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Hydrogen holds tremendous potential to decarbonize many economic sectors,
from chemical andmaterial industries to energy storage and generation. However,
hydrogen is a tiny, leak-pronemolecule that can indirectly warm the climate. Thus,
hydrogen emissions from its value chain (production, conversion, transportation/
distribution, storage, and end-use) could considerably undermine the anticipated
climate benefits of a hydrogen economy. Several studies have identified value
chain components that may intentionally and/or unintentionally emit hydrogen.
However, the amount of hydrogen emitted from infrastructure is unknown as
emissions have not yet been empirically quantified. Without the capacity to make
accurate direct measurements, over the past two decades, some studies have
attempted to estimate total value chain and component-level hydrogen emissions
using various approaches, e.g., assumptions, calculations via proxies, laboratory
experiments, and theory-based models (simulations). Here, we synthesize these
studies to provide an overview of the available knowledge on hydrogen emissions
across value chains. Briefly, the largest ranges in estimated emissions rates are
associated with liquefaction (0.15%–10%), liquid hydrogen transporting and
handling (2%–20%), and liquid hydrogen refueling (2%–15%). Moreover, present
and future value chain emission rate estimates vary widely (0.2%–20%). Field
measurements of hydrogen emissions throughout the value chain are critically
needed to sharpen our understanding of hydrogen emissions and, with them,
accurately assess the climate impact of hydrogen deployment.
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Introduction

Hydrogen (H2) is a feedstock and an energy carrier with huge potential to limit the extent
of climate change. Today, H2 is used in specialized industrial applications, such as chemical
production and oil refining. Many propose a broad expansion of its use to a wide range of
new applications, including renewable energy storage and power generation in industry and
transportation, and by so doing have established H2 as a key component of global
decarbonization efforts and the energy transition. The successful development of a
hydrogen economy (ranging from H2 production to its use) could accelerate a transition
to a global low-carbon economy, thereby helping to meet the Paris Agreement objective of
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limiting global warming to below 2°C (Energy Transitions
Commission, 2021; International Energy Agency, 2021). Thus,
policymakers and industries worldwide have begun a massive
push for hydrogen, investing hundreds of billions of dollars into
hydrogen projects (Hydrogen Council, 2021). However, whether the
broad deployment of H2 will fulfill its promise to help meet near-
term climate goals will depend on how it is produced, managed, and
used (Ocko and Hamburg, 2022).

Currently, H2 is overwhelmingly produced from fossil fuels with
very high associated levels of climate pollution (i.e., gray H2). Low-
carbon H2 can be achieved by including carbon capture and
sequestration (CCS) within this process (i.e., blue H2). Near-zero-
carbon H2 can be produced from water electrolysis using a diversity
of renewable energy sources (wind, solar, and hydro) (i.e., green or
electrolytic H2), as well as nuclear energy (i.e., pink H2) (Valente
et al., 2017; Zhao et al., 2020; Vilbergsson et al., 2023). Moreover, net
zero-carbon H2 can be produced from biomass and renewable
energy (i.e., bio H2) (International Energy Agency, 2019).
However, achieving climate-neutrality status also requires no
hydrogen emissions.

Regardless of how it is produced, the H2 molecule is leak-prone
and has indirect warming effects. H2 induces atmospheric
perturbations that increase concentrations of three potent
greenhouse gases (GHG): methane (CH4), water vapor in the
stratosphere (H2O), and ozone in the troposphere (Derwent
et al., 2006; 2020; 2001; Field and Derwent, 2021; Paulot et al.,
2021; Warwick et al., 2022). Specifically, tropospheric H2 oxidation
(H2 + OH = H + H2O) depletes the hydroxyl radical (OH), the
primary sink for CH4, leading to a lengthening of the CH4

atmospheric lifetime. Additionally, producing atomic hydrogen
(H) from H2 oxidation leads to a chain of reactions that
produces tropospheric ozone. Furthermore, when this reaction
occurs in the stratosphere, the increased water vapor produced
leads to stratospheric cooling due to the enhancement of its
radiative capacity, which results in the planet’s overall warming
(Ehhalt and Rohrer, 2009; Derwent, 2018).

Hydrogen’s warming effects play out over a period of a couple of
decades (Warwick et al., 2023). The latest science suggests that over a
20-year period, H2 can cause 30 to 40 times more warming than CO2

for equal initial emissions in mass (Hauglustaine et al., 2022).
Because its impacts are short-lived, hydrogen’s warming potency
is around 12 times that of CO2 over 100 years. Thus, the overall
climate benefits, especially in the near term, from replacing fossil
fuel systems with hydrogen alternatives will depend on how much
H2 is emitted.

Studies show that if effectively handled, H2 could bring real
climate benefits. With a low emissions rate, green H2 could nearly
eliminate climate impacts compared to fossil fuels, and blue H2

could dramatically reduce impacts (Hauglustaine et al., 2022; Ocko
and Hamburg, 2022). However, climate benefits decrease
significantly with the increase in H2 emissions, posing a risk to
decarbonization goals (Hauglustaine et al., 2022; Ocko and
Hamburg, 2022; Warwick et al., 2023).

To achieve the promised maximum climate benefits of H2,
measures are needed to keep it from escaping into the
atmosphere across the entire value chain (i.e., production,
conversion, transport/distribution, storage, and end use).
However, it is virtually unknown how much H2 is emitted

intentionally and unintentionally from hydrogen systems since,
to date, these emissions have not been measured, mainly because
the instrumentation to measure H2 emissions at low-level
concentrations has been lacking. Current commercially available
sensors suitable for use in industrial settings can only detect H2 at
higher concentrations (i.e., ppm level) that are relevant for ensuring
safe operating conditions but not suitable for quantifying overall
site-level emissions (Najjar, 2019; Ocko and Hamburg, 2022).
Sensors for site-level emissions quantification require high
sensitivity (i.e., at the low ppb level), selectivity, and fast response
(i.e., in seconds) in situ. However, such sensors are currently
unavailable, with a new technology that can fill this gap only
recently announced (EDF and Aerodyne, 2023). Accordingly,
quantitative studies only analyze H2 leakage with a safety focus,
often in confined spaces (Hajji et al., 2015; Parvini and
Gharagouzlou, 2015; Kobayashi et al., 2018; Chang et al., 2019;
Qian et al., 2020).

Over the past two decades, several studies have attempted to
estimate total value chain (Schultz et al., 2003; Tromp et al., 2003;
Bond et al., 2011) and component-level H2 emissions to assess the risk
of large-scale hydrogen use on the climate (van Ruijven et al., 2011;
Arrigoni and Diaz, 2022; Cooper et al., 2022; Fan et al., 2022; Frazer-
Nash Consultancy, 2022). Due to the lack of direct measurements,
their estimation methods are heavily dependent on assumptions,
calculations via proxies, laboratory experiments, or theoretically-
based models or simulations. Here, we synthesized these studies to
provide a complete picture of our current understanding of H2

emissions sources and magnitudes across the hydrogen value
chain. This synthesis is instrumental in identifying research needs
and strengthening the integrity of hydrogen initiatives. Specifically,
identifying and quantifyingH2 emissions from infrastructure will help
determine prevention and mitigation opportunities that maximize
hydrogen’s decarbonization benefits.

Literature surveyed

The issue of hydrogen emissions from energy infrastructure has
enormous climate implications but is vastly understudied. The few
studies that have attempted to estimate H2 emissions from the
hydrogen economy (Kammen et al., 2003; Schultz et al., 2003;
Tromp et al., 2003; Warwick et al., 2004; Bond et al., 2011),
hydrogen systems (e.g., H2 fuel cell vehicles (Colella et al., 2005),
refueling stations (Genovese et al., 2019)), or a specific value chain
component (e.g., liquidH2 [LH2] handling (Petitpas, 2018)) have served
as a basis for similar studies that assess the effect of H2 deployment on
the atmosphere and the climate (Prather, 2003; Jacobson et al., 2005;
Jacobson, 2008; Wuebbles et al., 2010). Further studies have estimated
H2 emissions from each value chain component considering previous
estimates. This mini-review summarizes these initial attempts to
estimate H2 emissions from hydrogen value chains. Notably, we
synthesize the studies by van Ruijven et al. (2011), Arrigoni and
Diaz (2022), Cooper et al. (2022), Frazer-Nash (2022), and Fan
et al. (2022), which are the sole studies that provide hydrogen
emissions estimates for total and per-component value chains.
Because of the limited number of publications on hydrogen
emissions, which are well-known among the community in this
field, no specific strategy was employed to find literature on this topic.
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Van Ruijven et al. (2011) assumed low and high H2 emissions
scenarios based on previously estimated H2 emission rates (Schultz
et al., 2003; Colella et al., 2005; Wuebbles et al., 2010). Arrigoni and
Diaz (2022) published a technical report based on a 2022 workshop
focused on the environmental impacts of hydrogen emissions, which
includes the H2 emissions estimates presented by Air Liquide for
today and 2030. However, the underlying assumptions/data leading to
their reported estimates are not detailed. Cooper et al. (2022)
estimated the potential emissions of H2 supply chains in the UK
using natural gas supply chain emissions as a proxy. Similarly, Frazer-
Nash Consultancy (2022) used natural gas emission estimates and
conventional fluid mechanics to predict H2 emissions in a 2050 UK
hydrogen economy using a probabilistic model with 50% and 99%
confidence intervals. Lastly, Fan et al. (2022) estimated the emissions
of different value chain components in 2050 for low- and high-
emission cases. For their estimates, they used published emission rates
and extrapolated from comparisons with similar technologies (e.g.,
Alvarez et al., 2012; Hormaza Mejia and Brouwer, 2018; Panfilov,
2016; Petitpas, 2018; Shen et al., 2021; Xia et al., 2019).

Potential sources of H2 emissions
throughout the value chain

Hydrogen emissions from hydrogen systems described in the
literature can be divided into intentional and unintentional

emissions or operational and fugitive emissions (see
Supplementary Figure S1). The intentional emissions comprise
operational purging and venting (Arrigoni and Diaz, 2022;
Cooper et al., 2022; Fan et al., 2022; Frazer-Nash Consultancy,
2022). Most unintentional emissions are assumed to occur because
H2 is the smallest molecule and has low molecular weight, high
diffusivity, and low viscosity (Völkl and Alefeld, 1975; Fichtner and
Idrissova, 2009), making it hard to contain. Therefore, H2 leaks
more easily than other molecules managed (e.g., compressed,
liquefied), transported, and stored. Accordingly, the reported
unintentional and fugitive emissions include leakage from
pipework (pipes, valves, joints, traps, assets, seals, etc.) and
equipment, diffusion from pipelines, and permeation from where
it is stored (e.g., compression or liquefaction tanks, salt caverns, and
depleted oil and gas fields). Other unintentional emissions, such as
residual H2 in exhaust streams and natural boil-off from liquefied
H2, derive from operational procedures.

H2 emissions are likely to occur throughout the value chain,
from production, conversion, transport, and storage to end-use
applications. Figure 1 and Supplementary Table S1 summarize
the type of potential H2 emissions described in the literature for
value chain components. The primary potential H2 emissions
attributed to H2 production are leakage through pipework and
equipment and operational purging for maintenance, removal of
impurities, and during fault conditions. Additionally, for blue H2

production, there may be residual H2 in the CO2 stream. Similarly,

FIGURE 1
Reported potential sources of H2 emissions throughout the value chain. These sources are described in van Ruijven et al. (2011), Arrigoni and Diaz
(2022), Cooper et al. (2022), Fan et al. (2022), and Frazer-Nash Consultancy (2022). See Supplementary Table S1 for a more detailed description of the
emission sources.
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for green H2 production, the vented O2 streammay carry residual H2

(due to H2 cross-over through the membrane between the
electrodes). While venting of process gases is assumed negligible
in new blue H2 plants (gases will be sent to flare), venting during
startup (venting air within the cathode) and shutdown (to remove
moisture and any explosive gas mixture from the system) has been
identified as a potential source of H2 emissions in green H2

production (Arrigoni and Diaz, 2022; Frazer-Nash Consultancy,
2022).

Regarding H2 conversion, potential H2 emissions reported for
compression and liquefaction are mainly due to leakage through
pipework and equipment (e.g., engine slip and compressor leakage
through seals). Planned process venting, pipeline venting (e.g., for
maintenance), and purging during startup and shutdown have also
been identified as potential emissions sources during compression
(Cooper et al., 2022; Frazer-Nash Consultancy, 2022).

As for transportation, potential H2 emissions attributed to
transmission and distribution pipelines include pipework and
equipment leakage, venting, and diffusion (Arrigoni and Diaz,
2022; Cooper et al., 2022; Frazer-Nash Consultancy, 2022). For
the transport of gaseous H2 on road tube trailers, leakage from
fittings and valves and purging of the trailer hose have been reported
as primary potential emissions sources. Boil-off is the main potential
source reported for LH2 trucking. For LH2 handling (e.g., loading/
unloading), leakage through equipment and venting, in addition to
boil-off, have also been reported (Petitpas, 2018; Arrigoni and Diaz,
2022; Cooper et al., 2022; Frazer-Nash Consultancy, 2022).

The primary potential H2 emissions from H2 storage (above
ground as a compressed gas or a cryogenic liquid and below ground
in salt caverns and depleted oil and gas fields) include natural
permeation and leakages through equipment due to
pressurization and depressurization. For aboveground LH2

storage, there are additional identified potential emissions from
boil-off and venting when boil-off leads to pressures deemed the safe
maximum or releases to avoid getting close to critical pressures. In
addition, for underground storage, venting and purging at surface
processing plants due to annual maintenance, shutdown, and fault
conditions (emergency shutdown) are other potential sources of
emissions (Cooper et al., 2022; Fan et al., 2022; Frazer-Nash
Consultancy, 2022).

The H2 emissions from the last component of the value chain,
end uses, will vary depending on the application (e.g., transport,
industrial, power generation with fuel cells, internal combustion
engines, or gas turbines). However, emissions from leakages through
equipment and purging or venting have been identified as potential
sources of emissions across end-uses (Figure 1 and Supplementary
Table S1).

Estimated H2 emission rates for value chain
components reported to date

To provide a comprehensive overview of potential H2 emissions
from each value chain component, we compiled published H2

emission rates and summarized them in Figure 2 and
Supplementary Table S2. In the absence of direct measurements,
these H2 emission rates were estimated through assumptions,
calculations via proxies, laboratory experiments, and theory-

based models (simulations). Many of these estimates are based
on previously published H2 emissions assumptions and estimates
from natural gas systems.

The synthesized references report emissions rates as a
percentage of hydrogen produced, managed, or used in the
respective supply chain component. All studies report ranges
except Arrigoni and Diaz (2022), who provide a single estimate
for today and 2030. Moreover, while van Ruijven et al. (2011) and
Cooper et al. (2022) estimate current H2 emissions, Frazer-Nash
Consultancy (2022) and Fan et al. (2022) predict H2 emissions
within three decades. It is also important to emphasize that Cooper
et al. (2022) and Frazer-Nash’s estimates are specific to UK
hydrogen systems. Consequently, due to these differences and the
different methodologies used to estimate emissions rates, it is
evident in Figure 2 that there is a very wide range of estimates
for each value chain component.

For H2 production, estimated emissions rates range between
0.5% and 1.0% for gray H2, 0.0%–1.5% for blue H2, and 0.03%–9.2%
for green H2. Blue H2 production may have a higher leakage risk
than gray H2 due to additional separation processes (Fan et al.,
2022). Green H2 production may have higher emissions than blue
and other pathways (e.g., bioH2) due to the higher emission rates
associated with electrolysis compared to steam methane reforming
and biomass gasification (Cooper et al., 2022).

Estimated emissions rates associated with LH2 have the largest
ranges; 0.15%–10.0% for liquefaction, 2.0%–13.2% for LH2 trucking,
2.0%–20% for LH2 handling, and 2.0%–15.0% for LH2 refueling
stations. While some studies report emissions specific for
liquefaction (Arrigoni and Diaz, 2022; Cooper et al., 2022), LH2

trucking (Fan et al., 2022; Frazer-Nash Consultancy, 2022) or
refueling (Petitpas, 2018; Arrigoni and Diaz, 2022), others mention
LH2 handling in general (Petitpas, 2018; Arrigoni and Diaz, 2022).

Estimated emissions rates associated with gaseous H2 transport,
storage, and use also vary widely; 0.02%–5.0% for transmission
pipelines, 0.0003%–5.0% for distribution pipelines, 0.3%–2.3% for
transportation on road tube trailers, 2.8%–6.5% for storage above
ground, and 0.25%–3.0% for gas refueling stations (including the
estimations for gaseous H2-powered vehicles by (Colella et al.,
2005)). H2 emissions rates estimated for common end-uses
include 0.01%–3.0% for power generation, 1.0%–2.3% for ships
and ports, and 3.0% for aviation (Figure 2). It should be noted
that some of these emissions rates include emissions from two value-
chain components (see details in Supplementary Table S2).

Overall, H2 transport is predicted to generate the most emissions
(Frazer-Nash Consultancy, 2022), especially transporting and
handling LH2, which implies the need to manage boil-off (Sherif
et al., 1997; Petitpas, 2018). Our survey of published emissions
estimates makes it clear that more robust data is required to have
confidence in the H2 emissions rates for each value chain or its
components.

Estimated H2 emission rates of the total
value chain

Without empirical data, very little confidence should be placed in
total value chain emissions, as they are expected to be highly dependent
on the configuration of the pathway and existing technology. To assess
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the environmental impacts of a potential hydrogen economy, several
studies have estimated total H2 emissions rates between 0.2% and 20%
from a diversity of value chains (e.g., Bond et al., 2011; Cooper et al.,
2022; Warwick et al., 2004; Wuebbles et al., 2010) (Supplementary
Table S3). Specifically, van Ruijven et al. (2011) estimated total value
chain H2 emissions from 0.2% to 10% based on a per-component
configuration. However, this range does not include emissions from
production and compression and components of storage and end-use
applications (Supplementary Table S2). Comparatively, Frazer-Nash
includes components of production, transportation, storage, and
several end-use applications but estimates total H2 emissions rates
of 0.96%, at 50% confidence, and 1.50%, at 99% confidence. Tromp
et al. (2003) estimate total H2 emissions rates between 10% and 20%,
mainly due toH2 transport. However, Schultz et al. (2003) indicate that
only for extreme individual cases, like uncontrolled evaporation from
LH2 storage tanks, would 10%–20% emissions rates be possible.
Further studies on the climate impacts of H2 have assumed a range
of 1%–10% of total value chain emissions citing previous studies
(Derwent et al., 2020; 2001; Prather, 2003; Paulot et al., 2021;
Hauglustaine et al., 2022; Ocko and Hamburg, 2022; Warwick
et al., 2022).

Discussion

It is unknownwhether technological advancements have influenced
hydrogen emissions over the last two decades due to the lack of
empirical data. This paucity of experimental validation has resulted

in a vast range of estimates among studies that attempt to quantify H2

emissions, as they are based on various assumptions that are often
poorly supported. For example, Frazer-Nash Consultancy (2022) and
Cooper et al. (2022) used the natural gas distribution system and
conventional fluid mechanics to estimate H2 emissions. While this
might be the only plausible approach, there is a high degree of
uncertainty in current CH4 emissions estimates (Alvarez et al., 2018;
2012; Riddick andMauzerall, 2023), as well as the fluid flow regimes and
mechanisms contributing to H2 leakage (Hormaza Mejia et al., 2020).

Accurately assessing the climate impacts of switching to a
hydrogen economy requires empirical data on H2 emissions from
production through end uses (Figure 1 and Supplementary Table
S1). However, until now, accurately measuring site-level H2

emissions was not feasible due to a lack of the high precision fast
response instruments required (e.g., ~10 ppb or 0.01 ppm
sensitivity; one to a few seconds response time).

These measurements are critical for several reasons. First,
they would support improvements in chemistry-climate models
to understand the potential effects of hydrogen deployment on
atmospheric composition and radiative forcing (Warwick et al.,
2022; Warwick et al., 2023). Second, field measurements of
specific value chain components would improve life cycle
assessments by accurately accounting for the warming effects
from H2 emissions; this would improve comparisons between
hydrogen systems and other alternatives to fossil fuels, like direct
electrification. Third, measurements would help identify major
emission sources and mitigation opportunities to inform best
practices.

FIGURE 2
H2 emissions rates estimates for value chain components as cited in the literature. The plotted values synthesize the estimates reported by van
Ruijven et al. (2011), Arrigoni and Diaz (2022), Cooper et al. (2022), Fan et al. (2022), and Frazer-Nash Consultancy (2022) for several value chain
components in addition to the estimates reported by Colella et al. (2005) for gaseous H2 fuel cell vehicles and those by Petitpas (2018) for LH2 handling.
Their estimates include assumptions, calculations via proxies, laboratory experiments, and theory-basedmodels (or simulations) and are reported as
a percentage of the hydrogen produced, converted, transported/distributed, stored, or used. See the Supplementary Table S2 for a summary of the
estimates reported by these references.
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The H2 emissions magnitudes will depend on the industry scale
in the future. Consequently, the industry size will play amajor role in
how these emissions influence the climate (Dillman and Heinonen,
2023). Nevertheless, mitigating H2 emissions from operational
procedures will be essential for maximizing the climate benefits
of hydrogen systems. For instance, waste H2 (residual, purged, or
vented) could be used to produce process heat and electricity
(Frazer-Nash Consultancy, 2022), and boil-off could be recovered
(Petitpas, 2018). In electrolytic H2 production, H2 purged during
purification and cross-over H2 passing into the O2 chamber could be
recombined with O2 and converted back into water rather than
vented into the atmosphere. Moreover, leakage can be minimized by
tightening valves and seals, and leakage through the casing of
electrolyzers and other equipment could be mitigated through
laminated gaskets and welded joints (Frazer-Nash Consultancy,
2022).

Lastly, it is important to mention that hydrogen systems have
climate implications beyond hydrogen emissions (Kyriakopoulos,
2021; Dillman and Heinonen, 2023). Blue H2 pathways that rely on
fossil fuel-based energy sources and have low carbon capture and
long-term storage efficiencies result in high greenhouse gas
emissions. In addition, the energy efficiency of hydrogen
production, storage, and transportation compared to direct
electrification has climate implications. Direct electrification of
end uses using renewable energy is generally more energy-
efficient and has lower GHG emissions than hydrogen systems
(Yugo and Soler, 2019; Ueckerdt et al., 2021; Shrestha and Sun,
2023). Thus, using hydrogen (blue, green, or another pathway) in
easily electrifiable end-use applications may result in higher overall
GHG emissions than direct electrification.

Concluding remarks

Some studies have estimated hydrogen emissions magnitudes
from total and per-component value chains with various
assumptions and methodologies, leading to a wide range of
emissions rate estimates. Based on our literature review, which
includes the most extreme upper limits that are often criticized and
considered “unrealistic” or “outdated”, we find little basis for
characterizing the actual range in H2 emissions rates with
reasonable confidence. Therefore, identifying and empirically
quantifying H2 emissions throughout the value chain is
fundamental.

Fortunately, there is still time to prevent suboptimal outcomes,
as most of the hydrogen infrastructure proposed to meet
decarbonization targets has yet to be built (Hydrogen Council,
2017; SEBEIS, 2021; Department of Energy, 2022). With accurate
measurements of H2 emissions and knowledge of mitigation

strategies and best practices, we can reduce the likelihood of
developing leaky systems and minimize H2 emissions in the
growing H2 value chain, which is critical to ensure the climate
benefits we intend to achieve with H2 deployment (Hauglustaine
et al., 2022; Ocko and Hamburg, 2022; Warwick et al., 2023).
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