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A B S T R A C T

Low-carbon hydrogen is widely acknowledged as a key pillar of the global energy transition. However, because 
hydrogen acts as an indirect greenhouse gas, estimating its atmospheric leakages across the supply chain is 
necessary for an accurate evaluation of its overall environmental benefits. As part of the European HYDRA 
project, this study presents a thorough assessment of hydrogen leakages across the entire supply chain – 
encompassing production, handling, storage, transport, and end-uses – under current conditions (2023) and 
projected scenarios for 2030 and 2050. For this purpose, a detailed dataset of hydrogen leakage rates is compiled 
from the literature, offering both average and minimum–maximum estimates to reflect the inherent uncertainties 
and provide ready-to-use values for emissions assessments. Results indicate that electrolysis is potentially the 
most leakage-prone production pathway, owing to processes such as purging and stack venting. Moreover, as 
hydrogen infrastructure develops over the coming decades, liquid hydrogen is expected to become a major 
contributor to losses, mainly due to boil-off during handling, transport, and refueling operations. By 2050, 
overall leakage rates across the supply chain could range from below 2% in optimistic projections to nearly 20% 
in worst-case scenarios. These findings highlight the importance of accurately quantifying hydrogen emissions 
and implementing mitigation measures to fully harness the climate benefits of a possible future hydrogen-based 
economy. By identifying the processes most susceptible to leaks, this analysis offers valuable insights for poli
cymakers, researchers, and industry stakeholders aiming to reduce hydrogen losses and maximize hydrogen- 
related environmental benefits.

1. Introduction

Low-carbon hydrogen (H2) and its derivatives are widely recognized 
as key pillars of future energy scenarios, as they can be effectively 
adopted in sectors where mitigating carbon dioxide (CO2) emissions is 
particularly challenging, such as heavy industry [1], long-haul transport 
[2], aviation [3,4] and shipping [5]. In particular, hydrogen and 
hydrogen-based fuels are expected to contribute to reducing CO2 emis
sions by 10 gigatonnes (Gt) between 2030 and 2050 [6]. The growing 
focus on hydrogen is also reflected in the increasing number of initia
tives and funding programs aimed at accelerating its adoption world
wide [7]. However, at present hydrogen is far from being a clean 
solution for the energy transition as nearly 90% of the hydrogen demand 
(i.e., 97 million tonnes (Mt) consumed in chemical industry, oil refining 
and steelmaking) is produced from unabated steam methane reforming 
(SMR) and coal gasification processes, resulting in the emission of more 
than 900 MtCO2 [8]. It is thus evident that a substantial transformation in 

hydrogen production routes is required to meet the ambitious goal of 
carbon neutrality by 2050.

1.1. Climate implications of hydrogen

While transitioning to low-carbon hydrogen is essential for achieving 
climate goals, it is equally important to consider the potential environ
mental trade-offs associated with its deployment. One key concern is 
hydrogen leakage along the supply chain, which could offset some of its 
anticipated climate benefits. Indeed, hydrogen acts as an indirect 
greenhouse gas as it can cause atmosphere perturbations leading to the 
increase in the concentrations of methane, ozone and water vapor [9]. 
Recent analyses have highlighted how hydrogen’s climate impact is 
driven by these indirect effects, in particular by reacting with the hy
droxyl radical (OH) and extending methane’s atmospheric lifetime [10,
11]. Hydrogen oxidation also serves as a precursor of tropospheric ozone 
and increases stratospheric water vapor, where moisture is typically low 
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[12].
These pathways can substantially amplify hydrogen’s warming 

footprint. The 100-year global warming potential (GWP100) has been 
estimated at 11 ± 5 [13], 11.6 ± 2.8 [10], 12 ± 6 [14] and 12.8 ± 5.2 
[15]. To complement the long-term GWP100 perspective, some studies 
have also reported GWP20 values, which capture short-term warming 
dynamics and are approximately two to four times higher than GWP100 
[16]. While GWP20 does not fully represent the long-term effects of 
carbon dioxide and may overemphasize short-lived gases, it remains a 
useful complementary metric for assessing near-term climate impacts 
and trade-offs, particularly for gases like hydrogen with short atmo
spheric residence times.

Overall, if hydrogen demand continues to grow significantly without 
adequate leak mitigation, fugitive H2 emissions could partially offset the 
expected climate benefits of hydrogen deployment [11,16]. These 
findings underscore the importance of robust monitoring, detection, and 
mitigation of hydrogen emissions throughout its production, storage, 
and transport, to safeguard the climate advantages envisioned for a 
hydrogen-based economy [17].

1.2. Literature review on hydrogen leakage estimation

In the existing literature, hydrogen emissions are classified as 
intentional and unintentional, with the latter further divided into fugi
tive or operational leakages [9]. Unintentional emissions may happen in 
case of unplanned safety venting, leakages due to component failures (e. 
g., pipelines, valves and joints) or material permeation, boil-off phe
nomena and releases of residual hydrogen in the exhaust streams [9,18]. 
Conversely, intentional hydrogen releases are mainly caused by venting 
and purging procedures during start-up and shutdown operations [19]. 
Hydrogen emissions may occur at various stages of the supply chain (i.e., 
production, storage, transport and use), with losses typically estimated 
below 10% of the transported hydrogen [20,21]. However, the exact 
quantity of hydrogen released into the atmosphere remains unknown 
due to the absence of accurate hydrogen sensors capable of detecting 
concentrations with high sensitivity (i.e., ppb level) and fast response 
time [9]. Indeed, hydrogen monitoring is currently performed for safety 
purposes only with detection limits of 30 ppm, thus leaving 
non-flammable hydrogen leakages undetected [15]. The International 
Energy Agency (IEA) confirmed that quantitative information on 
hydrogen leakages is still scarce because of limited experimental data 
and knowledge gaps regarding leakage phenomena in hydrogen com
ponents (e.g., pipes and compressors) [22,23]. Furthermore, the lack of 
data is further amplified by the early-stage deployment of the hydrogen 
infrastructure (e.g., large-scale electrolysis plant, transmission pipelines, 
hydrogen refueling station), thereby preventing the possibility of con
ducting experimental campaigns across several stages of the hydrogen 
supply chain [24].

Given the lack of direct measurements, in recent years numerous 
studies have tried to determine the hydrogen emissions based on as
sumptions, technical insights from experts, simulations and data ex
trapolations [25,26]. Bond et al. [27] reported leakage rates between 
1.1% and 4.5% when serving exclusively industrial users and Colella 
et al. [28] indicated 1–3% as a reasonable estimate for leakages in a 
gaseous-based hydrogen economy. Cooper et al. [29] compared 
different hydrogen supply chains, considering multiple production 
pathways (e.g., electrolysis, biomass and coal gasification) and transport 
solutions (compressed or liquid hydrogen and ammonia), but excluding 
end-use applications. They concluded that green hydrogen experiences 
higher losses (especially if transported in liquid state) with leakage rate 
up to 8.5%. Arrigoni and Bravo Diaz [18] reported the hydrogen release 
fractions to the atmosphere along various supply chains, but still 
neglecting the losses in end-use stages. Specifically, the compressed 
hydrogen supply chain is characterized by a leakage rate of approxi
mately 4.2%, while the liquid hydrogen and the pipeline supply chains 
exhibit values of 10–20% and 1.2%, respectively. Finally, a study by 

Frazer-Nash Consultancy [19] considered a detailed value chain scheme, 
estimating an overall loss rate between 0.96% and 1.50%, though the 
analysis remained confined to a specific country-scale scenario.

1.3. Aim and novelty of this study

The reviewed studies highlight the lack of a comprehensive investi
gation and quantification of hydrogen emissions covering the entire 
hydrogen supply chain, from production to various end-uses. Given the 
expected increase in hydrogen demand, a thorough assessment of 
hydrogen leakages along the value chain is crucial for environmental, 
climate, economic and technical reasons.

This study aims to fill this gap by developing a dedicated framework 
to estimate hydrogen leakages at each stage of the supply chain under 
various scenarios, including: 

• Production (e.g., SMR, SMR with carbon capture and storage, elec
trolysis and coal gasification),

• Handling (e.g., compression, liquefaction),
• Storage and transport (e.g., pipelines, compressed and liquid 

hydrogen by truck),
• End-uses (e.g., industry, mobility, aviation and shipping, residential, 

power generation).

To the best of our knowledge, this work is the first to offer a dis
aggregated, process-level quantification of hydrogen emissions under 
current and future scenarios (current, 2030, 2050). The results are sys
tematically presented as ranges to reflect data variability and uncer
tainty, including minimum values (representing optimistic 
assumptions), maximum values (pessimistic cases), and average esti
mates (plausible scenarios based on current knowledge and available 
evidence). Based on data from existing literature, including peer- 
reviewed papers and technical reports, this study evaluates the 
average leakage rate for each stage of the supply chain and identifies a 
minimum-maximum variation range. Unlike previous studies that typi
cally adopt single leakage rate values for each stage of the value chain to 
assess overall hydrogen emissions, this study utilizes a complete dataset 
of hydrogen leakage rates and derived statistical values. It accounts for 
uncertainties and variability in the available data, enabling the defini
tion of multiple scenarios (i.e., pessimistic, plausible and optimistic).

Building on this dataset of hydrogen leakage rates, several hydrogen- 
based scenarios are explored, considering projections from IEA, 
Hydrogen Council (HC) and International Renewable Energy Agency 
(IRENA) for 2030 and 2050. Ultimately, hydrogen emissions and overall 
supply chain leakage rates are evaluated, with a detailed process-level 
breakdown computed to identify the most critical phases within the 
hydrogen infrastructure.

The main contributions of this work are as follows: 

• Proposing a process-based framework to quantify hydrogen emis
sions along the full supply chain.

• Providing a detailed and flexible dataset of leakage rates, including 
average values and minimum-maximum ranges for each stage of the 
supply chain, to support emissions assessments with ready-to-use 
data.

• Performing scenario analysis to reflect current and projected 
hydrogen demand in 2030 and 2050.

• Identifying high-leakage processes to support targeted mitigation 
strategies.

This work is conducted as part of the European project HYDRA 
(HYDrogen economy benefits and Risks: tools development and policies 
implementation to mitigate possible climAte impacts). The project fo
cuses on assessing the climate and environmental implications of large- 
scale hydrogen deployment. It integrates market analysis, atmospheric 
modeling and the development of a hydrogen leakage monitoring tool 
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[30].
The structure of the work is as follows: Section 2 describes the 

methodology developed to estimate hydrogen leakages across different 
hydrogen-based scenarios, detailing each stage of the supply chain, 
Section 3 shows the main findings of the study, while Section 4 discusses 
the implications and significance of these results. Finally, Section 5
summarizes the key conclusions.

2. Methodology

The hydrogen leakage estimation framework consists of the 
following steps: first, the key stages of the hydrogen supply chain are 
presented (Section 2.1), followed by the analysis of hydrogen leakage 
rates for each stage (Section 2.2). Then, both short-term and long-term 
scenarios are defined (Section 2.3) with the aim of assessing the 
hydrogen leakages associated with each scenario and the most impactful 
stages. To achieve this, each scenario must be defined based on the 
amount of hydrogen processed across all stages of the supply chain.

2.1. Hydrogen supply chain

The hydrogen supply chain shown in Fig. 1 consists of five main 
stages: production, handling, storage, transport and end-uses. The 
following production pathways are considered: electrolysis, SMR, SMR 
equipped with solutions for carbon capture utilization and storage 
(CCUS) and coal gasification. The handling stage involves hydrogen 
compression and liquefaction processes, which enable subsequent 
hydrogen storage as compressed gas (CH2) or in liquid form (LH2). 
Hydrogen can be then transported from production to consumption sites 
via transmission and distribution pipelines and by trucks, delivering 
compressed or liquid hydrogen based on the specific market routes 
(domestic or international trade). Finally, hydrogen can be used as a 
fuel, feedstock or process gas (e.g., reducing agent) in multiple end-use 
applications, including industry, mobility, aviation and shipping, resi
dential and power generation.

2.2. Hydrogen leakage rates

The main leakage phenomena occurring in each stage of the supply 
chain are briefly discussed below. For a comprehensive overview of the 

hydrogen leakage processes and a review of the quantification assess
ments available in literature, the reader can refer to the study from 
Esquivel-Elizondo et al [9].

In hydrogen production via electrolysis, the primary leakage mech
anisms include venting during electrolyzer start-up and shutdown pro
cedures, purging during the regeneration of the hydrogen purification 
system and hydrogen crossover [19]. Conversely, in SMR process the 
hydrogen leakages phenomena are limited as any losses from the SMR 
are currently flared [18]. Hydrogen production from SMR with CCUS 
technology is expected to have higher hydrogen leakages due to addi
tional separation processes, which increase system complexity 
compared to conventional SMR [25].

In hydrogen compression and storage, the main leakage sources are 
the permeation through seals in the compressor and the fugitive emis
sions from the pressurized storage tank, which depend on the storage 
pressure, the valve material and the tank size [19]. In hydrogen lique
faction and storage, boil-off and losses in loading and unloading the 
cryogenic tanks represent the most severe hydrogen leakage phenom
ena. Geological storage options include salt caverns, which, despite their 
higher cost per unit of capacity, are suitable where geologically avail
able. Lined hard rock caverns, which are more widely available, may 
serve a similar function, although they remain at the demonstration 
stage. Porous reservoirs, such as depleted gas fields and saline aquifers, 
also represent potential storage solutions, but their operational flexi
bility – in terms of fast injection and withdrawal cycles – and the risk of 
hydrogen losses are still unproven. Although geological storage has 
significant potential for long-term hydrogen storage – and therefore also 
poses associated emission risks – it was not considered in this study due 
to current technological limitations and the need for further research 
[8].

In hydrogen transport via transmission and distribution pipelines, 
leakages in pipework (e.g., pipes, joints and valves) are the main cause 
of hydrogen losses [18,19]. In truck-based hydrogen delivery (i.e., tube 
trailers), the most common sources of leakage are the fittings and 
venting of the trailer hose [18]. Currently, liquid hydrogen delivery is 
particularly susceptible to leakages, primarily due to boil-off effects [9].

Hydrogen is expected to be adopted in a wide range of industrial 
processes, including both existing uses (e.g., refining and chemical in
dustry) and new applications (e.g., direct reduction of iron in steel
making and high-temperature heat production for glass and ceramics 

Fig. 1. Hydrogen supply chain.
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manufacturing). The risk of hydrogen leakage in industries is considered 
moderate to high, with valves, flanges and seals identified as critical 
components, especially under elevated temperature and pressure con
ditions [20]. In the case of high-temperature heat production, leakages 
from the furnace and unburnt exhausts are classified as potential 
hydrogen emission sources. However, the information on hydrogen 
leakages in new industrial uses remains scarce as hydrogen-based 
technologies have yet to be widely implemented.

When using hydrogen in fuel cell systems, similar considerations to 
those made for electrolyzers operation are valid (i.e., venting, purging 
and hydrogen crossover are the main leakage causes). Moreover, in 
mobility applications, in addition to hydrogen losses in fuel cells, leak
ages during refueling operations and from the on-board pressurized 
storage tank have to be considered [19].

Hydrogen use in residential applications (i.e., heat and combined 
heat and power production) exhibits high leakage risk, especially in 
appliance connectors, pipes, joints and burners. Moreover, the frequent 
on-off cycles can intensify the risk of leakages, particularly in old 
infrastructure and retrofitted systems [20].

In the case of hydrogen use as a fuel in turbines (e.g., in aviation or 
maritime applications), venting when turning on and off the system and 
hydrogen losses in exhaust during idle state are widely recognized as the 
main leakage factors.

In the present study, a comprehensive dataset of hydrogen leakage 
rates for each stage of the supply chain is provided, considering both 
peer-reviewed articles and technical reports. Based on the dataset 
originally compiled by Esquivel-Elizondo et al. [9], Table 1 reports the 
leakage rate values according to the process-level disaggregation of the 
supply chain shown in Fig. 1. These values are expressed in percentage 
(% mass) of the total hydrogen quantity that undergoes a specific pro
cess (e.g., production via electrolysis or compression) or application (e. 
g., use in industrial processes, use in fuel cell for mobility or stationary 
applications). The data in Table 1 are then processed to compute the 

average leakage rate for each stage of the supply chain and identify the 
minimum-maximum variation range. More in detail, for each stage of 
the supply chain, the minimum leakage rate is identified as the lowest 
value among those listed in Table 1. A similar methodology is applied to 
determine the maximum leakage rate. Conversely, the evaluation of the 
average leakage rate requires an additional step, as most of the refer
ences provide ranges of values. First, the average value of each range is 
computed, and then these values are used to determine the average 
leakage rate for each step of the supply chain. Minimum, average and 
maximum values will be used to represent, in the Results section, 
pessimistic, plausible and optimistic scenarios respectively.

It is necessary to highlight that aviation and shipping have distinct 
leakage rates. However, in the literature, hydrogen demand for these 
two sectors is usually reported as an aggregated value. In this analysis, 
an average leakage rate is thus computed for the “aviation and shipping” 
end-use. For analogous reasons, the same methodology is also applied 
for power generation using fuel cells or other stationary devices (e.g., 
gas turbines). For an in-depth discussion of the assumptions underlying 
hydrogen leakage estimation and the quantitative assessment proced
ure, the reader can refer to Ref. [19], where input data are reported and 
the estimation methodology is presented.

2.3. Hydrogen scenarios

The present analysis focuses on the hydrogen supply chain and 
related hydrogen leakages across three distinct scenarios: 

⁃ Current scenario, representing the situation as of 2023
⁃ 2030 scenario, a short-term projection of hydrogen demand and 

supply
⁃ 2050 scenario, a long-term projection of hydrogen demand and 

supply

Table 1 
Hydrogen leakage rates (% mass). The dataset was originally compiled and synthesized by Esquivel-Elizondo et al. [9], who reviewed leakage estimates across the 
hydrogen value chain.

Fan et al. [25] Cooper et al. [29] Frazer-Nash [19] Arrigoni and Bravo Diaz [18] Van Rujiven et al. [21] Petitpas et al. [31]

Production
Electrolysis 2%–4% 0.1%–4% 0.24%–3.32% 

0.52%–9.2%
0.2% 
0.03%

​ ​

SMR + CCUS 1%–1.5% 0.1%–1% 0.25%–0.5% ​ ​ ​
SMR 0.5%–1% ​ ​ ​ ​ ​
Coal gasification ​ 0.1%–1% ​ ​ ​ ​

Handling
Compression ​ 0.14%–0.27% 0.05%–0.25% ​ ​ ​
Liquefaction ​ 0.15%–2.21% ​ 10% 

2%
​ ​

Storage
Compressed ​ ​ 2.77%–6.52% ​ ​ ​
Liquid ​ 0.05%–0.54% ​ ​ 0.3%–1% ​

Transport
Transmission pipelines 1%–2% 0.02%–0.06% 0.04%–0.48% 1.2% 0.1%–5% ​
Distribution pipelines 0.2%–0.4% 0.0003%–0.16% 0.26%–0.53% ​ 0.1%–5% ​
Compressed hydrogen truck 1%–2.3% ​ 0.3–0.66% 1% ​ ​
Liquid hydrogen truck 2.5%–5% ​ 3.76%–13.2% ​ 2%–5.5% ​

End-use
Industry 0.2%–0.5% ​ 0.25%–0.5% ​ ​ ​
Refueling CH2 ​ ​ 0.25%–0.89% 3%; 

2%
​ ​

Refueling LH2 ​ ​ ​ 8.5%; 
2%

​ 2%–15%

Fuel cell vehicle ​ ​ 0.56%–2.64% ​ ​ ​
Aviation 3% ​ ​ ​ ​ ​
Shipping 1%–2.3% ​ ​ ​ ​ ​
Residential 0.5%–0.8% ​ 0.3%–0.69% ​ ​ ​
Power generation (in fuel cell) ​ ​ 0.56%–2.64% ​ 0.1%–1% ​
Power generation (not in fuel cell) 1.5%–3% ​ 0.01%–0.66% ​ ​ ​
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When transitioning from the current scenario to 2030 and 2050 
scenarios, the supply chain evolves, reflecting changes driven by the 
expected increase in hydrogen penetration and the adoption of novel 
technologies in production, transport, and end-use sectors.

2.3.1. Hydrogen supply chain in the current scenario
In the current scenario, referred to as the IEA2023 scenario, most 

hydrogen is locally produced and consumed, primarily in refineries and 
large chemical plants, with only limited quantities destined for the 
market. More in detail, IEA reports that around 85% of the hydrogen 
demand is captive (i.e. produced on-site at end-user facilities), while the 
remaining 15% is merchant (i.e., produced in a centralized plant and 
delivered to consumption sites by trucks or pipelines) [32]. In addition, 
IEA clearly states that currently hydrogen is not a globally traded 
commodity [8], although some minor imports and exports between 
neighboring countries are registered, especially in large petrochemical 
hubs in Europe [33]. Merchant hydrogen is currently delivered by trucks 
(with compressed or liquid hydrogen) and by short-distance and pri
vately owned pipelines [8]. Compressed hydrogen delivery via tube 
trailers is assumed to be adopted for specialized industrial applications 
requiring limited hydrogen quantities, amounting to 1 Mt [8]. 
Conversely, liquid hydrogen delivery is considered for larger-scale 
transport over longer distances. To estimate the hydrogen delivered in 
liquid form, the current global liquefaction capacity (350 t/day) is 
assumed to work with an annual capacity factor of 90% [34]. Based on 
these hypotheses, the amount of merchant hydrogen transported by 
pipelines is then evaluated by difference.

Information on global hydrogen demand, supply and end-users are 
sourced from Ref. [8]. In this scenario, hydrogen consumption is 
concentrated in industrial applications, with fossil-based production 
pathways meeting nearly all of the demand and low-carbon solutions 
contributing to less than 1%.

2.3.2. Hydrogen supply chain in 2030 scenarios
By 2030, the main transformations in the hydrogen supply chain 

involve the partial transition to low-carbon production pathways and 
the emergence of new end-uses, such as road mobility, aviation and 
maritime applications. Captive and merchant hydrogen shares are pro
jected to remain relatively stable in the near future, therefore, this 
analysis assumes the same values as in 2023. International hydrogen 
trade is unlikely to be fully established in 2030, as most of the export- 
oriented announced projects are still in the early stages of develop
ment [8]. The liquefaction capacity is projected to reach 495 t/day (with 
annual capacity factor of 90%), according to data from planned and 
under-construction plants, and is assumed to meet part of the road 
mobility demand [35]. Compressed hydrogen delivery is assumed to 
serve specialized industries and the remaining road mobility demand 
not covered by liquid hydrogen. Based on these assumptions, the 
quantity of merchant hydrogen transported via pipelines is determined 
by difference.

Two different forecasts are considered for 2030, referred to as IEA 
scenario (IEA2030) and Hydrogen Council scenario (HC2030): 

⁃ For the IEA2030 scenario, data on global hydrogen demand and end- 
users are obtained from Ref. [36], while the shares of low-carbon and 
unabated hydrogen production is derived from Ref. [37]. In this 
scenario, the unabated fossil-based hydrogen production portfolio is 
assumed to remain the same as in 2023. More in detail, reforming 
processes of hydrocarbons (i.e. primarily natural gas, but also 
naphtha in refineries) will account for approximately 80% while coal 
gasification will contribute 20% [8]. The IEA identifies several in
dustrial applications as end-users, including refining, chemical in
dustry, steel production, and other industrial sectors. For the 
purposes of this work, these processes are collectively categorized as 
“industry”.

⁃ For the HC2030 scenario, global hydrogen consumption and its 
segmentation among end-users are sourced from Ref. [38]. Based on 
the data reported in Ref. [38], grey hydrogen is anticipated to cover 
46.4% of the demand, while electrolysis and SMR with CCUS are 
expected to contribute to 17.9% and 35.7%, respectively. The 
HC2030 scenario foresees hydrogen use in multiple industrial sec
tors, such as chemical and refining, steelmaking and industries 
requiring high-temperature heat. In the framework of this work, 
these industrial applications are grouped under the general classifi
cation of “industry”.

2.3.3. Hydrogen supply chain in 2050 scenarios
By 2050, it is assumed that 21.6% of the hydrogen produced will be 

captive, while the remaining 78.4% will be merchant [6]. Additionally, 
two-thirds of the global hydrogen demand is supposed to be produced 
and consumed domestically, while the remaining one-third will come 
from international trade [39]. Among internationally traded hydrogen, 
55% is anticipated to be transported by pipeline, 40% in the form of 
ammonia and 5% as liquid hydrogen [39], with the latter assumed to be 
transported by land. Hydrogen converted into ammonia is expected to 
be used directly as ammonia, without reconversion to its original form 
[40]. The contribution of liquid organic hydrogen carriers (LOHC) is 
considered negligible, as they are expected to cover less than 0.2% of the 
hydrogen demand [39]. According to projections by Arrigoni and Bravo 
Diaz [18], by 2050, all end-use applications will be supplied via pipe
lines, except for road mobility, which will rely on merchant hydrogen 
delivered by trucks, specifically 70% as liquid hydrogen and 30% as 
compressed gas. Residential users are supposed to be served by distri
bution pipelines, while all other users (e.g., industry, aviation and 
shipping) are assumed to be directly connected to the hydrogen trans
mission network.

Three distinct projections are analyzed for 2050, namely the IEA 
scenario (IEA2050), Hydrogen Council scenario (HC2050) and IRENA 
scenario (IRENA2050): 

⁃ The same methodology and sources described for the IEA2030 sce
nario are applied for the IEA 2050 scenario. However, in this case the 
unabated fossil-based hydrogen production in 2050 is assumed to 
rely on SMR technology only, with no contribution from coal 
gasification.

⁃ For the HC2050 scenario, data on global hydrogen demand, end- 
users and production pathways are sourced from Ref. [38]. In this 
case, hydrogen demand is assumed to be met only by low-carbon 
production pathways, with electrolysis and SMR with CCUS 
covering 70% and 30%, respectively. Moreover, this scenario adopts 
the same classification of industrial applications presented for the 
HC2030 scenario.

⁃ For the IRENA2050 scenario, global hydrogen demand is sourced 
from Ref. [41] and its breakdown among end-users is extracted from 
Ref. [39]. Moreover, according to IRENA projections, hydrogen 
production portfolio includes only electrolysis and SMR with CCUS 
technology, accounting for 94% and 6%, respectively [41]. It is 
noteworthy that in the IRENA2050 scenario, hydrogen is expected to 
serve multiple industrial applications, namely oil refining, steel
making, ammonia, methanol and other chemicals synthesis, and 
other industries. For the scope of this work, these different industrial 
uses are grouped under the broader category of “industry”. IRENA 
also differentiates between road and rail transport; however, these 
applications are included here under the wider “mobility” category.

3. Results

This study presents a generalized model of the hydrogen supply 
chain, highlighting potential leakage pathways at each stage and 
providing estimated leakage rates. The results include the hydrogen 
leakage rates (expressed as average, minimum and maximum values) for 
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the different stages of the supply chain (Section 3.1), as well as the 
evaluation of global hydrogen emissions across the aforementioned 
scenarios (current, 2030, and 2050) in Section 3.2. Additionally, the 
impact of each stage on the overall emission levels is examined (Section 
3.3).

3.1. Hydrogen leakage rates

Based on the data presented in Table 1, the average hydrogen 
leakage rates and their minimum-maximum variation ranges are 
derived. The resulting values are illustrated in Fig. 2 for the key stages of 
the hydrogen supply chain. For the sake of clarity, these values are also 
reported in table format in the Supplementary Material. Fig. 2 reveals 
that hydrogen leakage rates may exhibit significant minimum-maximum 
variability arising from heterogeneous quantification approaches (e.g., 
simulations, data extrapolations and assumptions) and incomplete un
derstanding of hydrogen leakage phenomena. These factors thus result 
in substantial epistemic uncertainties.

Hydrogen production through electrolysis exhibits the highest 
leakage rate and the largest variation range (0.03%–9.2%) among the 
different production routes. This may be influenced by the presence in 
the dataset of measurements from outdated electrolyzers (e.g., 3.5% 
reported by Peters et al. [42]) and the uncertainty related to the impact 
of purging during the regeneration of hydrogen purification systems. 
SMR with CCUS is generally considered more susceptible to hydrogen 
leakage compared to conventional SMR; however, the higher uncer
tainty associated with the former leads to a wide variability (0.1%– 
1.5%). As a result, the average leakage rates for SMR-based solutions are 
nearly comparable: 0.73% for SMR with CCUS and 0.75% for conven
tional SMR.

Hydrogen liquefaction represents one of the most critical stages in 
the supply chain, with an average leakage rate of 4.4% and a maximum 
of 10%, which are considerably higher than the leakage values of 
compression. Conversely, liquid hydrogen storage shows a lower 
leakage rate compared to compressed hydrogen as proper insulated 

cryogenic tanks (e.g., double-jacketed tanks and multilayer insulated 
tanks) are used and mitigation solutions (e.g., re-liquefaction and on-site 
use of boiled-off hydrogen) are usually adopted [43]. Moreover, 
hydrogen leakages from pressurized tanks are clearly affected by the 
storage duration, which is typically assumed between 2 and 30 days 
when seasonal applications are not considered [19].

Transmission and distribution pipelines exhibit similar variation 
bands with average values of 1.09% and 0.83%, respectively. The broad 
variability (with minimum values that are almost negligible and 
maximum values up to 5%) is primarily attributed to the significant 
uncertainties related to the hydrogen behavior in existing pipelines, as 
well as the complexity of adapting current leakage models to account for 
the differences between hydrogen and natural gas.

The leakage rate of hydrogen delivery by pressurized tube trailers 
(CH2 trucks) results in 1.04%. Similarly to compressed hydrogen stor
age, this leakage rate is strongly influenced by the time required for the 
delivery, which is usually considered to be between 0.5 and 3 days [19]. 
Liquid hydrogen delivery by trucks (LH2 trucks) emerges as the most 
leakage-prone solution for hydrogen transport, with an average leakage 
rate of 5.33%, which can increase up to 13.2%.

The average hydrogen leakage rate in industrial applications is equal 
to 0.36%, with a variation range from 0.2 to 0.5%. This value refers to 
multiple industrial uses and it does not differentiate between industrial 
processes and hydrogen role (e.g., feedstock, reducing agent or high- 
temperature heat source). Industry is typically considered as one of 
the main hydrogen end-users in the future, making hydrogen emissions 
at this stage relevant. However, based on the available literature these 
leakage rates are deemed solid and robust enough to carry out the 
subsequent analysis.

Refueling operations in hydrogen refiling stations (HRS) are critical, 
particularly in the case of liquid hydrogen-based stations. During 
hydrogen transfer between tanks, boil-off losses can result in an average 
leakage rate of 6.33%, which can potentially increase to 15%.

When comparing the leakage rates in fuel cells for mobility and 
stationary applications (i.e., power generation), it is evident that fuel 

Fig. 2. Hydrogen leakage rates (% mass) of the different stages in the hydrogen supply chain. Average values (depicted as circles) and minimum-maximum variation 
ranges are shown. The supply chain includes the following stages: production (green color), handling (blue color), storage (orange color), transport (yellow color) 
and end-uses (grey color). For a complete graphical representation of the hydrogen leakage dataset, the reader is referred to [9]. (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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cell electric vehicles experience higher hydrogen leakages as losses from 
the on-board storage tank have to be considered.

3.2. Hydrogen scenarios

Resulting information for the current, short-term and long-term 
scenarios are summarized below. Fig. 3 also shows overall hydrogen 
demand and details on how it is distributed among main end-users 
(industry, mobility, aviation and shipping, residential, power 
production). 

⁃ IEA2023 scenario: In 2023, more than 97 Mt of were consumed at 
global level, mainly in oil refining, chemical industry, steelmaking 
and specialized industrial processes. Fossil-based production routes 
covered almost completely the demand (more than 99%), with 
reforming processes and coal gasification accounting for 80% and 
20%, respectively.

⁃ IEA2030 scenario: According to IEA, global hydrogen consumption 
is projected to reach 143 Mt in 2030, with the majority concentrated 
in industrial applications (74.1%). Hydrogen-based power produc
tion is forecast to grow considerably, accounting for 15.4% of the 
total demand. Moreover, road mobility will consume 4 Mt (2.8%), 
while 11 Mt (7.7%) will be required by aviation and shipping. Hy
drocarbons reforming and coal gasification are expected to cover 
more than half of the demand, contributing for 44.8% and 11.2%, 
respectively. Conversely, electrolysis and SMR with CCUS will ac
count for 32.1% and 11.3%, respectively.

⁃ HC2030 scenario: The Hydrogen Council foresees that 143 Mt of 
hydrogen will be consumed globally in 2030. Industries will repre
sent the largest hydrogen consumers (77%), followed by power 
generation, aviation and shipping, and mobility, accounting 
approximately for 10 Mt each. The Hydrogen Council considers also 
hydrogen use in the residential sectors, which is expected to require 
around 2 Mt. Hydrogen production will be still dominated by SMR 
(66.4 Mt), followed by SMR with CCUS (51.1 Mt) and finally by 
electrolysis (25.5 Mt).

⁃ IEA2050 scenario: According to IEA, global hydrogen demand is 
projected to reach 402 Mt by 2050, primarily driven by industrial 
uses (37.3%) and aviation and shipping (28.9%). Road transport and 
power production are expected to account for 15.2% and 18.7%, 
respectively. Hydrogen production is predicted to rely only 
marginally on conventional SMR (3.5%), while low-carbon produc
tion pathways will cover more than 95% of the demand. Specifically, 
renewable-powered electrolysis will account for 75.1% while SMR 
equipped with CCUS solutions will contribute 20.5%.

⁃ HC2050 scenario: The Hydrogen Council anticipates that hydrogen 
consumption can reach 660 Mt on a global scale by 2050. Industries 
will demand 263 Mt, mobility will require 180 Mt, while aviation 
and shipping will need 110 Mt. Additionally, power production is 
expected to consume 67 Mt, and residential applications are pro
jected to account for 40 Mt. On the production side, renewable-based 
electrolysis will produce 462 Mt, while 198 Mt will be sourced from 
SMR with CCUS plants.

⁃ IRENA2050 scenario: IRENA projections for 2050 foresee a global 
hydrogen demand of 523 Mt, which is mostly covered by electrolytic 
hydrogen (491.6 Mt) and only marginally by SMR with CCUS (31.4 
Mt). Industrial applications will represent the largest hydrogen 
consumers, accounting for 48.6%. In contrast to other scenarios, 
hydrogen is expected to play a relatively minor role in road mobility 
(9.7%), and aviation and shipping sectors (10.9%). However, a sig
nificant demand is forecasted for hydrogen-based power generation 
(26.9%).

3.3. Hydrogen leakages

In the scenarios analyzed, hydrogen leakages are determined based 
on the hydrogen leakage rate and the hydrogen amount associated with 
each stage of the supply chain. Details regarding the distribution be
tween captive and merchant hydrogen, and for the latter, between do
mestic and international trade, can be found in the Supplementary 
Material. Once the total hydrogen emissions across the supply chain are 
calculated, the hydrogen leakage rate for the entire supply chain can 
also be determined. The results are displayed in Fig. 4, which highlights 
the contributions of the main stages of the supply chain across the six 
scenarios under analysis.

As shown Fig. 4, in the IEA2023 scenario, the hydrogen losses are 
estimated at 1.3 Mt, resulting in a total leakage rate of 1.3% along the 
supply chain. This result is in line with the value reported by Arrigoni 
and Bravo Diaz [18] for 2020, who estimated a leakage rate of 1.2%. 
Most of the hydrogen losses take place in the production phases (53.3%), 
followed by the use in the industrial processes (27.2%). Hydrogen 
handling and storage contribute around 3% each, while hydrogen 
transport causes 12.6% of the hydrogen emissions.

For the IEA2030 scenario, the hydrogen losses amount to 3.2 Mt, 
which corresponds to a supply chain leakage rate of 2.2%. As evident in 
the bar plot of Fig. 4, the main hydrogen leakages occur during pro
duction (green area) and end-use (grey area), which account for 46.6% 
and 33% of the total losses, respectively. The contribution of hydrogen 
handling is almost negligible, while storage and transport (mainly as 
compressed gas via pipelines and tube trailers) cause 19% of the 

Fig. 3. Hydrogen demand and details on how it is distributed in the different scenarios.
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leakages. Similar considerations are valid for the HC2030 scenario, in 
which the total leakage rate of the supply chain is again equal to 2.2%, 
with a slightly lower contribution from the production stage due to 
different hydrogen production pathways.

In the IEA2050 scenario, the hydrogen leakage is estimated at 22 Mt, 
corresponding to a 5.5% leakage rate along the value chain. More than 
one-third (37%) of the hydrogen losses are expected to occur in the end- 
use stage, while hydrogen production contributes to 26.8%. Hydrogen 
handling and transport account for 31.4%, while hydrogen storage has a 
minor impact, representing less than 5% of the total losses.

In the HC2050 scenario, the hydrogen losses along the supply chain 
are estimated at 45.3 Mt, which results in a total leakage rate of 6.9%. 
The largest leakages are observed in the end-uses, which account for 
36.2% of the total losses. As a direct result of the hydrogen flows in the 
supply chain, in this scenario the handling and transport phases have a 
larger impact, contributing to 36.2%. The contribution of hydrogen 
production stands at around 21% of the total losses, corresponding to 
9.4 Mt.

In the IRENA2050 scenario, a total of 24.4 Mt of hydrogen is lost 
along the supply chain, corresponding to a 4.7% leakage rate. In this 
scenario, the main leakage phenomena take place in the production 
phase, which generates 35.5% of the total hydrogen emissions. End-use 
applications are confirmed to be one of the major sources of hydrogen 

leakages, contributing to one-third of the total hydrogen losses.
These results are consistent with the values reported by Fan et al. in 

Ref. [25] and the Hydrogen Council in Ref. [38], which indicated 
leakage rates of 5.6% and 4.5% for the hydrogen supply chain in 2050.

To clearly identify the most critical processes within the future 
hydrogen supply chain, the leakage breakdowns are shown in Fig. 5 (for 
2030 scenarios) and Fig. 6 (for 2050 scenarios).

Analyzing the IEA2030 scenario, it is evident that hydrogen gener
ation through electrolysis is the cause of more than 50% of the total 
leakages occurring in the production stage, although it covers only 
32.1% of the hydrogen demand. This result emphasizes the potentially 
critical role of electrolysis in the 2030 hydrogen supply chain and un
derscores the importance of addressing and mitigating its leakage- 
related challenges. In the handling, storage and transport stages, the 
main source of leakage is represented by compressed hydrogen, as a 
direct result of the hydrogen flows in the supply chain. Despite the high 
leakage rates associated with refueling operations, road mobility has 
limited impact in 2030 because of the lower demand compared to the 
other end-uses.

The analysis of the HC2030 scenario reveals a significant contribu
tion from hydrogen production through SMR with CCUS, which ac
counts for around one-third of the overall hydrogen leakages associated 
with the production stage. In the handling and storage stages, the 

Fig. 4. Comparison of hydrogen leakages in the different scenarios. The results are based on the average leakage rates shown in Fig. 2.

Fig. 5. Hydrogen leakage breakdown for the 2030 scenarios. The results are based on the average leakage rates shown in Fig. 2. The following acronyms are adopted 
in the figure: A&S = aviation and shipping, B = steam methane reforming with CCUS (blue hydrogen), C = compression, CG = coal gasification, CH2 = compressed 
hydrogen, DP = distribution pipelines, EL = electrolysis, I = industry, M = mobility, SMR = steam methane reforming, PG = power generation, R = residential, TP =
transmission pipelines. (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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contribution of liquid hydrogen is almost negligible due to the limited 
adoption of this technology. Focusing on the transport stage, unlike in 
the IEA20230 scenario, distribution pipelines also contribute to 
hydrogen leakages, albeit to a small extent, as they are needed to serve 
residential applications. Among the end-users, industry and mobility are 
clearly the dominant leakage sources, accounting for 36% and 32%, 
respectively.

The emissions breakdowns for the 2050 scenarios share several 
common aspects. Firstly, liquid hydrogen emerges as a key contributor 
to hydrogen leakages in handling and transport phases. Additionally, it 
indirectly impacts end-user applications, which are dominated by road 
mobility that considers also the leakages taking place during the refu
eling operations. Moreover, electrolysis is confirmed as the major 
leakage source in the production stage. Specifically, it accounts for over 
one-third of the overall leakages across the entire supply chain in the 
IRENA2050 scenario. However, each scenario presents unique charac
teristics, with key factors shaping the variations in hydrogen leakage 
patterns. The IEA2050 scenario does not foresee hydrogen use in resi
dential applications, which results in no leakages in the distribution 
network. Conversely, both HC2050 and IRENA2050 consider the resi
dential sector as an end-user, with the resulting leakages in the transport 
and use phases that account for around 1%. In the IRENA2050 scenario, 
the hydrogen leakages in power generation account for more than 
double compared to the other scenarios, contributing to 6.8% of the total 
losses in the supply chain.

To investigate the impact of uncertainty on hydrogen leakage rates, 
the analysis is also conducted adopting the minimum and the maximum 
values reported in Fig. 2. As shown in Table 2, findings reveal great 
variability in the estimated hydrogen leakages. Specifically, a variation 
range between +166% and 61% can be observed for the IEA2030 
scenario. In the HC2030 scenario, the leakages can increase or decrease 
by more than a factor two when adopting the maximum and minimum 
leakage rate, respectively. Larger variations can be noted for the 

IEA2050 scenario, in which leakages may rise by 200% or drop by 72%. 
Comparable results are obtained for the HC2050 scenario, with a po
tential increase of +182%. The IRENA2050 scenario exhibits the largest 
variability, with leakages potentially increasing by 252% or decreasing 
by 79%. These wide fluctuations arise from the significant reliance on 
electrolysis, which is one of the processes characterized by the highest 
uncertainties.

Finally, based on the current and projected hydrogen demand and 
the estimated hydrogen losses, the leakage rates along the supply chain 
can be computed for the various scenarios. As shown in Fig. 7, when 
considering the minimum leakage rate values, hydrogen losses impact 
less than 2%. Conversely, when maximum leakage rates are applied, 
hydrogen losses can reach approximately 20%.

4. Discussion

The results presented in the previous chapter quantify the magnitude 
of hydrogen losses (expressed in mass and as a percentage leakage rate 
along the supply chain) across multiple scenarios. In line with the rec
ommendations of the Intergovernmental Panel on Climate Change 
(IPCC, [44,45]), emissions are reported in this study primarily as mass of 
hydrogen released, since the aggregation into CO2-equivalent terms 
involves significant uncertainty [18]. Nevertheless, for contextual pur
poses, this section also provides indicative CO2 equivalent values using 
GWP metrics to illustrate the potential climate relevance of these 
emissions.

Hydrogen is an indirect greenhouse gas, and its impact is predomi
nantly mediated by its interference with the hydroxyl radical (OH), 
which leads to increased atmospheric concentrations of methane, ozone, 
and water vapor. These processes justify the need to assign GWP values 
to hydrogen. The global warming impact of hydrogen is presented using 
both GWP100 and GWP20 metrics. While GWP100 aligns with reporting 
conventions under the Paris Agreement, GWP20 provides additional 
insight into the short-term climate risks posed by hydrogen leakage, 
which are particularly relevant given its short atmospheric lifetime [46]. 
As stated in Section 1.1, recent literature suggests a GWP100 ranging 
from 11 ± 5 [13] to 12.8 ± 5.2 [15], while the GWP20 can reach values 
of about 33 ± 16 [16] (with a wide range due to both uncertainties in 
hydrogen lifetime and in radiative properties of indirect effect of CO2), 
indicating a significantly stronger short-term climate impact.

When considering average values from Table 2 and applying a 
GWP100 of 11.6 [10], the hydrogen emission estimates for 2050 yields a 
global warming impact of approximately 255 MtCO2eq/year for the 
IEA2050 scenario and 525 MtCO2eq/year for the HC2050 scenario 

Fig. 6. Hydrogen leakage breakdown for the 2050 scenarios. The results are based on the average leakage rates shown in Fig. 2. The following acronyms are adopted 
in the figure: A&S = aviation and shipping, B = steam methane reforming with CCUS (blue hydrogen), C = compression, CG = coal gasification, CH2 = compressed 
hydrogen, DP = distribution pipelines, EL = electrolysis, I = industry, L = liquefaction, LH2 = liquid hydrogen, M = mobility, SMR = steam methane reforming, PG 
= power generation, R = residential, TP = transmission pipelines. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)

Table 2 
Hydrogen leakages in the different scenarios, calculated using the minimum, 
average and maximum leakage rates reported in Fig. 2.

Scenario Minimum [Mt] Average [Mt] Maximum [Mt]

IEA2023 0.7 1.3 2.3
IEA2030 1.2 3.2 8.4
HC2030 1.3 3.2 7.1
IEA2050 6.2 22.0 66.2
HC2050 11.9 45.3 127.7
IRENA2050 5.3 24.4 86.1
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(calculated using average values for both scenarios). Under maximum 
leakage assumptions, the climate impact could reach nearly 1.5 
GtCO2eq/year (HC2050, maximum value), equivalent to roughly 4% of 
today’s CO2 emissions (i.e., 37.8 GtCO2eq in 2024 [47]). However, 
minimum leakage projections (IRENA2050, minimum) correspond to 
less than 0.2% of current global CO2 emissions. It must be emphasized 
that these estimates involve significant uncertainty. First, the hydrogen 
GWP itself varies considerably across sources and is influenced by 
multiple atmospheric processes that are still under active investigation. 
Second, the emission estimates rely on limited empirical data, often 
derived from theoretical models or laboratory measurements.

This highlights the need for improved climate modelling and direct 
measurement capabilities. In particular, advances in hydrogen detection 
technologies are essential for supporting more accurate quantification of 
emissions across the full supply chain. Despite the availability of mul
tiple hydrogen sensing technologies (e.g., optical, thermal, electro
chemical, acoustic, thermal and resistive) available on the market [24], 
none currently achieves detection at ppb sensitivity levels, which would 
be necessary to detect low but climatically relevant leakages [8]. Each 
sensing technology exhibits distinct advantages and limitations, and 
none consistently outperforms the others across the whole range of ap
plications and operating conditions (e.g., humidity, temperature, 
hydrogen concentration) [48].

Research efforts are focused on identifying innovative detection so
lutions or improving the existing technologies to reach sensitivity in the 
ppb range [49]. More in detail, resistive-based sensors offer a promising 
approach, potentially combining simplicity, cost-effectiveness, high 
sensitivity and stability, and rapid response times [48]. Electrochemical 
sensors can rapidly detect low hydrogen concentrations (around 10 ppm 
within 2 s [49]) with limited power consumption and reliable operation 
at high temperatures, although their use is still limited by 
cross-sensitivity to other gases and relatively high costs [48,50]. In 
addition, plasmonic hydrogen detectors based on palladium nano
particles are emerging as a viable option, with improved detection limit 
below 1 ppm and high selectivity [18]. Furthermore, a laser 
spectroscopy-based sensor with a sensitivity of 10 ppb and response time 
below 1 s was successfully developed in 2023, but its commercialization 
is hindered by the considerably high cost [23]. It is thus evident that 
further research is still required to achieve precise and cost-effective 
solutions for hydrogen leakage detection and quantification. In this 
context, the U.S. Department of Energy (DoE) has recently introduced a 
dedicated 20 M$ funding scheme to support the development of low-cost 
and accurate hydrogen detecting technologies [8]. Additionally, the DoE 
has established ambitious performance targets for hydrogen sensors 
(primarily intended for safety applications) defining the requirements 
for concentration range, response time, operating temperature, envi
ronmental conditions, lifetime and cost [51].

Beyond improving sensing capabilities, a broader effort is needed to 
enable consistent and actionable data collection. Future developments 
should prioritize the definition of standardized protocols for measuring 
and reporting leakage rates across technologies and operational con
texts, and the development of clear standards and regulations aimed at 
managing and reducing hydrogen emissions while promoting trans
parency and accountability. Training and awareness programs will also 
be crucial to ensure that industry stakeholders adopt detection and 
mitigation strategies effectively. In parallel, mitigation strategies should 
be advanced, particularly in the most leakage-prone phases, such as 
liquid hydrogen refueling and pipeline distribution systems [52].

Taken together, these considerations emphasize the need for a 
multidisciplinary approach to managing hydrogen leakages. The 
comprehensive assessment presented in this study can serve as a foun
dational reference for further research. In particular, future works could 
integrate these leakage estimates into regional and global climate 
models, allowing for a more accurate evaluation of the systemic impacts 
associated with large-scale hydrogen deployment.

5. Conclusions

Low-carbon hydrogen is widely acknowledged as a key player in the 
ongoing energy transition. However, once released into the atmosphere, 
hydrogen can act as an indirect greenhouse gas. Therefore, quantifying 
hydrogen leakages throughout the hydrogen supply chain is crucial for 
an accurate estimation of its potential environmental impact.

In this analysis, a comprehensive dataset of hydrogen leakage rates is 
provided, covering all stages of the hydrogen supply chain, from pro
duction and handling to storage, transport and end-uses. Average values 
and minimum-maximum variation ranges are derived to account for 
uncertainties and facilitate emissions assessments with ready-to-use 
data. Current hydrogen scenario as well as future projections for 2030 
and 2050 are examined, allowing for detailed estimation of the 
hydrogen flows associated with each stage of the supply chain. The 
hydrogen leakages are then evaluated for the different scenarios and the 
most leakage-prone stages are identified.

From a sectoral perspective, the analysis indicates that electrolysis is 
the most leakage-prone among the hydrogen production pathways, 
although its leakage rate is affected by high uncertainty. In the coming 
decades, liquid hydrogen is expected to emerge as a key contributor to 
hydrogen losses during handling, transport and refueling operations. 
End-use applications are also responsible for a significant share, 
potentially accounting for up to one-third of total hydrogen losses.

Based on the findings from average scenarios, annual hydrogen 
leakages currently amount to 1.3 Mt and are projected to nearly triple by 
2030, followed by a sharp rise exceeding 22 Mt by 2050. The corre
sponding hydrogen leakage rates of the supply chain are estimated at 

Fig. 7. Minimum-maximum variation in the leakage rates of the hydrogen supply chain.
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1.3% in 2023, rising to 2.2% in 2030, and reaching between 5% and 7% 
by 2050. However, it should be noted that these estimates may be 
subject to considerable variability (especially for the long-term sce
narios), reflecting the challenges in accurately measuring hydrogen 
leakages rates at the various stages of the supply chain. This uncertainty 
arises from technical limitations in existing hydrogen sensors and the 
early-stage development of hydrogen infrastructure. Concerning 2050 
scenarios, results indicate that the total supply chain leakage rates could 
range from below 2% under optimistic projections to nearly 20% in 
worst-case estimates, highlighting large uncertainties still inherent in 
hydrogen technologies.

To provide climate-relevant context, hydrogen emissions have also 
been expressed in terms of CO2-equivalent impact using a GWP100 of 
11–13, following current scientific recommendations. As for the 2050 
scenarios, considering a GWP100 of 11.6, these emissions could represent 
between less than 0.2% and up to 4% of today’s global CO2 emissions. 
However, this must be interpreted within the broader context of a full 
climate model, which would also account for the substantial CO2 re
ductions enabled by replacing fossil fuels with low-carbon hydrogen.

These findings emphasize the importance of precise emissions 
quantification and effective mitigation strategies to ensure that 
hydrogen can achieve its intended climate benefits. By identifying the 
processes most susceptible to leaks, this analysis offers valuable insights 
for policymakers, researchers, and industry stakeholders aiming to 
minimize hydrogen losses and fully realize the environmental advan
tages of a hydrogen-based economy.
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Acronyms

A&S Aviation and shipping
B Blue hydrogen (steam methane reforming with CCUS)
C Compression
CCUS Carbon capture utilization and storage
CG Coal gasification
CGS Combustible gas sensor
CH2 Compressed hydrogen
DoE Department of energy
DP Distribution pipelines
EC Electrical conductivity
EL Electrolysis
FC Fuel cell
GWP Global warming potential
HC Hydrogen council
HRS Hydrogen refiling station
I Industry
IEA International energy agency
IPCC Intergovernmental panel on climate change
IRENA International renewable energy agency
L Liquefaction
LH2 Liquid hydrogen
LOHC Liquid organic hydrogen carrier
M Mobility
MS Mass spectrometry
PG Power generation
R Residential
SMR Steam methane reforming
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[1] Röper K, Kunz N, Gast L. Renewable hydrogen in industrial production: a 
bibliometric analysis of current and future applications. Int J Hydrogen Energy 
Jan. 2025;98:687–96. https://doi.org/10.1016/j.ijhydene.2024.12.034.

[2] Magnino A, Marocco P, Saarikoski A, Ihonen J, Rautanen M, Gandiglio M. Total 
cost of ownership analysis for hydrogen and battery powertrains: a comparative 
study in Finnish heavy-duty transport. J Energy Storage Oct. 2024;99:113215. 
https://doi.org/10.1016/j.est.2024.113215.

[3] Degirmenci H, Uludag A, Ekici S, Hikmet Karakoc T. Analyzing the hydrogen 
supply chain for airports: evaluating environmental impact, cost, sustainability, 
viability, and safety in various scenarios for implementation. Energy Convers 
Manag Oct. 2023;293:117537. https://doi.org/10.1016/j. 
enconman.2023.117537.

[4] Degirmenci H, Uludag A, Ekici S, Karakoc TH. Challenges, prospects and potential 
future orientation of hydrogen aviation and the airport hydrogen supply network: a 
state-of-art review. Prog Aero Sci Aug. 2023;141:100923. https://doi.org/ 
10.1016/j.paerosci.2023.100923.

[5] Hoang AT, et al. Technological solutions for boosting hydrogen role in 
decarbonization strategies and net-zero goals of world shipping: challenges and 
perspectives. Renew Sustain Energy Rev Dec. 2023;188:113790. https://doi.org/ 
10.1016/j.rser.2023.113790.

[6] International Energy Agency. Net zero by 2050 - a roadmap for the global energy 
sector. www.iea.org/reports/net-zero-by-2050. [Accessed 20 February 2025].

[7] Gandiglio M, Marocco P. Mapping hydrogen initiatives in Italy: an overview of 
funding and projects. Energies 2024;17(11). https://doi.org/10.3390/ 
en17112614.

[8] International Energy Agency. Global hydrogen review 2024. https://www.iea. 
org/reports/global-hydrogen-review-2024. [Accessed 6 April 2025].

[9] Esquivel-Elizondo S, Hormaza Mejia A, Sun T, Shrestha E, Hamburg SP, Ocko IB. 
Wide range in estimates of hydrogen emissions from infrastructure. Frontiers in 
Energy Research; 2023. https://doi.org/10.3389/fenrg.2023.1207208.

[10] Sand M, et al. A multi-model assessment of the Global Warming Potential of 
hydrogen. Commun Earth Environ Dec. 2023;4(1). https://doi.org/10.1038/ 
s43247-023-00857-8.

[11] Lakshmanan S, Bhati M. Unravelling the atmospheric and climate implications of 
hydrogen leakage. Int J Hydrogen Energy 2024;53(September 2023):807–15. 
https://doi.org/10.1016/j.ijhydene.2023.12.010.

[12] Hauglustaine D, Paulot F, Collins W, Derwent R, Sand M, Boucher O. Climate 
benefit of a future hydrogen economy. Commun Earth Environ Dec. 2022;3(1). 
https://doi.org/10.1038/s43247-022-00626-z.

[13] Warwick N, Griffiths P, Keeble J, Archibald A, Pyle J. Atmospheric implications of 
increased Hydrogen use. https://www.gov.uk/government/publications/atmosph 
eric-implications-of-increased-hydrogen-use.

[14] Warwick NJ, et al. Atmospheric composition and climate impacts of a future 
hydrogen economy. Atmos Chem Phys Oct. 2023;23(20):13451–67. https://doi. 
org/10.5194/acp-23-13451-2023.

[15] Westra IM, et al. First detection of industrial hydrogen emissions using high 
precision mobile measurements in ambient air. Sci Rep Oct. 2024;14(1):24147. 
https://doi.org/10.1038/s41598-024-76373-2.

[16] Ocko IB, Hamburg SP. Climate consequences of hydrogen emissions. Atmos Chem 
Phys 2022;22(14):9349–68. https://doi.org/10.5194/acp-22-9349-2022.

[17] Goita EG, Beagle EA, Nasta AN, Wissmiller DL, Ravikumar A, Webber ME. Effect of 
hydrogen leakage on the life cycle climate impacts of hydrogen supply chains. 
Commun Earth Environ Feb. 2025;6(1):160. https://doi.org/10.1038/s43247-025- 
02141-3.

[18] Arrigoni A, Bravo Diaz L. Hydrogen emissions from a hydrogen economy and their 
potential global warming impact. Aug. 2022. https://doi.org/10.2760/065589.

[19] Frazer-Nash Consultancy. Fugitive hydrogen emissions in a future hydrogen 
economy. https://www.gov.uk/government/publications/fugitive-hydrogen-emiss 
ions-in-a-future-hydrogen-economy. [Accessed 6 April 2025].

[20] Alsulaiman A. Review of hydrogen leakage along the supply chain: environmental 
impact, mitigation, and recommendations for sustainable deployment. http 
s://www.oxfordenergy.org/wpcms/wp-content/uploads/2024/11/ET41-Review- 
of-Hydrogen-Leakage-along-the-Supply-Chain.pdf. [Accessed 6 April 2025].

[21] Van Ruijven B, Lamarque JF, Van Vuuren DP, Kram T, Eerens H. Emission 
scenarios for a global hydrogen economy and the consequences for global air 
pollution. Glob Environ Change Aug. 2011;21(3):983–94. https://doi.org/ 
10.1016/j.gloenvcha.2011.03.013.

[22] International Energy Agency. Global hydrogen review 2022. www.iea.org/t&c/; 
2022.

[23] International Energy Agency. Global hydrogen review 2023. https://www.iea. 
org/reports/global-hydrogen-review-2023. [Accessed 22 April 2025].

[24] Ocko IB, Hamburg SP. Climate consequences of hydrogen emissions. Atmos Chem 
Phys Jul. 2022;22(14):9349–68. https://doi.org/10.5194/acp-22-9349-2022.

[25] Fan Z, et al. Hydrogen leakage: a potential risk for the hydrogen economy. htt 
ps://energypolicy.columbia.edu/about/partners; 2022.

[26] Sun T, Shrestha E, Hamburg SP, Kupers R, Ocko IB. Climate impacts of hydrogen 
and methane emissions can considerably reduce the climate benefits across key 
hydrogen use cases and time scales. Environ Sci Technol Mar. 2024;58(12): 
5299–309. https://doi.org/10.1021/acs.est.3c09030.

[27] Bond SW, Gül T, Reimann S, Buchmann B, Wokaun A. Emissions of anthropogenic 
hydrogen to the atmosphere during the potential transition to an increasingly H2- 
intensive economy. Int J Hydrogen Energy Jan. 2011;36(1):1122–35. https://doi. 
org/10.1016/j.ijhydene.2010.10.016.

[28] Colella WG, Jacobson MZ, Golden DM. Switching to a U.S. hydrogen fuel cell 
vehicle fleet: the resultant change in emissions, energy use, and greenhouse gases. 
J Power Sources Oct. 2005;150(1–2):150–81. https://doi.org/10.1016/j. 
jpowsour.2005.05.092.

[29] Cooper J, Dubey L, Bakkaloglu S, Hawkes A. Hydrogen emissions from the 
hydrogen value chain-emissions profile and impact to global warming. Sci Total 
Environ 2022;830(Jul). https://doi.org/10.1016/j.scitotenv.2022.154624.

[30] HYDRA Project website. HYDrogen economy benefits and Risks: tools development 
and policies implementation to mitigate possible climAte impacts. https://www. 
hydraproject.eu/. [Accessed 13 March 2025].

[31] Petitpas G. Boil-off losses along LH2 pathway. 2018. https://doi.org/10.2172/ 
1466121.

[32] International Energy Agency. The future of hydrogen. https://www.iea.org/repor 
ts/the-future-of-hydrogen. [Accessed 6 April 2025].

[33] European Hydrogen Observatory. The European hydrogen market landscape. https: 
//observatory.clean-hydrogen.europa.eu/; Nov. 2024.

[34] Al Ghafri SZ, et al. Hydrogen liquefaction: a review of the fundamental physics, 
engineering practice and future opportunities. Royal Society of Chemistry; Apr. 21, 
2022. https://doi.org/10.1039/d2ee00099g.

[35] Stetson N, Satyapal S. DOE hydrogen program record 24003: hydrogen liquefaction 
capacity in the United States. 2024.

[36] International Energy Agency. “Global hydrogen demand in the net zero scenario. 
https://www.iea.org/data-and-statistics/charts/global-hydrogen-demand-in-the- 
net-zero-scenario-2022-2050. [Accessed 22 January 2025].

[37] International Energy Agency. Net zero roadmap: a global pathway to keep the 1.5 
◦C goal in reach - 2023 update. https://www.iea.org/reports/net-zero-roadmap-a- 
global-pathway-to-keep-the-15-0c-goal-in-reach. [Accessed 12 February 2025].

[38] Hydrogen Council and McKinsey & Company. Hydrogen for Net-Zero A critical 
cost-competitive energy vector. www.hydrogencouncil.com; Oct. 2021.

[39] International Renewable Energy Agency. Global hydrogen trade to meet the 1.5◦C 
climate goal: Part I – trade outlook for 2050 and way forward. International 
Renewable Energy Agency 2022. https://www.irena.org/-/media/Files/IRENA 
/Agency/Publication/2022/Jul/IRENA_Global_hydrogen_trade_part_1_2022_.pdf. 
[Accessed 6 April 2025].

[40] Egerer J, Grimm V, Niazmand K, Runge P. The economics of global green ammonia 
trade – ‘Shipping Australian wind and sunshine to Germany. Appl Energy 2023;334 
(Mar). https://doi.org/10.1016/j.apenergy.2023.120662.

[41] International Renewable Energy Agency. World energy transitions outlook 2024: 1. 
5◦C pathway; 2024. https://www.irena.org/-/media/Files/IRENA/Agency/Publi 
cation/2024/Nov/IRENA_World_energy_transitions_outlook_2024.pdf. [Accessed 6 
April 2025].

[42] Peters M, Harrison K, Dinh H, Peterson D. Renewable electrolysis integrated 
systems development and testing - DOE hydrogen and fuel cells program FY 2015 
annual progress report. https://www.hydrogen.energy.gov/library/annual-progre 
ss/annual_review15_report/annual_progress15_production. [Accessed 6 April 
2025].

[43] Morales-Ospino R, Celzard A, Fierro V. Strategies to recover and minimize boil-off 
losses during liquid hydrogen storage. Elsevier Ltd.; Aug. 01, 2023. https://doi. 
org/10.1016/j.rser.2023.113360.

[44] IPCC. Climate change 2021: the physical science basis. Contribution of working 
group I to the sixth assessment report of the intergovernmental Panel on climate 
change, 2021. https://www.ipcc.ch/report/ar6/wg1/. [Accessed 15 May 2025].

[45] IPCC. Climate change 2022: mitigation of climate change. Contribution of working 
group III to the sixth assessment report of the intergovernmental Panel on climate 
change. https://www.ipcc.ch/report/ar6/wg3/. [Accessed 15 May 2025].

[46] Skeie RB, Sandstad M, Krishnan S, Myhre G, Sand M. Sensitivity of climate effects 
of hydrogen to leakage size, location, and chemical background. Atmos Chem Phys 
May 2025;25(9):4929–42. https://doi.org/10.5194/acp-25-4929-2025.

[47] International Energy Agency. Global energy review 2025. https://www.iea. 
org/reports/global-energy-review-2025. [Accessed 22 April 2025].

[48] Li Q, Wang L, Xiao A, Zhu L, Yang Z. Hydrogen sensing towards palladium-based 
nanocomposites: a review. Int J Hydrogen Energy Jan. 2024. https://doi.org/ 
10.1016/j.ijhydene.2024.01.001.

[49] Chauhan PS, Bhattacharya S. Hydrogen gas sensing methods, materials, and 
approach to achieve parts per billion level detection: a review. Int J Hydrogen 
Energy Oct. 2019;44(47):26076–99. https://doi.org/10.1016/j. 
ijhydene.2019.08.052.

[50] Wang L, Song J. Review—recent progress in the design of chemical hydrogen 
sensors. J Electrochem Soc Jan. 2024;171(1):017510. https://doi.org/10.1149/ 
1945-7111/ad1ec9.

[51] Ndaya C, Javahiraly N, Brioude A. Recent advances in palladium nanoparticles- 
based hydrogen sensors for leak detection. Sensors (Peterb, NH) Oct. 2019;19(20): 
4478. https://doi.org/10.3390/s19204478.

[52] International partnership for hydrogen and fuel cells in the economy Impact of 
Atmospheric Hydrogen on Climate Change May 2024. https://www.iphe.net/_file 
s/ugd/45185a_883277612966481ebef2f364c780fce4.pdf.

D. Trapani et al.                                                                                                                                                                                                                                International Journal of Hydrogen Energy 145 (2025) 1084–1095 

1095 


