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Hydrogen emissions arise from leakage during its production, transport, storage and use, leading to an increase in atmospheric hydrogen concentrations. These emissions also cause an indirect climate effect, which has been quantified in the literature with a global warming potential over 100 years (GWP100) of about 11.6, placing hydrogen between carbon dioxide (1) and methane (29.8). There is increasing debate about the climate impact of an energy transition based on hydrogen. As a case study, we have therefore evaluated the expected climate impact of switching from the long-distance natural gas transmission network to the outlined future “hydrogen core network” in Germany. Our analysis focuses on the relevant sources and network components of emissions. Our results show that the emissions from the network itself represent only about 1.8% of total emissions from the transmission of hydrogen, with 98% attributed to energy-related compressor emissions and only 2% to fugitive and operational hydrogen leakage. Compared to the current natural gas transmission network, we calculate a 99% reduction in total network emissions and a 97% reduction in specific emissions per transported unit of energy. In the discussion, we show that when considering the entire life cycle, which also includes emissions from the upstream and end-use phases, the switch to hydrogen reduces the overall climate impact by almost 90%. However, while our results show a significantly lower climate impact of hydrogen compared to natural gas, minimising any remaining emissions remains crucial to achieve carbon neutrality by 2045, as set in Germany’s Federal Climate Action Act. Hence, we recommend further reducing the emissions intensity of hydrogen supply and minimising the indirect emissions associated with the energy supply of compressors.
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1 INTRODUCTION
In recent years, hydrogen (H2) has emerged as a promising energy carrier, touted as a “clean” fuel capable of supporting the transition to a carbon-neutral economy and the only viable solution for hard to abate sectors like energy-intensive industry (IEA, 2024). With the announcement to establish of a future “hydrogen core network”, Germany has taken on a pioneering role in developing a nationwide hydrogen infrastructure, and also sees hydrogen as an integral part of achieving its ambitious climate neutrality targets by 2045 (BMWK, 2023).
However, recent studies suggest that even green hydrogen produced solely from renewable energy sources may not be completely climate neutral (Archibald et al., 2023; Chen et al., 2024; Ocko and Hamburg, 2022; Sand et al., 2023; Warwick et al., 2022). Global warming associated with hydrogen emissions has not been given much consideration in the research to date as only comparatively small amounts of hydrogen are currently being produced, and the resulting emissions are therefore negligible (Bertagni et al., 2022; Hauglustaine et al., 2022). However, as hydrogen production is set to increase rapidly in the near future and a global hydrogen economy is beginning to emerge, hydrogen emissions will also increase sharply, making it imperative that more attention is paid to the potential climate impacts of hydrogen (Cooper et al., 2022; FN Consultancy, 2022; Sun et al., 2024). Although hydrogen is currently not classified as a reportable greenhouse gas (GHG) under frameworks such as the UNFCCC and the IPCC conventions (IPCC, 2023; UNFCCC, 1997), it has a measurable, indirect climate impact. This impact depends on several parameters, including the amount of hydrogen produced, leakage rates, transport conditions and atmospheric interactions (Mar et al., 2024; Ocko and Hamburg, 2022). Due to significant uncertainties with regard to quantifying these variables, predicting the future climate impact of hydrogen remains challenging. Nevertheless, understanding the global warming potential (GWP) of hydrogen and its atmospheric effects is essential for evaluating its role in climate policy. Today’s research and political debate, however, is primarily focusing on how to ramp up the hydrogen infrastructure as quickly as possible, how much hydrogen is needed, where it should be produced, and at what cost, not on the climate impact of switching from natural gas to hydrogen and the warming potential of hydrogen emissions themselves (Lakshmanan and Bhati, 2024). However, with significant hydrogen use anticipated in scenarios for climate neutrality in Germany (Agora Think Tanks, 2024; BWMK, 2024; Lechtenböhmer and Samadi, 2022), and global roadmaps for hydrogen deployment (IEA, 2024; IRENA, 2024), its emissions deserve greater consideration in future systems analyses. Accurate data on hydrogen leakage in existing and future value chains remain scarce and are largely based on theoretical models or simulations rather than direct measurements (Fan et al., 2022).
Over the past two decades, studies have attempted to estimate hydrogen emissions at both the systems-wide and component levels using a variety of methodologies. The reviews in Cooper et al. (2022), Esquivel-Elizondo et al. (2023), FN Consultancy (2022) and Riemer and Wachsmuth (2022) summarise these efforts but highlight the considerable variability in assumptions and methodologies. Estimates of hydrogen leakage range widely from 0.2% to 20%, reflecting differences in life cycle stages, technologies and processes. High emission rates are most pronounced in production, distribution and storage, especially for liquified hydrogen (LH2), where losses occur during liquefaction, regasification and handling (FN Consultancy, 2022). Previous studies assumed significant hydrogen use in transportation and building heating (Tromp et al., 2003; Vogt et al., 2009), but more recent research emphasises electrification as the dominant pathway (Araújo and de Medeiros, 2023; Cooper et al., 2022; Warwick et al., 2022). Outliers such as the 20% leakage rate in Tromp et al. (2003) have been deemed unrealistic, and new analyses suggest that such rates are limited to extreme cases such as uncontrolled evaporation from LH2 tanks (Esquivel-Elizondo et al., 2023; Schultz et al., 2003). This variability underscores the difficulty of reliably characterising hydrogen leakage rates and poses challenges for assessing their true climate impact.
To the best of the authors’ knowledge, there is no study to date that assesses the climate impact of an entire country’s supra-regional hydrogen transmission network in detail with respect to hydrogen emissions and by analysing different component levels. However, a recent systems-analytic assessment by Mar et al. (2024) considers the climate impacts of a future hydrogen transmission network for Germany with regard to the indirect climate impacts of hydrogen emissions as part of the entire hydrogen value chain. While they modelled GHG emissions of the hydrogen supply chain and in particular the production stage in detail, emissions from hydrogen transport in Germany were only roughly assessed. Based on Mendelevitch and Heinemann (2024), who reported hydrogen losses of 0.04%–0.24% per 1,000 km of pipeline transport, Mar et al. (2024) calculated less than 0.05 Mt CO2e/a for a low leakage case and 0.18 Mt CO2e/a for a high leakage case for transportation and in particular domestic transmission. Another study by Elgowainy et al. (2024) also analysed different hydrogen technology pathways in the US. Although they did not consider hydrogen losses relating to gaseous transport and distribution in general, they addressed energy-related emissions for compression near the production site using local grid electricity. Cooper et al. (2022) also assessed hydrogen emissions from different supply chains and their associated climate impacts, including specific calculation of emission rates for the transportation of hydrogen via pipelines. Based on converting actual natural gas emission rates to hydrogen emission rates using empirical equations that reflect the type of leak, flow and physical properties of the gases, the study covers both pipeline and compressor leakage (0.14%–0.27%).
The aim of this study is therefore to analyse the potential magnitude of the climate impact of switching from natural gas to hydrogen transmission taking the example of Germany’s hydrogen core network scheduled for 2032. This includes providing an overview of the relevant network components where significant emissions occur. Looking at the component level, including operational and fugitive methane and hydrogen emissions, allows for a more detailed understanding of the potential climate impact of a future hydrogen economy. However, our study focuses only on transport as one part of the overall hydrogen economy and therefore does not include either upstream or downstream processes. It also examines the transmission network in isolation from any closely linked distribution networks or intermediate storage facilities. In addition, our study does not claim to precisely quantify all network emissions, but rather focuses on raising awareness and stimulating debate about pipeline transport of hydrogen and its associated emissions and climate impact. As a first of its kind study, it should therefore be seen as an initial reference point that should be revised over time as more real data on hydrogen transport becomes available.
The remainder of this article is divided into four sections. The methodology Section 2 deals with the state of research on the climate impact of hydrogen emissions. This section also outlines the objectives and scope of the case study of the German transmission network, describing the status quo of the natural gas transmission network as well as plans for the future hydrogen infrastructure. Next, the methodology used to estimate future emissions in a hydrogen network is described. Section 3 presents the results of the analysis of hydrogen emissions associated with hydrogen transmission in Germany and the relevant network components with the highest emission levels. To assess the associated net climate impact, a comparison is made with the current natural gas transmission network. In Section 4, the results are discussed, including both a sensitivity analysis regarding differences between the use of GWP100 and GWP20, an overview of potential shortcomings and limitations on our research, and highlighting the need for further research. Finally, Section 5 concludes the article by summarising the findings and recommending a more detailed assessment of the role of hydrogen in mitigating climate change.
2 MATERIALS AND METHODS
This section provides the central methodological specifications required to answer the research question. On the one hand, there is the magnitude of the climate impact of hydrogen derived from existing studies. On the other hand, the key parameters of both the existing long-distance natural gas transmission network and the outlined future “hydrogen core network” in Germany needed to compare their GHG emissions are specified.
2.1 Magnitude of the climate impact of hydrogen
To compare the relative impact of different GHGs on global warming, emissions metrics are used, with Global Warming Potential (GWP) being the standard metric. The GWP is defined as the cumulative radiative forcing exerted by a unit of mass of a GHG over a given period of time, usually 100 years (GWP100) and relative to that of carbon dioxide (CO2). It is therefore often expressed as CO2-equivalents (CO2e), enabling comparative analysis across GHGs with varying atmospheric lifetimes and radiative properties (IPCC, 2023). The GWP100 metric is commonly used in emissions reporting and climate policy because it provides a consistent framework for assessing and comparing the impact of different gases on climate change, facilitating consistent measurement and decision-making across different sectors and jurisdictions. The time period of 100 years is chosen because CO2 persists in the atmosphere for over a century, while short-lived gases like methane (CH4) and hydrogen (H2) have much shorter atmospheric lifetimes – approximately 12 years for CH4 and 2 years for H2 (IPCC, 2023; Prather et al., 2012; Sand et al., 2023). The GWP100 can, however, understate the impact of short-lived gases. In contrast, GWP20 – evaluating warming potential over 20 years – may provide a better estimate of short-term warming effects, highlighting the significant initial climate impact of gases like hydrogen and methane. Recent scientific discussions have pointed out some limitations and inconsistencies in the use of GWP100 for short-lived substances such as hydrogen. For example, the GWP100 may underestimate the climate impact of hydrogen due to its short residence time, while the GWP20 may exaggerate its short-term effects relative to CO2 because CO2 continues to influence atmospheric chemistry well beyond the 20-year window (Cohen-Shields et al., 2023; Duan and Caldeira, 2022; Sand et al., 2023). In addition to GWP, there are other emission metrics that can be used to estimate the climate impact of GHGs, such as GTP (Hauglustaine et al., 2022; Megill et al., 2024) or TWP (Sun et al., 2024). However, these are not as widely used in reporting or climate policy and are therefore not considered here. Providing actual emission levels in our study nevertheless allows the recalculation of our results with these metrics in follow-up studies.
Despite its limitations, GWP100 remains the standard metric because CO2 is the most common GHG and the Kyoto Protocol recommends a common time frame for all GHGs to ensure consistency in reporting. However, recent IPCC reports suggest that individual emissions metrics should be chosen based on specific policy goals, potentially prioritising direct reporting of emissions over aggregated CO2e values (Arrigoni and Bravo Diaz, 2022; IPCC, 2018; 2023). Accordingly, both GWP as well as separate emissions data for H2 and CH4 are reported here for increased transparency.
2.1.1 Global warming effect of hydrogen emissions
Against this background, the mere process of hydrogen combustion is usually considered climate neutral1, because it only produces water vapour without radiatively active CO2. In addition, hydrogen itself neither absorbs nor emits infrared radiation that causes (direct) global warming (Roueff et al., 2019). However, it is known for a long time (Derwent et al., 2001) and increasingly re-evaluated in recent studies that any amount of hydrogen released into the atmosphere contributes indirectly to global warming (Sand et al., 2023). Such emissions occur as a result of leakage during its production, storage, transport and use, leading to an increased concentration of hydrogen molecules in the atmosphere (Arrigoni and Bravo Diaz, 2022). This increased concentration in turn leads to three main atmospheric effects (Lakshmanan and Bhati, 2024; Ocko and Hamburg, 2022; Warwick et al., 2022).
Effect (1) is an increased tropospheric lifetime of methane. Hydrogen that is emitted and released into the atmosphere is oxidised in the troposphere via the reaction shown in Equation 1:
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Hydrogen molecules (H2), released unhindered into the troposphere, oxidise with free hydroxyl radicals ([image: image]) to form elemental hydrogen radicals ([image: image]) and water vapour (H2O). [image: image]-radicals are considered “detergents” of the atmosphere and usually react with a large number of oxidisable trace substances (IPCC, 2018; Lakshmanan and Bhati, 2024), e.g., methane – the second most common GHG – and thus “wash” the atmosphere (European Commission, 2024). Hydrogen emissions thus reduce the availability of OH to break down methane (CH4) and slow down the degradation of CH4, extending its lifetime in the troposphere and increasing its greenhouse effect (Derwent et al., 2020). The resulting increase in climate impact is attributed to hydrogen.
Effect (2) results from an increase in tropospheric ozone (O3) formation (Sand et al., 2023). Hydrogen atoms (H) released by H2 oxidation participate in chain reactions with oxygen (O2) and nitrogen oxides (NOX), leading to increased tropospheric O3. Unlike stratospheric ozone, which forms the protective ozone layer, tropospheric O3 contributes to global warming through its infrared radiation properties (Bryant et al., 2024; Hauglustaine et al., 2022). High concentrations of ground-level O3 can also cause respiratory issues and eye irritation (UBA, 2020).
Effect (3), in contrast to the two previous effects, occurs in the stratosphere, where increased water vapour (H2O) is produced not only through the oxidation of hydrogen, but also of CH4 and other trace gases, further amplifying effect (1). The stratospheric H2O vapour itself then increases the infrared radiation capacity, altering the energy balance of the atmosphere. This cools the stratosphere, increasing energy release to space and Earth, while warming the troposphere and contributing to global temperature rise (Forster and Shine, 2002; Ocko and Hamburg, 2022; Paulot et al., 2021). In addition, stratospheric H2O vapour can accelerate ozone depletion over the polar regions, reducing the ability of the atmosphere to absorb UV-B radiation. Increased UV-B exposure can damage cells in organisms (Feck et al., 2008). However, the H2-related burden is currently thought to be small (Tromp et al., 2003; Vogt et al., 2009; Warwick et al., 2022).
Since atmospheric chemistry reacts strongly to changes in the concentration of certain trace substances (e.g., hydrogen) and at the same time influences global warming, all three implications have an indirect influence on global warming and can therefore be regarded as indirect climate effects. The global warming potential of hydrogen is therefore the sum of integrated effective radiative forcing (ERF) components due to methane, tropospheric ozone and stratospheric water vapour (Chen et al., 2024; Sand et al., 2023). There are, however, a number of other tropospheric and stratospheric effects induced by hydrogen emissions, but they are thought to play a minimal role, if any, and are therefore not included in our analysis (Hauglustaine et al., 2022; Sand et al., 2023).
2.1.2 Deriving the magnitude of the climate impact of hydrogen emissions for this study
To quantify the indirect global warming effects of hydrogen described, various studies that incorporate these implications into climate models and provide estimates of hydrogen’s GWP were reviewed. Table 1 shows both GWP100 and GWP20 values where available. While GWP100 remains the primary metric for consistency, GWP20 is used in our sensitivity analysis to examine short-term impacts.
TABLE 1 | GWP values and atmospheric effects of hydrogen as reported in existing studies (own compilation).
[image: Table 1]Tropospheric effects (1) and (2) were first modelled in climate models more than two decades ago and have been continuously refined since then (Derwent et al., 2001). In order to quantify the climate impact and compare it with other greenhouse gases, the findings and observations of the model results have been converted into a GWP for hydrogen (Bryant et al., 2024; Derwent et al., 2001; 2006; 2020; Derwent 2018; 2023; Field and Derwent, 2021). Due to considerable uncertainties, as were also reported by the authors, the calculated GWP100 varies from 1.9 at the lower end (Field and Derwent, 2021) to 9.3 at the upper end (Bryant et al., 2024), with studies published up to 2021 in the range of about 5. The latest studies by Bryant et al. (2024) and Derwent (2023) meanwhile arrive at a higher GWP100 of 8 and 9.3, respectively, which is mainly due to the assumption of a longer perturbation period for methane and hydrogen. In general, however, the weighting of effects (1) and (2) can be assumed to be roughly equal in all studies, with 60% attributed to the increased methane lifetime and the remainder to the formation of tropospheric ozone.
However, according to Warwick et al. (2022), tropospheric effects (1) and (2) only contribute roughly two-thirds of the total climate impact of hydrogen. Therefore, in more recent studies that also take into account the formation of stratospheric water vapour (effect 3), the climate impact becomes significantly stronger. Paulot et al. (2021) conducted research that included all three effects, but did not calculate a GWP for hydrogen. Nevertheless, they estimated an ERF of 0.13 mW m−2 ppbv−1, which is about one-third higher than in the previously mentioned studies (0.08 mW m−2 ppbv−1), justifying the assumption that the GWP100 would also increase by one-third. Warwick et al. (2022), Warwick et al. (2023) and Hauglustaine et al. (2022) calculated a GWP that includes all three effects, and their values tend to be higher. For example, Warwick et al. (2022) report a GWP100 of 11 ± 5. They also state a GWP100 of 7.9 ± 3.6 when neglecting the stratospheric effect (3), which is roughly comparable to the higher range of the other studies not including this effect. Their results were updated in Warwick et al. (2023), resulting in a slightly higher GWP of 11.5 ± 5.5. Hauglustaine et al. (2022) report a similarly high GWP100 of 12.8 ± 5.2, based on the ERF calculated by Paulot et al. (2021).
In summary, the studies reviewed for this paper indicate substantial variability in GWP100 estimates, ranging from 3.3 to 12.8. The variations stem from different assumptions regarding the duration of methane and hydrogen interference with atmospheric chemistry, as well as differing model inputs and assumptions. What most studies have in common, however, is that about half of the climate impact associated with hydrogen can be attributed to effect (1), i.e., the extension of methane’s lifetime by hydrogen. If the GWP20 is also calculated, it is about three times higher than the GWP100 in all of the studies. However, the range of uncertainties is much larger here because, as described above, the atmospheric implications of hydrogen occur in the first 20 years after initial release. According to Sand et al. (2023), their study is the most comprehensive assessment of the climate impact of hydrogen to date thanks to the advanced and novel use of existing climate models, which underlines the robustness of the results across different models. For this reason, the GWP values in Sand et al. (2023) given as 11.6 ± 2.8 are used as the mean default values in this study and are adopted for our calculations.
However, in contrast to most previous studies, a recent study by Chen et al. (2024), which was published after our study had been completed, uses a comprehensive photochemical box model and shows that analogous four-equation systems like (Ocko and Hamburg, 2022; Warwick et al., 2022; 2023) miss a critical [image: image] feedback, leading to an overestimation of the time-integrated methane response to a hydrogen pulse. Their estimates are therefore slightly lower at 28 (17–46) and 10 (6–17) for GWP20 and GWP100, respectively. In addition, they point out that, while CO2 is generally chosen as the reference gas for determining the GWP, any other GHG might also be used. If, for example, methane is chosen instead as a reference for hydrogen, uncertainties that apply to both hydrogen and methane can be compensated for. Comparing the climate impact of hydrogen to fossil methane emissions, they estimated a hydrogen GWP relative to methane of 0.35 (with a range of 0.29–0.48) over any time horizon beyond about 15 years.
2.2 Deriving the main parameters for the gas transmission network infrastructure in Germany
In this section we provide an overview of the source of emissions along the transmission network components considered, first for the existing natural gas transmission network and then for the future hydrogen core network as outlined for 2032. We briefly explain the origin of these emissions and discuss their expected magnitude based on current measurements or further estimates – for hydrogen we also present a methodology for estimating the magnitude of emissions, as no actual measurements are available as yet. The assumed emission rates used as inputs to our calculations are explained in the relevant subsections. Despite their uncertainty, they serve as a starting point and should be updated over time as valid primary data become available. Already today, there are first attempts to detect industrial hydrogen emissions. While Westra et al. (2024) use precise mobile measurements to quantify hydrogen emissions from an industrial site in the Netherlands for production and storage, their approach cannot be directly applied to long-distance transmission networks. Hormaza Mejia et al. (2020) and Thawani et al. (2023) also quantified emission rates for hydrogen equipment. However, their analyses focus only on low-pressure infrastructure and therefore cannot be directly applied to high-pressure infrastructure such as transmission networks.
2.2.1 Current natural gas transmission network
An appropriate starting point for assessing the climate impact of future long-distance hydrogen transport in Germany builds on the existing natural gas transmission network–also serving as a valuable reference for our analyses. To assess the climate impact of the existing natural gas transmission network, CO2 emissions resulting from the energy usage of compressor stations as well as emissions from leakage within the network are considered. To quantify the climate impact of leaking natural gas, it is assumed that it consists solely of methane (CH4). In the following, the terms methane, CH4 and natural gas are therefore used as synonyms. A GWP100 of 29.8 based on the latest IPCC assessment report (AR6) is applied for methane without including further feedback mechanisms or uncertainty ranges (IPCC, 2023). However, as uncertainty ranges are generally not used in common reporting formats, we also use only the central GWP value for methane in our calculations.
Natural gas transmission networks consist of several components that contribute to the overall methane emissions to a different extent. Most transmission system operators (TSO) in Germany joined the Oil and Gas Methane Partnership 2.0 (UNEP, 2024), which is an initiative for reporting and mitigating methane emissions. Within the OGMP, emission factors for different network components are derived from field measurements. Therefore, in 2021, the TSOs launched a large-scale measurement initiative to improve the accuracy of reported emissions, some of which were significantly outdated (Fischer et al., 2021). In order to increase transparency, an independent service provider (The Sniffers) – recognised by both the gas industry and NGOs – was commissioned. The data can therefore be considered much more trustworthy than the older emission factors previously used for reporting under the National Inventory Report (FNB Gas, 2025). Other studies also show that some reporting data based mainly on bottom-up estimates can be more than a decade old and thus considered outdated (Riddick et al., 2024; Riddick and Mauzerall, 2023), highlighting the need for further measurement initiatives. Therefore, although the reporting is based on submissions from TSOs, we consider the reported factors to be the best available data. However, while we are not aware of any fundamental criticism of the OGMP2.0 methodology, we acknowledge that additional independent verification would help to increase the reliability of the reported data. To meet the requirements of this reporting initiative, the TSOs are obliged to report their methane emissions from the transportation of natural gas. For our analysis, the following activity factors (AFCH4), total annual emissions and specific emission factors for natural gas (EFCH4), which were reported as part of OGMP2.0 (Table 2), were provided by the German Association of Transmission System Operators Gas (FNB Gas e.V.) – all data provided were jointly agreed in advance in several consultations and are compiled in FNB Gas (2024a), which is available from the authors on request.
TABLE 2 | Activity factors, emissions factors and total network emissions for the current natural gas transmission network in Germany (FNB Gas, 2024a).
[image: Table 2]Germany’s current natural gas transmission network consists of approximately 34,035 km of pipelines, which require 2,115 MW of compressor capacity to transport the gas through the pipeline at the intended pressure. The network also includes 11,621 Gas Pressure Regulating Stations and Gas Metering Systems, including isolating equipment and valves (hereinafter referred to as GPRMS). According to OGMP2.0 reporting, all of the components together cause 9,196 tons of methane emissions per year, equivalent to 274 kt CO2e (using GWP100). Based on the activity factors (AFCH4), the specific emission factors (EFCH4) are calculated by dividing the AFCH4 by the total methane emissions. In Section 2.2.2.2, these EFCH4 are used to derive specific emission factors for the future hydrogen transmission network by applying an empirical gas conversion factor.
Apart from methane leakage, other GHG emissions also occur due to the energy supply to compressor stations. Today, compressor stations in the German natural gas transmission network are partly fuelled by natural gas and electricity. According to FNB Gas (2024a), the GHG emissions of gas fired compressors come to 1,187 kt CO2e. In addition, the electrically driven compressors consume 364 GWhel of electricity, which results in 162 kt CO2e, if the 2023 emission factor for the German electricity mix of 445 g CO2e/kWhel is taken into account (Icha and Lauf, 2024). However, it is presumed that this emission factor will decrease to 198 g CO2e/kWhel by 2032 (Table 3), assuming that the aim of Germany’s Federal Climate Change Act can be achieved (BMWK, 2021). In fact, this will reduce energy-related emissions from electrically driven compressors in the future, which is particularly important for the future hydrogen network starting in 2032 (see section 2.2.2.1).
TABLE 3 | Current and assumed future emission factor of the German electricity mix.
[image: Table 3]As the current natural gas transmission network and the future hydrogen transmission network are unequal in size and capacity, the comparison is made in terms of both absolute and specific emissions per kWhLHV of transported gas. To calculate specific values, the overall amount of transported natural gas is calculated using data from the German Federal Network Agency (BNetzA), which monitors all quantities of natural gas being imported from and exported to neighbouring countries (BNetzA, 2024a). To avoid including loop-flows (reimportation of exported amounts), only amounts from countries with a net positive balance were considered. Based on these data, a transportation of 963 TWhLHV of natural gas was identified for 2023, which is used for further calculations in this study.
In order to estimate the hydrogen leakage for a future hydrogen network, it is also necessary to consider an average operating pressure for both the future hydrogen and the current natural gas transmission pipelines. As pressure rates vary according to distance between compressor stations and different network throughputs, an assumption must be made for the average operation pressure at which leaks occur. According to the date provided by FNB Gas, 60 bar can be taken as the average operational pressure rate of the current natural gas transmission network (FNB Gas, 2024a).
Another assumption to be made in order to calculate the network emissions relates to the classification of emissions as operational or fugitive emissions. Whereas operational emissions, which mainly occur due to maintenance, are of the same volume for hydrogen as for methane, an empirical conversion factor has to be applied for fugitive emissions (see Section 2.2.2.2), which mainly consist of unintentional leakage from network components. According to FNB Gas, it can be assumed that operational and fugitive emissions each account for 50% of emissions from today’s natural gas transmission network. However, due to the different fluid dynamics of hydrogen and methane, this ratio is likely to shift in the future hydrogen network.
2.2.2 Future hydrogen transmission network
2.2.2.1 Extrapolation to a future hydrogen network topology
The basis for the future hydrogen transmission network in Germany we assume for our calculations is what is called the “hydrogen core network 2032” (see Figure 1) approved by BNetzA on 22 October 2024 (BNetzA, 2024b; FNB Gas, 2024b). The core network, based on a detailed modelling framework, was previously submitted by the German Transmission System Operators (TSOs) in a joint application and refined during several stakeholder consultations over the last few years. The core network is intended to form the basic framework for the development of a nationwide hydrogen infrastructure in Germany and, together with the European Hydrogen Backbone (EHB), to secure the energy infrastructure throughout Europe for the future (ehb, 2024). The total network length will be 9,040 km, of which 60% will be repurposed natural gas pipelines and 40% newly built pipelines. The first pipeline conversions are planned for 2025, while the core network will be successively constructed up until 2032. Feed-in and offtake capacity will be approximately 101 GWth and 87 GWth, respectively, of which 58 GWth will be imported via cross-border points and 15 GWth will come from domestic electrolysis capacity. The remainder is expected to come from storage or other unspecified sources. With this capacity, the expected annual feed-in volume will be around 278 TWhHHV or 238 TWhLHV in terms of energy. As the core network does not yet define specific quantities for purchases, the feed-in is also used as an approximation for the amount of hydrogen that will be transported through the hydrogen transmission network in 2032.
[image: Figure 1]FIGURE 1 | Map of the hydrogen core network in 2032 according to the approval of 22 October 2024 (based on FNB Gas 2024b).
The operating pressure of the network is another critical parameter, as it is expected to differ significantly between methane and hydrogen systems. For example, Wang et al. (2021) suggest that the optimal operating pressure for the European Hydrogen Backbone (EHB) may be lower than that of current natural gas transmission networks, particularly in the case of repurposed natural gas infrastructure. This adjustment is recommended to improve the safety aspects of hydrogen transport and to ensure economic operation (Yang et al., 2025). Although a recent study by the German Technical and Scientific Association for Gas and Water (DVGW) indicates that existing pipelines installed in the German transmission network may generally be suitable for transporting hydrogen (Steiner et al., 2023), it is important to note that practical operation may still require some adaptations, including reduced pressure levels. In line with this, the FNB Gas also proposes an optimal operating pressure of approximately 35 bar, corresponding to a reduction of just over 40% compared to the current pressure level of around 60 bar in the natural gas network (FNB Gas, 2024a). Despite these differences in operating pressures, both repurposed and new pipelines will have comparable nominal diameters and follow the existing transport routes.
However, due to the different fluid dynamics of hydrogen and methane, hydrogen will have to be transported at three times the velocity of methane to transport nearly the same amount of energy (Arrigoni and Bravo Diaz, 2022; Thawani et al., 2023). In order to compensate for the pressure loss, a compressor capacity of 291 MW is stated in the joint application for the core network (FNB Gas, 2024b). Nevertheless, as the future framework conditions and parallel developments in other sectors are still unknown, it has not been specified to date whether these compressors will be driven primarily by gas turbines, as in the existing natural gas network, or electrically. Also, the question of which compressor types will be chosen and how many compressing stages they will have is still unresolved (Jia et al., 2023). In theory, current natural gas compressors are not suitable for compression of 100% hydrogen due to deviating physical characteristics of the two gases (Télessy et al., 2024). However, to the best of the authors’ knowledge, no estimates of emission rates of hydrogen-specific compressor units are available. Given the expected high costs of hydrogen and its likely long-term shortage (Araújo and de Medeiros, 2023; Elgowainy et al., 2024), it is assumed in this study that only electric compressor units will be in operation for the future hydrogen network. In addition, as information is only available on the installed compressor capacity but not on the associated energy consumption, according to FNB Gas an average utilisation rate of 20% per year is assumed, which corresponds to a total of 1,752 representative full load hours (FLH) per year and compressor (FNB Gas, 2024a). Furthermore, no information is available on how many GPRMS elements will be installed in the core network. According to FNB Gas (2024a), the number of these elements per km of pipeline will be approximately comparable to the natural gas transmission network of the German TSO Gascade. This assumption is made without distinguishing between different types of components for GPRMS. The network of Gascade, one of the 16 TSOs in Germany, was chosen because it is less interconnected than most parts of the existing natural gas transmission network in Germany, which grew historically and has existed for a long time (FNB Gas, 2024c; Yueksel-Erguen et al., 2020). Thus, the topology of the Gascade network can be considered the most analogous to the expected topology of a future hydrogen transmission network, given that it came into existence relatively recently (Gascade, 2024). Based on these assumptions, it is estimated that a total of 890 GPRMS elements will be needed for the hydrogen core network.
2.2.2.2 Conversion of methane leakage rates to hydrogen leakage rates
In the absence of a currently operational hydrogen transmission network, direct real-world measurements of associated hydrogen emissions are not available (Esquivel-Elizondo et al., 2023). As a result, hydrogen emissions have to be estimated using empirical conversion factors based, for example, on methane emissions from the current natural gas network. Within this study, which examines hydrogen in comparison with the existing natural gas transmission network, it is crucial to evaluate the climate impact specifically in relation to methane (CH4) rather than carbon dioxide (CO2). Due to the differing physical properties of H2 and CH4, the reference unit for the GWP is a key consideration.
As shown in Table 4, methane exhibits approximately 2.6 times the warming potential (GWP100) of hydrogen on a mass basis (1 kg of gas), marking it as a much more potent GHG than hydrogen. However, when considering volume (1 Nm3 of gas), the density of hydrogen which is eight times lower results in a much higher volumetric ratio of about 21:1. Using GWP20 instead results in a slightly lower mass-based ratio of 2.2:1, with a corresponding volumetric ratio of 18:1. Thus, the higher volumetric warming potential of methane is particularly relevant in a comparative analysis of the operational emissions of these two energy carriers. However, for direct comparisons of CH4 and H2, the differentiation between these two metrics is not critical, since the GWP100/GWP20 ratio increases similarly for both gases. Nevertheless, the impact of this differentiation is explored in a sensitivity analysis in Section 3.2. In contrast, it is particularly important to differentiate emissions associated with network components into operational emissions, e.g., from intentional venting or other maintenance activities, and fugitive emissions such as unintentional leakage from network components which occur due to permeation or loss of tightness of some components (e.g., connections, valves, joints, etc.) (Cooper et al., 2022; UNEP, 2024).
TABLE 4 | Gas properties and climate impact of methane versus hydrogen.
[image: Table 4]Operational emissions can occur during depressurisation for maintenance or safety reasons, such as when gas is purged from a pigging station before it is opened to remove a pipeline inspection tool (Böttcher, 2023). As a result, some or all of the gas in that section may escape into the atmosphere. However, when determining the climate impact of a released gas, it is not the volume of gas that is relevant but rather the mass of the released gas, as the GWP is a mass-related metric (see Section 2.1). Due to the lower density of hydrogen compared to methane, less mass would be released for the same volume. As the density of a gas in turn depends on the pressure and the two transmission networks are to be operated at different pressures (CH4 at 60 bar; H2 at 35 bar), the lower operating pressure for hydrogen has an additional reducing effect on the mass-related emissions. Ultimately, the density ratio and the different operating pressures mean that for the same volume of gas released, hydrogen is emitted at a mass-based ratio of 0.07 compared to methane.
Fugitive emissions, on the other hand, are more complex to estimate and are calculated using an empirical conversion factor (CF) here. The CF is defined as the ratio of the volume flows of two different gases and therefore allows one volume flow to be converted into another (Anghilante et al., 2023). The methane-related CF for hydrogen (CFH2/CH4) suggests that, while a greater volume of hydrogen may be leaked, the mass leaked is significantly reduced (Swain and Swain, 1992). The methane-related CF for hydrogen is shown in Equation 2, where [image: image] and [image: image] are the corresponding volume flows:
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In addition, the dominant flow regime for the prevailing flow must be determined. Since a high Reynolds number is to be expected at the given high operating pressures, and large pipe diameters (up to 1,400 mm) are typically present at the transmission network level (FNB Gas, 2024c; Wang et al., 2021), this can be simplified by saying that only turbulent flow prevails, which is expected to dominate in transmission networks (Anghilante et al., 2023; Garrison and Gant, 2021). According to the turbulent viscous model by Darcy-Weisbach and assuming an identical cross-sectional area for both networks, the volume flow of a turbulent flow is defined in Equation 3, where [image: image] depends on the pressure difference [image: image] and the density [image: image] of the gas (Brown, 2002; Swain and Swain, 1992):
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However, the Darcy-Weisbach model shows that the CFH2/CH4 for turbulent flows stabilises at a pressure rate above 3 bar and is close to the theoretical maximum (CFH2/CH4, max = 2.83). For the transmission networks considered here, where the pressure is significantly higher than 3 bar, a CFH2/CH4 of 2.8 can therefore be used for simplification, even if the pressure levels in both networks are different. In line with this, another study by the DVGW on the experimental characterisation of leakage rates also recommends a CFH2/CH4 of 2.8 for the application area “gas supply pipelines and systems” (Anghilante et al., 2023). Besides turbulent flow, however, other flow regimes may also occur – for example, the studies by Hormaza Mejia et al. (2020) and Thawani et al. (2023) show that hydrogen may escape at the same rate as methane and the CFH2/CH4 is therefore well below the theoretical maximum. However, as they only consider low pressure infrastructure with small dimensions, the results cannot be directly extrapolated to the high-pressure transmission network. In addition, it should be noted that the gas density itself is pressure dependent and the different pressure levels must also be taken into account. Under all-turbulent flow conditions, the volumetric CFH2/CH4 therefore stabilises at about 2.8 at the given operating pressures, resulting in a gravimetric CFH2/CH4 of 0.21. This suggests that although nearly three times the volume of hydrogen is emitted compared to methane, the mass loss is only about one-fifth, resulting in a climate impact of about 8% of that of methane (using GWP100).
Apart from fugitive and operational emissions, the phenomenon of “hydrogen embrittlement” also plays a role in the context of hydrogen transport through pipelines. Embrittlement refers to the fact that hydrogen – due to its small molecular size (one-eighth of methane; see Table 4) – can penetrate materials and accumulate in microcracks more easily than other gases, leading to a deterioration of mechanical properties (Østby et al., 2021; Télessy et al., 2024). This phenomenon reduces fatigue and fracture resistance, increasing the risk of pipeline failure and unintended hydrogen emissions (Briottet et al., 2012; LaFleur et al., 2023). To mitigate these risks and ensure the long-term integrity of hydrogen transmission networks, preventive measures such as material selection, oxide layer protection, and controlled operating pressures are essential (Broerman et al., 2022; Campari et al., 2023). Despite these risks, Steiner et al. (2023) argue that almost all steel pipelines used currently in the German high-pressure transmission network (>16 bar) meet the basic material and structural requirements for hydrogen transport and are therefore, in principle, suitable for repurposing. However, studies confirming the suitability of reuse may lack comprehensive experimental validation or long-term performance data. Therefore, while such assessments provide an important initial indication, further testing and scientific scrutiny is required to ensure the long-term safety and reliability of repurposed infrastructure. However, since our analysis focuses on fugitive and operational emissions rather than structural integrity, and given the assumption of material suitability of today’s pipeline steels in Germany’s transmission network, hydrogen embrittlement is not quantitatively included in our calculations.
By relating the previously calculated hydrogen flow characteristics to current methane emissions, hydrogen-specific emission factors (EFH2) can be calculated in conjunction with the hydrogen activity factors (AFH2) derived from the outlined hydrogen core network. Although distinguishing between repurposed and dedicated hydrogen components could provide more accurate results, our analysis represents only a first approximation due to lack of available data and therefore uses the same factors for both, repurposed and dedicated components. Multiplying AFH2 and EFH2 results in the total annual hydrogen emissions (Table 5). In total, the future hydrogen core network is projected to emit about 173 t of hydrogen per year by 2032 (equivalent to 2,160 t CO2e), with the largest share coming from compressor operations (76 t H2), followed by pipelines (52 t H2) and GPRMS (38 t H2). It should be noted, however, that while further improvements in pipeline technology may further reduce fugitive emissions (Liu, 2024), our analysis assumes that the tightness of hydrogen pipelines will be comparable to that of natural gas pipelines (Steiner et al., 2023). Accordingly, no reductions in emission levels are considered here. For example, newly constructed dedicated hydrogen pipelines or appropriate retrofitting of repurposed pipelines may reduce leakage through pipelines in the future. The calculations made here should therefore be used as a proxy for the time being and should be revised as soon as more accurate data is available.
TABLE 5 | Specific hydrogen emissions related to components of the future hydrogen core network in Germany.
[image: Table 5]Regarding the assumptions and approximations made here to estimate hydrogen emissions, it should be noted that there is not only a high degree of uncertainty about current CH4 emissions, especially on the basis of bottom-up methods using emission factors and activity factors (Riddick et al., 2024; Riddick and Mauzerall, 2023), but also about the fluid flow conditions and other flow mechanisms of gas transport (Hormaza Mejia et al., 2020; Swain and Swain, 1992). Nevertheless, using today’s natural gas system and conventional flow dynamics as a basis seems to be the most plausible way to estimate future hydrogen emissions (Esquivel-Elizondo et al., 2023).
3 RESULTS
According to the approach presented before, total network emissions are calculated in CO2 equivalents (CO2e) both for the existing natural gas transmission network and the approved concept for the future hydrogen core network in Germany. As these networks are not equal in size or capacity, along with total emissions, the results are also presented in specific terms per kWhLHV of transported gas. For the base case, emissions are calculated using the GWP100. Acknowledging the ongoing discussion as to whether the effect of short-lived greenhouse gases should be calculated using the GWP100 or the GWP20 (Ocko and Hamburg, 2022; Duan und Caldeira, 2022; Cohen-Shields et al., 2023), the 20-year horizon along with uncertainties regarding the GWP of hydrogen in general are addressed in a sensitivity analysis.
3.1 Network emissions
3.1.1 Emissions caused by leakage
Given the outlined procedure for calculating leakage in the current natural gas transmission network (Section 2.2.1) and the future hydrogen network (Section 2.2.2), the total climate impact of the network components due to leakage is presented in (A). To take the different sizes of the networks into account, the results are also presented in specific figures per unit of energy (B). In the case study analysed in this article, the estimated future climate impact from fugitive and operational hydrogen leakage will only be 0.7% of the climate impact resulting from methane leakage today. This is due to the lower density and lower GWP values of hydrogen compared to methane, as well as a lower assumed operating pressure in the future hydrogen network. These effects can even compensate for a higher volume flow rate of leaking hydrogen induced by the assumed CFH2/CH4 for fugitive emissions.
In absolute terms, the difference between methane and hydrogen is further increased by lower transport capacity of the future hydrogen network (238 TWhLHV) compared to the existing natural gas network (963 TWhLHV). In this case, the total emissions of the network will be reduced by 99% from 0.274 to 0.002 Mt CO2e/a. Even for specific emissions per kWhLHV transported, which does not take into account the effect of higher transport volumes of natural gas, GHG emissions from hydrogen leakage are reduced by 97% from 0.285 to 0.008 g CO2e/kWhLHV.
A distinction between operational and fugitive emissions provides further information on the distribution of hydrogen emissions within the network structure. In contrast to the even distribution of operational and fugitive emissions in the current natural gas transmission network, the relationship is changed by the different flow dynamics of hydrogen. Fugitive emissions then dominate at 74%, as the flow dynamics of hydrogen lead to significantly higher volumetric losses for a given leakage than for operational emissions. Such effects do not occur for operational emissions, as a fixed volume is simply vented to the atmosphere without being influenced by flow dynamics.
3.1.2 Emissions including energy usage
In the next step, the energy-related emissions of compressor stations are included in addition to the operational and fugitive leakage of methane and hydrogen shown above. It is clear that, in all cases, leakage only makes up a small fraction of the total emissions (Figure 3). In the future hydrogen core network, the share of energy-related emissions is higher compared to the natural gas transmission network. This is why there is a lower decrease in GHG emissions in this case compared to the decrease in GHG emissions solely from leakage.
[image: Figure 3]FIGURE 3 | Annual absolute (A) and specific (B) GHG emissions from leakage and energy-related compressor emissions in the current natural gas transmission network and the future hydrogen core network.
Due to lower leakage, lower energy requirements for compressor stations and the smaller network size, the total network emissions in the future hydrogen network decrease by 94% from 1.62 to 0.10 Mt CO2e/a compared to the current natural gas transmission network (A). In specific terms, however, emissions decrease by only 75% from 1.69 to 0.43 g CO2e/kWhLHV (B). It should be noted that energy-related emissions from the future hydrogen network are due to indirect emissions (scope 2) from electricity generation, which have been projected to reach 198 g CO2e/kWhel by 2032 (see Table 3). By 2045, however, this value might reach zero, assuming that Germany’s climate goals are reached and energy-related emissions are therefore completely avoided.
3.2 Sensitivity analysis: GWP time horizon and uncertainty ranges
As there are different notions as to whether the GWP100 or GWP20 is more appropriate to assess the GHG effect of short-lived gases like methane or hydrogen, and only GWP100 has been considered so far in this paper, both metrics are compared in the following. For methane, the GWP increases 2.6 times if the shorter 20-year period is applied, while the GWP of hydrogen only increases 2.2 times (see Table 4).
Another aspect of this sensitivity analysis is the uncertainty regarding the GWP of hydrogen in general. As outlined in Section 2.1, the GWP of hydrogen is indicated with a lower span of 6 and 15.2 and a higher span of 18 and 64.2 for GWP100 and GWP20, respectively. Figure 4 shows the effects of applying GWP100 or GWP20 as along with lower or higher spans for the GWP of hydrogen. If the GWP100 metric is considered, the emissions resulting from hydrogen leakage are 99.6%–98.9% lower (0.001–0.003 Mt CO2e/a) than emissions from methane leakage (0.274 Mt CO2e/a), depending on whether a high or low GWP of hydrogen is assumed. If, on the other hand, the GWP20 metric is used, the emission reductions from the fuel switch reduction are 99.6%–98.6% (0.003–0.006 Mt CO2e/a, compared to 0.759Mt CO2e/a).
[image: Figure 4]FIGURE 4 | Annual absolute GHG emissions from leakage in the current natural gas transmission network and the future hydrogen core network; comparison of GWP100 and GWP20 along with consideration of the range of literature references for the GWP of hydrogen.
Again, emission reductions are slightly smaller in specific terms (considering GHG emissions per kWhLHV transported), as can be seen in Figure 5. For GWP100, emissions from leakages decrease from 0.285 g CO2e/kWhLHV to 0.004–0.012 g CO2e/kWhLHV (98.6%–95.8% reduction) in a future hydrogen transmission network, while for GWP20 the emissions decrease from 0.788 g CO2e/kWhLHV to 0.011–0.045 g CO2e/kWhLHV (98.6%–94.3% reduction).
[image: Figure 5]FIGURE 5 | Specific GHG emissions from leakage in the current natural gas transmission network and the future hydrogen core network; comparison of GWP100 and GWP20 as along with consideration of the range of literature references for the GWP of hydrogen.
Finally, if the energy-related emissions of compressor stations are taken into account, emissions from leakage become less important, especially for hydrogen (Figure 6). A comparison of the results for GWP100 with those for GWP20 shows: If GWP20 is used, the share of leakage in the total emissions of methane and hydrogen increases from 16.9% and 1.9% to 36% and 5.8% respectively. In general, including the energy-related emissions further reduces the importance of distinguishing between GWP100 and GWP20 when comparing the GHG emissions of both, the current natural gas transmission network and the future hydrogen transmission network. This is due to the fact that energy usage is assumed to only produce CO2, not additional methane or hydrogen emissions.
[image: Figure 6]FIGURE 6 | Annual absolute GHG emissions from leakage and energy-related compressor emissions in the current natural gas transmission network and the future hydrogen core network; comparison of GWP100 and GWP20 as along with consideration of the range of literature references for the GWP of hydrogen.
In summary, the results of the sensitivity analysis show that distinguishing between GWP100 and GWP20 is not critical when directly comparing methane and hydrogen emissions, as both gases exhibit a similar ratio of GWP values across both time horizons. This is supported by the fact that methane and hydrogen are short-lived climate forcers, with atmospheric lifetimes of approximately 12 years and 2 years, respectively, which are well below the 20-year time horizon of GWP20. Consequently, the majority of their climate impact is realized – and thus captured – within this period. However, this conclusion applies specifically to comparisons between short-lived substances. As shown by the inclusion of energy-related CO2 emissions in the system boundary (Figures 4, 5), using GWP20 instead of GWP100 can substantially alter the overall climate impact. Since CO2 is a long-lived greenhouse gas with an atmospheric lifetime on the order of centuries, its relative contribution diminishes under the 20-year metric, thereby increasing the proportional effect of short-lived gases. The results of this study therefore indicate that, while GWP100 remains the standard metric for emissions reporting, it is still appropriate for comparing the climate impact associated with leakage of short-lived GHGs. However, when other GHGs such as CO2 emissions (e.g., energy-related) are included in the system boundary, using GWP20 instead can reveal a notable shift toward a higher overall climate impact. Thus, while presenting findings using GWP100 facilitates comparability and consistency with common reporting formats, supplementing them with GWP20-based findings offers valuable insights into the short-term climate effects of short-lived climate forcers and raises awareness of their greater warming potential over shorter timescales.
4 DISCUSSION
4.1 Classification of the results
This study analyses for the first time the net climate impact of switching from the natural gas transmission network to the outlined future hydrogen network in Germany. By providing detailed emissions data at component level within the national transmission network, our results indicate that the GHG emissions of the future hydrogen network are likely to be significantly lower than those of the current natural gas transmission network – both in total and per unit of energy transported. This includes emissions from operational and fugitive leakage as well as energy-related emissions associated with the operation of compressor stations, but not upstream or further downstream emissions. It is, however, particularly important to emphasise that, due to the physical properties of hydrogen and the lower operating pressure, leakage in a future hydrogen network will have a much lower impact on the climate than methane leakage in the current natural gas network. Our findings suggest that leakage-related emissions in the future hydrogen network will only amount to 1%–3% of the emissions from methane leakage in today’s natural gas network, which correspondents to an overall reduction of around 98% (based on GWP100).
Given that the literature on the climate impacts of switching from natural gas to hydrogen transport is very limited, it remains challenging to compare our results with others. While some studies roughly estimate the climate impact of hydrogen leakage within a broader hydrogen economy context (Bertagni et al., 2022; Hauglustaine et al., 2022; Warwick et al., 2023), others go into more detail on the individual stages (Fan et al., 2022; Warwick et al., 2022). However, even studies that include transport often do so in conjunction with other parts of transport such as distribution networks, storage or alternative transport options, without transmission being examined individually. Sun et al. (2024), for example, analysed various applications (e.g., shipping, power generation, steel production, trucks and buses, etc.), but not pipeline transmission. Nevertheless, their results support the finding that substituting fossil references (such as methane) with green hydrogen significantly reduces climate impact of these systems – while acknowledging that hydrogen’s indirect climate impact may slightly reduce, but not negate, these benefits. Similar conclusions were drawn by Ocko and Hamburg (2022), who show that the use of green hydrogen instead of fossil fuels can reduce the climate impact by as much as 100% under certain conditions. However, neither study provided specific estimates for long-distance transmission.
A closer comparison can be made with a recent study by Mar et al. (2024), who showed for Germany that hydrogen emissions even from a “green only” hydrogen value chain could be relevant in 2045. Depending on their low and high emission scenarios and underlying hydrogen demand, total hydrogen emissions would range from 0.71 to 10.8 Mt CO2e/a. However, transportation – including domestic transmission – only accounts for about 0.01–0.18 Mt CO2e/a depending on the assumed rate of leakage and import options. This range for the domestic part of the value chain is significantly higher than our finding of 0.002 Mt CO2e/a resulting from leakage (see Figure 2). The discrepancy arises from their use of generalised percentage-based leakage estimate per km of pipeline rather than a detailed breakdown of specific operating conditions and network components. Given that our study provides a more granular analysis of supra-regional transmission, these methodological differences explain the variance in results. Furthermore, our analysis focuses exclusively on the supra-regional transmission network and does not take into account emissions from hydrogen storage, the distribution network or other options for domestic transport, so it is plausible that the values in our study are lower.
[image: Figure 2]FIGURE 2 | Annual absolute (A) and specific (B) GHG emissions from leakage in the current natural gas transmission network and the future hydrogen core network.
In addition to Mar et al. (2024), only two other studies were identified that specifically address the climate impact of switching from natural gas to hydrogen in the context of gas leakage in transmission networks. FN Consultancy (2022) examined the UK National Transmission System (NTS) under an illustrative scenario, estimating current methane emissions levels at 0.0195 Mt CH4/a (700 TWh of natural gas transported per year) and predicting hydrogen leakage on this basis between 0.003 Mt H2/a (laminar flow) and 0.007 Mt H2/a (turbulent flow), using conventional flow dynamics as in our calculations. This includes leakage from pipework and compressors, as well as other emissions from maintenance or incomplete combustion of gas-fired turbines driving compressors. However, they state that in reality there will be a flow regime somewhere between laminar and turbulent, so they have used an average value for further calculations. For their central hydrogen scenario (476 TWh hydrogen transport in 2050), they further predict emission rates of 0.04% (0.005 Mt H2/a) to 0.48% (0.058 Mt H2/a), equivalent to 0.056 Mt CO2e/a and 0.668 Mt CO2e/a, respectively, using GWP100 values from Sand et al. (2023). By assuming an emission rate for the current NTS about twice as high as in our study (0.0195 vs. 0.001 Mt CH4/a; although the transport volume is lower) and keeping the pressure for both networks the same, while the hydrogen scenario is based on about twice the transport volume for hydrogen, it is not surprising that the climate impact derived here is higher than in our case study. In addition, their higher emission rate appears to be quite conservative as it reflects very high emission rates occurring in the current NTS. However, the assumed average leakage conversion factor between laminar and turbulent flow argues against higher emissions than ours. Taking all this into account, the climate impact estimated by FN Consultancy (2022) – at least in the lower range – is in a similar order of magnitude, albeit slightly higher, which can be explained by the many uncertainties and the lack of reliable quantification. In addition, their findings for the whole energy system highlight that emissions associated with transmission are relatively small compared to other lifecycle stages, such as hydrogen production without avoiding venting and purging (3%–9%), above-ground storage (3%–7%) or liquid road transport (4%–13%). Although NTS emissions do not match our results exactly, their overall results are in line with our study, where transmission emissions are small compared to upstream processes.
Similarly, Arrigoni and Bravo Diaz (2022) present a case study of the Italian gas operator SNAM, estimating methane losses in the current transmission system and extrapolating hydrogen leakage under full network conversion. Based on current methane losses of 0.038% (including transport network, storage and regasification), they found that hydrogen leakage could be 1.25 (laminar flow) to 3 (turbulent flow) times higher, depending on flow conditions. However, besides not stating which flow regime they assumed for the calculations, their study used outdated IPCC AR5 GWP values for methane (IPCC, 2013) and an incorrect derivation of GWP values for hydrogen from the preprint of Ocko and Hamburg (2022), leading to an overestimation of hydrogens climate impact (GWP20: 21; GWP100: 70.5) compared to the final paper. Despite this, they estimate a reduction in greenhouse effect of 81% from 2 to 0.38 Mt CO2/a (GWP20) and 83% from 0.7 to 0.12 Mt CO2e/a (GWP100). Unfortunately, no further details are given on the amount of energy transported or other relevant network activity factors, which makes direct comparison with our results challenging. However, the reductions in global warming impact are in the same order of magnitude as our results, especially considering that the GWP values used are significantly higher and storage as well as regasification is included.
Although the scope of our study is limited to domestic inter-regional transport in Germany, it is important to place these results in the context of the total GHG emissions along the whole gas value chain. This means additionally analysing the upstream emissions by considering the emissions that occur during the extraction, production or import of both hydrogen and natural gas to the German border before the TSOs take over the gas at border crossing points, for example. From these points, the gas is fed into the German transmission system and transported to the region of demand. When conducting this study, an overview of upstream emissions resulting from the production and transportation of hydrogen to German border crossing points was also prepared, including green and blue hydrogen as well as different origins (see Supplementary Table S1). Our findings give a wide range of 12–79 g CO2e/kWhLHV for green hydrogen based on renewable energies and 48–262 g CO2e/kWhLHV for blue hydrogen. These values show the importance of paying attention to the origin and production method, which have a significant effect on the climate benefit of hydrogen usage. Compared to this, the emissions from supra-regional transmission, identified as 0.43 g CO2e/kWhLHV in this study (see Figure 3), have a minor impact, while the upstream processes account for 96%–99% in the case of green hydrogen and 99.1%–99.8% in the case of blue hydrogen, confirming the results of Mar et al. (2024).
Similar conclusions can be drawn for the case of natural gas. In the past, upstream emissions from natural gas imported to Germany were closely linked to the supply of Russian natural gas via pipelines, which came to around 24 g CO2e/kWhLHV (Große et al., 2021). However, if natural gas is imported as LNG from overseas, as is becoming increasingly important for Germany and Europe following the ban on Russian natural gas imports (Dejonghe et al., 2023; Emiliozzi et al., 2023), emissions in the upstream chain can reach up to 98 g CO2e/kWhLHV as shown by Münter and Liebich (2023) in the case of LNG from Algeria. In extreme cases, they can be as high as 201 g CO2e/kWhLHV, as shown for the US in a recent study by Howarth (2024). Taking into account a much higher share of LNG in the European gas market, our own calculations for 2023 (see Supplementary Figure S1; Supplementary Table S2) show a significantly higher footprint for the natural gas supply mix of around 39.9 g CO2e/kWhLHV, which corresponds to an increase of 66% compared to Große et al. (2021). Similar to hydrogen transportation, this illustrates that the emissions from natural gas transmission within Germany, calculated at 1.69 g CO2e/kWhLHV in this study (see Figure 3), are only a small fraction of the emissions from the production and international transportation of natural gas. If one also considers that natural gas produces CO2 emissions in the amount of 197 g CO2e/kWhLHV (assuming stoichiometric combustion of methane) during its end-use phase, whereas hydrogen combustion produces only water with no greenhouse gas effect, the advantages of switching to hydrogen become even greater.
Our findings emphasize that while domestic hydrogen transmission will contribute only a minor fraction of total hydrogen-related emissions in a hydrogen economy, upstream processes must be optimized to maximize hydrogen’s climate benefits. Given Germany’s expected reliance on hydrogen imports (Mar et al., 2024), and although these imports will not count towards Germany’s net-zero target, these emissions still have a significant impact on the global climate. Therefore, measures are not only required to minimise hydrogen emissions from leakage, but even more so to reduce emissions associated with hydrogen production and international transportation. Similar to the development of sustainability criteria that are being discussed regarding the import of hydrogen to Germany (Krieger et al., 2024), the emissions intensity of the imported hydrogen might also be assessed, among other things. This might incentivise importers to give preference to those supplier countries where the lowest emissions occur in the production of hydrogen.
Overall, our study provides a detailed, transmission-specific assessment that complements existing broader hydrogen economy studies. Future work should focus on refining leakage estimates using empirical data from hydrogen pilot projects, integrating regional transport networks, and analysing long-term infrastructure adaptation needs for large-scale hydrogen deployment.
4.2 Uncertainties
The assumptions made in this study are subject to a high degree of uncertainty as it is still not clear what a future hydrogen network will actually look like, nor is it clear what assumptions regarding compressor power, operating pressure and other parameters can be made regarding future hydrogen network topologies. Since the emission rates for hydrogen are largely derived using conversion factors based on the current natural gas structure, which are in turn subject to uncertainties, this further amplifies the uncertainties for hydrogen. However, as these parameters become more robust and reliable with a global hydrogen economy emerging in the next decades, the assumptions should be revised periodically – but for now, statements can only be made on the basis of assumptions. The data used here are, however, largely based on real-world data for natural gas reported within the OGMP2.0 framework and preliminary data for the hydrogen core network provided by the FNB Gas and TSOs. Although, as outlined in Section 2.2.1, this is probably the most reliable basis upon which the assumptions within this study can currently be made, we acknowledge that it should be the subject of a future review. As already stated previously, it should also be noted that the scope of this paper only refers to the transmission network within Germany and does not take into account the distribution network infrastructure or any storage facilities. Including further components of the national or international gas infrastructures could help to provide a more comprehensive understanding of emissions in the natural gas value chain today as well as the future hydrogen value chain.
In the absence of real-world measurements for large-scale hydrogen networks, our assumed emission rates could only be derived using an empirical conversion factor based on methane emissions. However, this conversion factor is subject to many assumptions, some of which can only be estimated today, but are not measurable (Esquivel-Elizondo et al., 2023; Fan et al., 2022). In addition, a separate conversion factor would have to be calculated for different leaking geometries and each network component, but this would go beyond the scope of this study. Furthermore, our simplified assumption of all-turbulent flow, which results in a conversion factor close to the theoretical maximum, can be considered conservative (Cooper et al., 2022; Garrison and Gant, 2021). However, it is likely to be encountered in most of the transmission network due to the high operating pressures (Anghilante et al., 2023).
In addition to the standard metric (GWP100), the GWP20 sensitivity shows the difference of assessing short-lived greenhouse gases such as methane and hydrogen over a 20-year period instead of 100 years. Although the climate impact of the transmission networks is correspondingly higher for the shorter time horizon, this consideration is not crucial for the direct comparisons made here, since the GWP20 is higher than the GWP100 by a similar ratio for both methane and hydrogen (see Table 4). However, when the GWP20 is applied, the proportion of network emissions shifts significantly towards leakage, as only CO2 is produced in the energy-related compressor emissions and its GWP value is identical for both periods. Even taking into account the given range of hydrogen’s GWP (GWP100: 6–18; GWP20: 15.2–64.2), the distinction between GWP100 and GWP20 only plays a minor role in the comparison between hydrogen and natural gas. This is due to the relatively small contribution of hydrogen emissions to the total GHG emissions of the network operation (see Figure 6). However, given the uncertainty of ±2.8 in Sand et al. (2023), it is well in line with other GHGs such as methane (±11) and N2O (±130), which are far more prominent in climate science and policy debates and, not least, have been an integral part of IPCC reporting since its inception (IPCC, 2023; Mar et al., 2024).
4.3 Further research needs
Despite numerous studies, knowledge of the exact climate effects of hydrogen emissions on the atmosphere is still incomplete. Many influencing factors are not yet fully understood and quantified or are neglected (Chen et al., 2024; Paulot et al., 2024). Further research is therefore needed to reliably assess the climate impact of hydrogen. In addition, the actual hydrogen leakage from a future hydrogen infrastructure is not yet known (Cooper et al., 2022; Esquivel-Elizondo et al., 2023; Mar et al., 2024). The emission rates currently considered rely on estimates, which lack confirmation through in situ measurements in almost all cases. However, the ongoing development of hydrogen emission detection, such as application of high-precision sensors (Arrigoni and Bravo Diaz, 2022; Westra et al., 2024), should provide increasingly accurate real-world measurement data to verify and further develop the assumptions made here in the future (Mar et al., 2024). Furthermore, existing hydrogen pipelines could be equipped with enhanced measurement technology to provide accurate and realistic emission data. In addition, system-wide investigations under real operating conditions are needed to derive specific emission values and conversion factors for different network components. Investment in hydrogen emission quantification tools and new measurement initiatives will therefore be crucial in the future (Esquivel-Elizondo et al., 2023; Fan et al., 2022; Mar et al., 2024). For a system-wide view, it is also necessary to examine applicability to the distribution network level and storage infrastructure.
There is also a need for future research to better understand processes in the global hydrogen cycle. Although the basic understanding is solid, natural sinks and sources of hydrogen – especially the sink effect of the soil – still represent a major uncertainty factor and contribute the most to the uncertainty range of GWP values (Arrigoni and Bravo Diaz, 2022; Chen et al., 2024; Paulot et al., 2024; Sand et al., 2023; Warwick et al., 2023). However, as shown in the recent study by Chen et al. (2024), using methane as the reference gas for the GWP metric can be useful to compensate for some factors that apply to both hydrogen and methane and simplify the time dependence of GWP. Using methane as a reference instead of CO2 would therefore have several advantages: (1) It removes the uncertainty due to possible errors in estimating the lifetime of methane. (2) It removes errors in radiative properties and hydrogen GWP with respect to methane, so that a plateau is reached after about 15 years. (3) A direct comparison of hydrogen with fossil methane could be helpful in considering the advantages of using hydrogen instead of methane as a fuel.
5 CONCLUSION
Hydrogen has the potential to become an important part of a sustainable energy supply. Nevertheless, its impact on climate change should not be overlooked. Our case study of the future German hydrogen core network shows that the planned switch from natural gas to hydrogen will be associated with a significant reduction in climate impact from a national transmission network perspective. Although the indirect warming potential of hydrogen has been scientifically proven, its impact on the system under consideration is limited and does not outweigh the climate benefits of switching to hydrogen as an energy source. This is also true of conservative assumptions, for example, the assumed GWP of hydrogen or the magnitude of hydrogen losses along network components.
To meet climate change targets, however, the full life cycle emissions of hydrogen along the whole value chain should be taken into account. Although the potential of hydrogen as a low-carbon fuel remains promising, policymakers and industry stakeholders should consider the (indirect) warming effects when evaluating hydrogen as a cornerstone of decarbonisation efforts. The continued refinement of GWP estimates and climate models, especially concerning the interactions of hydrogen with atmospheric methane and ozone, will be essential to more accurately assess the role of hydrogen in climate change mitigation. The climate benefits of hydrogen over fossil alternatives, especially for sectors that are considered hard to abate, should by no means be denied, but awareness of the potential climate impact of hydrogen emissions needs to be raised – by the gas industry itself, by industry in general and by policymakers, but also by the public sector.
Although the (indirect) climate impact of hydrogen was already acknowledged and discussed in the IPCC’s Fourth Assessment Report (AR4), hydrogen has not yet been included as GHG in the official list of reportable greenhouse gases due to the indirect nature of its impact (IPCC, 2007; 2023). However, in light of national and European climate protection goals, it is important to avoid all climate-relevant emissions as much as possible. Against this background, it is important that the current state of research on the climate impact of hydrogen is incorporated into political decisions and application-oriented research as soon as possible.
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