resulting indices together with the contribution of on-site operations, transport, and centralised facilities.
Under the HSPI metric (Figure 3a), which reflects consequence severity only, the LH2 supply option exhibits the highest inherent hazard level, with an HSPI approximately one order of magnitude higher than that of the Local EL benchmark. This outcome is largely driven by the significant number of process units required for hydrogen liquefaction at the centralised facility, which accounts for approximately 49 % of the total HSPI value in the LH2 supply option. Consequently, in conditioning-intensive hydrogen supply configurations, centralised facilities may become dominant sources of inherent hazard due to the increased severity of accident consequences arising from additional processing steps.
A different ranking emerges under the HSHI metric (Figure 3b), reflecting the influence of accident scenario credibility in addition to consequence severity. Under this metric, the CGH2 configuration becomes the most penalised option, as the large number of truck deliveries required to supply spatially dispersed sites increases the likelihood of transport-related accident scenarios. As a result, truck transport dominates the overall inherent hazard contribution, accounting for nearly the entire HSHI value associated with the CGH2 supply strategy. In contrast, the LOHC strategy maintains a comparatively favourable inherent safety performance by limiting hazard contributions at the industrial site while requiring fewer delivery operations relative to compressed gaseous hydrogen transport.
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[bookmark: _Ref222995231]Figure 3: Hydrogen supply potential hazard index (HSPI) and hydrogen supply inherent hazard index (HSHI) for the hydrogen supply strategies evaluated: (a) HSPI; (b) HSHI.
Consequently, the overall HSHI remains close to that of the decentralised Local EL benchmark, exceeding it by 12 %. These results indicate that, once accident scenario credibility is considered, the inherent safety performance of hydrogen supply chains serving dispersed industrial users becomes primarily governed by logistics intensity and delivery frequency rather than by process-related consequence severity alone.
In this context, hydrogen delivery through existing natural gas infrastructure may represent an additional supply configuration of interest, particularly in relation to the logistics-related hazard contributions identified here. At present, however, hydrogen use in gas networks is largely restricted to partial blending, which offers markedly lower decarbonisation potential than the supply routes assessed in this study, whereas large-scale conversion of gas networks to pure hydrogen has yet to be established (Department for Energy Security and Net Zero, 2023). In addition, the applicability of pipeline-based hydrogen delivery to the spatially dispersed industrial sites considered here may be constrained by their remoteness and relatively low hydrogen demand. More generally, the feasibility of the hydrogen supply strategies assessed also depends on upstream factors, including the energy demand of hydrogen production, the characteristics of the electricity supply, and the production pathway adopted. These aspects are beyond the scope of the present work, which focuses specifically on the inherent safety performance of alternative hydrogen supply options.
Conclusions
An inherent safety assessment framework was developed to enable the ex-ante comparison of hydrogen supply strategies for spatially dispersed industrial sites, explicitly accounting for hazard contributions associated with on-site operations, transport logistics, and centralised facilities. Its application to a representative case study shows that the inherent safety performance of hydrogen supply chains is strongly influenced by how production, conditioning, and delivery requirements redistribute hazards across the system. Centralised supply strategies involving intensive hydrogen conditioning, particularly liquid hydrogen supply, may substantially increase accident consequence severity, with HSPI values reaching approximately one order of magnitude above the decentralised electrolysis benchmark. When accident scenario credibility is considered, transport logistics emerge as the dominant contributor to inherent hazard, with delivery operations accounting for nearly the entire HSHI in the CGH2 configuration. Compared with the decentralised electrolysis benchmark, the LOHC strategy substantially lowers on-site hazard contributions, with reductions of up to 83 %. By providing insight into the safety implications of alternative hydrogen supply configurations, this work supports more informed decision-making in the development of safe and scalable hydrogen supply networks.
References
Aldersgate Group, 2025, Next steps for UK industrial decarbonisation policy in 2025, Aldersgate Group <https://www.aldersgategroup.org.uk/publications/post/8675/> accessed 24.04.2026.
Berghout N., Kuramochi T., Broek M. van den, Faaij A., 2015, Techno-economic performance and spatial footprint of infrastructure configurations for large scale CO2 capture in industrial zones. A case study for the Rotterdam Botlek area (part A), International Journal of Greenhouse Gas Control, 39, 256–284.
Camplese D., Scarponi G.E., Chianese C., Hajhariri A., Eberwein R., Otremba F., Cozzani V., 2024, Modeling the performance of multilayer insulation in cryogenic tanks undergoing external fire scenarios, Process Safety and Environmental Protection, 186, 1169–1182.
Casson Moreno V., Vianna S.S.V., Landucci G., 2025, An integrated assessment of the safety, economic, and environmental impacts of hydrogen refueling stations in comparison to conventional fuel stations, International Journal of Hydrogen Energy, 185, 151929.
Cava C., Gagliardi G.G., Piscolla E., Borello D., 2025, Techno-Economic Analysis of Hydrogen Transport via Truck Using Liquid Organic Hydrogen Carriers, Processes, 13, 1–25.
Cvetkovska R., Wechner L., Kienberger T., 2025, Techno-economic assessment of hydrogen supply solutions for industrial site, International Journal of Hydrogen Energy, 104, 611–622.
Demir M.E., Dincer I., 2018, Cost assessment and evaluation of various hydrogen delivery scenarios, International Journal of Hydrogen Energy, 43, 10420–10430.
Department for Energy Security and Net Zero, 2023, Hydrogen transport and storage networks pathway, Department for Energy Security and Net Zero <https://www.gov.uk/government/publications/hydrogen-transport-and-storage-networks-pathway/hydrogen-transport-and-storage-networks-pathway> accessed 16.03.2026.
Eypasch M., Schimpe M., Kanwar A., Hartmann T., Herzog S., Frank T., Hamacher T., 2017, Model-based techno-economic evaluation of an electricity storage system based on Liquid Organic Hydrogen Carriers, Applied Energy, 185, 320–330.
Fede G., Collina G., Tugnoli A., Bucelli M., Silva D.F., Sgarbossa F., 2025, Hydrogen supply design for the decarbonization of energy-intensive industries addressing cost, inherent safety and environmental performance, International Journal of Hydrogen Energy, 175, 151373.
GEXCON, 2026, EFFECTS. Consequence modelling software for safety and design optimisation, GEXCON <https://www.gexcon.com/software/effects/> accessed 24.02.2026.
IEA, 2025, Global Hydrogen Review 2025, IEA <https://www.iea.org/reports/global-hydrogen-review-2025> accessed 24.02.2026.
IEAGHG, 2024, Techno-Economic Assessment of Small-Scale Carbon Capture for Industrial and Power Systems, IEAGHG <https://ieaghg.org/publications/techno-economic-assessment-of-small-scale-carbon-capture-for-industrial-and-power-systems/> accessed 24.02.2026.
Mura M., Longo M., Toschi L., Zanni S., Visani F., Bianconcini S., 2021, Industrial carbon emission intensity: A comprehensive dataset of European regions, Data in Brief, 36, 107046.
Park S., Xu S., Rogers W., Pasman H., El-Halwagi M.M., 2020, Incorporating inherent safety during the conceptual process design stage: A literature review, Journal of Loss Prevention in the Process Industries, 63, 104040.
Pelucchi S., Carretta F., Mocellin P., Galli F., 2025, Evaluating process safety at conceptual stage: A stream-based index approach, Process Safety and Environmental Protection, 195, 106830.
Rattle I., Gailani A., Taylor P.G., 2024, Decarbonisation strategies in industry: going beyond clusters, Sustainability Science, 19, 105–123.
SGN, 2021, HySCALE: Feasibility study investigating the use of LOHCs for bulk hydrogen storage and transport, SGN <https://smarter.energynetworks.org/projects/NIA_SGN0164> accessed 16.03.2026.
Tamburini F., Pasquali L., Dal Pozzo A., Tugnoli A., Cozzani V., 2026, Ex-ante assessment of life cycle inherent safety (ExALIS) of industrial value chains, Process Safety and Environmental Protection, 207, 108352.
Tugnoli A., Cozzani V., Landucci G., 2007, A consequence based approach to the quantitative assessment of inherent safety, AIChE Journal, 53, 3171–3182.
Uijt de Haag P.A.M., Ale B.J.M., 2005, Guidelines for Quantitative Risk Assessment (Purple Book), Committee for the Prevention of Disasters, The Hague (NL).
Zanobetti F., Bernardi A., Pio G., Freire Ordóñez D., Danaci D., Chachuat B., Cozzani V., Shah N., 2025a, Quantitative sustainability assessment of e-fuels for maritime transport, Sustainable Energy & Fuels, 9, 6506–6521.
Zanobetti F., Dal Pozzo A., Cozzani V., 2025b, Sustainability assessment of CO2 capture across different scales of hard-to-abate emission sources, Chemical Engineering Journal, 505, 159466.
Zanobetti F., Pio G., Jafarzadeh S., Ortiz M.M., Cozzani V., 2024, A Comparative Assessment of the Inherent Safety of Hydrogen-Fuelled Power Systems, Chemical Engineering Transactions, 111, 493–498.

image3.emf
1.

H

2

supply chain 

decomposition

• Decompose the 

hydrogen supply 

chain into 

functional stages 

(on-site, transport, 

centralised)

2.

Characterisation 

of units

• Identify units within 

each stage

• Define release 

modes (RMs) and 

associated credit 

factors (cf )

3.

Consequence 

analysis

• Determine damage 

distances (d) for 

accident scenarios 

associated with 

each RM

4.

Calculation of 

indicators

• Calculate unit-level 

indices (UPI / UHI)

• Hierarchically 

aggregate to 

obtain HSPI or 

HSHI


image4.emf
H

2

supply 

strategy

Centralised facility Truck 

transport

On-site

Electrolysis Compression

CGH

2

tube trailer

CGH

2

Electrolysis Liquefaction

LH

2

tanker

LH

2

Vaporisation

Electrolysis

LOHC 

hydrogenation

LOHC 

tanker

LOHC

LOHC 

dehydrogenation

Electrolysis Buffer storage

Local EL


image5.emf
0.00

0.30

0.60

0.90

1.20

1.50

CGH

₂

LH

₂

LOHC Local EL

HSPI (m

2

yr kgH

2

-

1

) 

Centralised facility

Truck transport

On-site

0.E+00

8.E-05

2.E-04

2.E-04

3.E-04

4.E-04

CGH

₂

LH

₂

LOHC Local EL

HSHI (m

2

kgH

2

-

1

) 

Centralised facility

Truck transport

On-site

(a) (b)

0.0E+00

3.4E-04

1.2E-06

7.3E-07

6.5E-05

2.7E-05

1.5E-06

9.0E-07

5.2E-07

2.6E-06

0.0E+00

0.0E+00


image1.jpeg




image2.jpeg
AIDIC




