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[bookmark: _Ref57673166][bookmark: _Ref57673289][bookmark: _Toc97544844][bookmark: _Toc121830925]EXECUTIVE SUMMARY

In Europe, a mature developed and regulated network of gas infrastructure is already in place, capable of transporting and storing large quantities of energy through more than 200,000 km of transmission pipelines, over 2 million km of distribution network and over 20,000 compressor and pressure reduction stations. The value of the total infrastructure investments is approximately 65 billion Euros in the transmission system, and the investment at the distribution level is three times that.
Gas represents 21.5 % of the EU’s primary energy consumption. The residential sector accounts for most of the EU gas demand (40 %), followed by industry and power generation. The EU imports 80 % of its total gas needs.
The European Green Deal aims to fully decarbonize the gas sector by 2050, accounting for a quarter of the EU’s greenhouse gas emissions in 2020. To meet the decarbonisation targets, the EU aims to shift into low carbon gases whilst reducing its total gas consumption. Biogas/biomethane and hydrogen will play the leading role.
Hydrogen has become the central element in the plans to decarbonise the sector. National Energy and Climate Plans (NECPs) show that EU Member States are increasingly considering hydrogen deployment in the gas network. The deployment of hydrogen in the gas network enables optimal use of renewable energy resources. The use of existing natural gas infrastructure avoids stranded assets and reduce the investment otherwise required for renewable electricity transport and storage infrastructure. The European Commission has committed to install 40 GW of electrolysers by 2030 and to have low carbon gases accounting for more than 15 % of gas consumption by then.
This report summarises the results of activities A1.1.1 and A1.1.2 of Task 1.1 ‘Understanding operating conditions for decarbonised gas grids’ of Work Package (WP) 1 ‘Flow Metering’ of the EMPIR Metrology for Decarbonising the Gas Grid project (Decarb project).
The Task aims were to collect knowledge:
-	on the operating ranges of the gas grids across European countries
-	on the plans for gas grid decarbonisation across European countries 
-	on Hydrogen and Hydrogen/natural gas blends flow metering technologies development 
This will allow the WP1 partners to ensure that appropriate operating ranges and flow metering technologies have been selected for the subsequent flow meters testing phase of the projects.
In this report the operating ranges of European gas grids were presented together with a summary of the plans for gas grid decarbonisation across European countries. A literature review was conducted to provide an updated picture of how different stakeholders foresee the decarbonisation of the gas value chain.  However, due to the rapid evolvement of the sector and the upcoming changes in the legislative framework (among others, by the Hydrogen and Decarbonised Gas Package) it is currently challenging to provide accurate predictions of future developments. Nevertheless, some clear conclusions were identified and reported below. 
For hydrogen injection concentration in the natural gas grid, it is concluded that:
•	2 vol % hydrogen content could be handled by the gas network, including sensitive industrial processes, like acetylene production and CNG stations.
•	5 vol % hydrogen content should be accepted by Transmission System Operators (TSOs) at interconnection points between the Union Member States from 1 October 2025, according to the Proposal for a Regulation of the European Parliament and of the Council on the internal markets for renewable and natural gases and for hydrogen.
•	10 vol % hydrogen content could be generally accepted and fulfils current limits in relative density, High Heating Value (HHV) or Wobbe Index (WI) defined in European Standards and EASEE-gas CBP. Additionally, this is the hydrogen content expected in the short/mid-term scenario (2025-2030) by relevant stakeholders of the gas value chain [8] [9].
•	20 vol % hydrogen content is expected in the mid-term scenario (2030-2040) by relevant stakeholders of the gas value chain [8] [9].
•	100 vol % hydrogen appears to be a longer-term expectation that requires repurposed or new hydrogen dedicated gas grid. However, the repurposing of natural gas pipelines into dedicated hydrogen networks is already materialising in some Member States and can be a reality in few years’ time.
Blending green hydrogen alongside other gases into the existing gas grid is considered a possible interim first step towards decarbonising natural gas. A range of studies and reports indicate that the presence of hydrogen in the gas grid up to a maximum of approximately 5 -10 vol % would be feasible without significant modifications to the gas infrastructure and end-consumer installations. A further increase towards the end of the decade to 15-20 vol % seems possible if modifications are introduced to the infrastructure and affected consumer installations. For example, ATEX classification remains the same for natural gas with 20 vol %, while higher ATEX class are required beyond 20 %. Raising hydrogen content beyond 20 % vol could be considered a mid to long-term goal instead.
It is concluded that it would be relevant to test flow meters up to 20 vol % hydrogen content and possibly at 100 vol % hydrogen content as part of Work Package (WP) 1 ‘Flow Metering’ of the EMPIR Metrology for Decarbonising the Gas Grid project (Decarb project).
Typical values of domestic, distribution and transmission grid pressure were identified as follow: 
· 20 to 25 mbar for domestic use
· up to and including 16 bar for distribution pipelines
· typically between 50 to 80 bar for transmission pipelines

[bookmark: _Hlk121830643]In term of flow rates, there is a considerable variability of ranges across the gas networks. A traditional limit of 20 m/s (72 km/h) for the flow velocity is used in the natural gas grid, although deviations from this are also possible. For example, in large transmission pipelines, the flow velocity usually is lower. However, the flow velocity for pure hydrogen would need to be considerably higher than 20 m/s to match the energy transport capacity of natural gas for a given pressure and pipe size. A further assessment is required to establish the hydrogen flow velocity limit. There is a high variability in the European gas pipelines’ size depending on their use. Pipeline diameters range is generally between 5” and 41”, with pipeline sizes closer to the lower end of this range for gas distribution network and closer to the higher end of this range for gas transmission network. Although it would have been relevant to conduct tests over the entire pipeline diameters range, this will not be possible since the upper range is outside the test facilitates operating envelope limit of 17”.  
It is concluded that tests in Work Package (WP) 1 ‘Flow Metering’ will be conducted with flow meters between 5” and 17”, and with smaller size meters for domestic meters. Flow rates and pressure will be primarily dictated by the test facilities operating envelope and effort will be put to match the values reported above.   
A metering technology literature review was presented in this report. The review conclusions are divided between physical properties models, distribution/transmission flow meters and domestic meters as follow:
•	Physical properties models: 
The density difference between GERG-2008 and AGA8-DC92 models is well within ±0.03 % for a typical natural gas blend with up to 50 % hydrogen concentration and pressure between 5 and 50 bara. Studies in the literature (see Section 5.1) show that GERG-2008 is within ±0.05 % of the experimental density results for up to 10 % hydrogen concentration natural gas blends and within ±0.1 % up to 30 % hydrogen concentration. 
The speed of sound difference between GERG-2008 and AGA8-DC92 models is well within ±0.05 % for a typical natural gas blend with up to 20 % hydrogen concentration and pressure between 5 and 50 bara. Further work is required to assess GERG-2008 and AGA8-DC92 performance against experimental data. However, tests at DNV with ultrasonic meters suggest that values are within 0.1 %. 
Further investigation is required to fully assess and further develop GERG-2008 and AGA8-DC92 models. However, it is concluded that GERG-2008 equation of state model can be used with confidence in the flow metering test work planned in Work Package (WP) 1 ‘Flow Metering’ of the EMPIR Metrology for Decarbonising the Gas Grid project (Decarb project). If improvements to this model or alternative better performing models are made available during this project then effort will be put to employ them. 

· Distribution and transmission flow meters: 

Test work with several 6” turbine meters show that their response in the Reynolds domain is similar between hydrogen-enriched natural gas (up to 30 % hydrogen concentration and 16 - 32 bara range) and natural gas. Instead, tests with ultrasonic meters generally show poorer results than for turbine meters. However, the ultrasonic meters response varies between tested meters, and it appears to be considerably influenced by the meter settings. The difference observed with rotary meters between natural gas and hydrogen enriched natural gas were typically well within 0.15 %. Coriolis meters are found to perform well within ±0.5 % both with hydrogen-enriched natural gas (up to 30 % hydrogen concentration and 16 - 32 bara range) and natural gas if they are properly compensated for pressure and speed of sound effects. To author`s best knowledge no differential pressure flow meters, such as orifice meters, were tested so far with hydrogen or hydrogen-enriched natural gas test. For all the meters technologies there is a general lack of test results with 100 % hydrogen openly available in the literature. 
It is concluded that it would be of interest to conduct tests with 100 % hydrogen as part of Work Package (WP) 1 ‘Flow Metering’ of the EMPIR Metrology for Decarbonising the Gas Grid project (Decarb project). In particular it would be interesting to test differential pressure meters both with natural gas/hydrogen blends and with 100 % hydrogen. 
· Domestic flow meters: 

The studies available in the literature show that diaphragm meters generally perform within the Maximum Permissible Error limits with hydrogen-enriched natural gas blends (up to 20 % hydrogen). Methane and blends result generally agree within 0.3 %, and the differences are primarily observed at low flow rates less than 10 % of Qmax. Instead, for ultrasonic meters the response depends on the meter type/vendor. Errors outside MPE limits are possible for ultrasonic meters and discrepancies between methane and blends result are generally greater than for diaphragm meters. There are indications that the discrepancy between methane and blends results decreases by decreasing the hydrogen concentration, with performance considerably increasing below a certain hydrogen concentration threshold. However, further investigation is required on this point. Thermal mass flow meter response is generally found within the MPE limits. For all the meters technologies there is a lack of test results above 20 % hydrogen and with 100 % hydrogen.  
It is concluded that it would be of interest to conduct tests of domestic gas meters with 100 % hydrogen as part of Work Package (WP) 1 ‘Flow Metering’ of the EMPIR Metrology for Decarbonising the Gas Grid project (Decarb project). It is also interesting to further test ultrasonic meters and the influence of varying the hydrogen concentration on their performance.







[bookmark: _Toc121830926]1. INTRODUCTION  
[bookmark: _Hlk97027028]
In Europe, a mature developed and regulated gas infrastructure is already in place. The EU gas network can transport and store large quantities of energy, being constituted by more than 200,000 km of transmission pipelines (Figure 1), over 2 million km of distribution network, and over 20,000 compressor and pressure reduction stations[footnoteRef:1] (around 9,500 MW of compressor stations). The value of the total infrastructure investments is approximately 65 billion Euros in EU transmission system Operators’ regulated asset bases. Distribution assets add to that figure at least by a factor of 3. [1:  According to European Union Agency for the Cooperation of Energy Regulators (ACER) data, available in https://www.acer.europa.eu/gas-factsheet.
2 Final integrated national energy and climate plans for 2021 to 2030 submitted by Member States and European Commission’s individual assessment of each NECP are available in this link https://ec.europa.eu/info/energy-climate-change-environment/implementation-eu-countries/energy-and-climate-governance-and-reporting/national-energy-and-climate-plans_en.] 

[image: ]
[bookmark: _Ref96680743][bookmark: _Ref96680738]Figure 1.-Transmission length across Europe in km for year 2020. [1]
The resilience of the EU gas system has increased significantly in recent years following regulatory initiatives (Network Codes, reverse flows, etc.) and relevant infrastructure investments that have contributed to diversifying the origins of supply. An efficient internal gas market based on the progression of liquid hubs is the best guarantee of the security of gas supply across the Union.
Gas represents 21.5 % of the EU’s primary energy consumption, being the dominant source of energy for households (32.1 %) as around 40 % of homes are connected to the gas network. The residential sector accounts for most EU gas demand (40 %), followed by industry and gas use for power generation. Industry consumption has declined by 20 % since 2000, whereas gas used for power generation has risen by 15 % in the same period. These trends are due to the EU’s economic transition from industry to energy services and structural changes in the energy-intensive industry. The EU imports 80 % of its total gas needs.
The European Green Deal aims to fully decarbonise the gas sector by 2050, accounting for a quarter of the EU’s greenhouse gas emissions in 2020. To meet the decarbonisation targets, the EU aims to shift into low carbon gases whilst reducing its total gas consumption. Biogas/biomethane and hydrogen will play the leading role. In 2020, 4 % of total consumed gas in the EU-27 plus UK was low carbon gas, mainly biogas/biomethane.
Hydrogen has become the central element in the plans to decarbonise the sector. National Energy and Climate Plans2 and the European Commission strategy have committed to installing 40 GW of electrolysers by 2030. Low carbon gases account for more than 15 % of gas consumption by then. The major challenge is to reduce the current low carbon gas price gap, making it at least three times more expensive than conventional gas.
European gas networks will require adaptation and new investments to enable the low carbon shift. Many projects have been developed or are ongoing for analysing the impact of hydrogen into the existing gas grid and the required adaptations for the hydrogen concentrations predicted in the short, mid and long-term (a selection is included in Section 3.3). The EMPIR Metrology for Decarbonising the Gas Grid project (Decarb project) focuses on the metrological aspects, with the following objectives:
· Flow metering. To develop metrology infrastructure to support new flow metering requirements for pure hydrogen and hydrogen-enriched natural gas in the gas grid and metering carbon dioxide in Carbon Capture and Storage (CCS) processes.
· Gas composition. To develop new primary reference materials and gas analysis methods to support the gas industry in performing gas quality measurements for pure hydrogen, biomethane and hydrogen-enriched natural gas, and purity analysis of carbon dioxide for CCS processes.
· Physical properties. To develop metrology infrastructure to support measurement of physical properties for hydrogen-enriched natural gas. Multiphase properties of mixtures composed of high levels of impurities in carbon dioxide will also be validated.
· Leak detection. To develop metrology infrastructure to support new leak detection requirements for decarbonising the gas grid and carbon dioxide leak from pipelines or underground storage in CCS processes.

This report is part of the Flow metering objective, and its scope is described in Section 2.
[bookmark: _Toc121830927]2. SCOPE
This report summarises the results of activities A1.1.1 and A1.1.2 of Task 1.1 ‘Understanding operating conditions for decarbonised gas grids’ of Work Package (WP) 1 ‘Flow Metering’ of the EMPIR Metrology for Decarbonising the Gas Grid project (Decarb project).
[bookmark: _Hlk97027745]The task aims were to collect knowledge:
· on operating ranges of gas grids across European countries
· on plans for gas grid decarbonisation across European countries 
· on hydrogen and hydrogen/natural gas blends flow metering technologies development 

This will allow the WP1 partners to ensure that appropriate operating ranges and flow metering technologies have been selected for the subsequent flow meters testing phase of the projects.
Specifically, in activity A1.1.1 Enagás, with support from NEL, VSL and DNV, have reviewed the latest findings from 18NRM06 NEWGASMET to determine the operating ranges (pressures, flow rates, temperatures, gas compositions) for utilisation of hydrogen and hydrogen-enriched natural gas in European gas grids at the domestic, distribution and transmission scale. Enagás, with support from NEL, VSL and DNV, have collected knowledge on the plans for decarbonisation across each country in Europe, including efforts from ongoing projects such as NEWGASMET. 
In activity A1.1.2 DNV, with the support from NEL, VSL and Enagás, has conducted a literature review of hydrogen and hydrogen/natural gas blends metering studies, availability of models to calculate physical properties and developments in flow meter technology. 
In Section 3 the operating ranges of the gas grids across Europe are presented. In Section 4 the plans for gas grid decarbonisation across European countries are described while in Section 5 a review of flow metering technologies is presented. Final conclusions are drawn in Section 6.
[bookmark: _Toc121830928]3. EUROPEAN GAS GRIDS OPERATING RANGES FOR HYDROGEN

In 2020, the European Commission launched a hydrogen strategy for a climate-neutral Europe, setting out the conditions and actions for mainstreaming clean hydrogen, along with targets for installing renewable hydrogen electrolysers by 2024 and 2030 (at least 6 GW of renewable hydrogen electrolysers in the EU by 2024 and 40 GW of renewable hydrogen electrolysers by 2030) [2].
For decades European gas networks have shown the ability to deliver reliable, cost-effective and safe pipeline distribution to millions of customers. Gas networks will also add value to address the challenges to achieve the enormous growth and carbon reduction potential of hydrogen in Europe and meet Europe’s ambitious climate goals as [3]: 
· Gas infrastructure provides the means to cope with rapidly growing shares of variable wind and solar power by transporting hydrogen from decentralised production to consumers and the European hydrogen market.
· Gas infrastructure can handle significant seasonality in demand (between summer and winter by a factor of 2 to 6), providing a reliable hydrogen supply even during the coldest winters. Large scale hydrogen underground storage facilities linked to gas networks are the only fast-acting, long-lasting (days to weeks) storage capacity at an enormous scale to cope with variable power production and demand for gas among European consumers.
· Local gas networks provide a flexible decarbonisation pathway for customers as they are well positioned to distribute and manage varying local blends of molecules and, to a large extent, are ready to convert relatively quickly to adapt 100 % hydrogen.
· As a high percentage of industrial and commercial gas end-users are connected to gas networks, the infrastructure is crucial to bring the European hydrogen backbone to life and deliver large volumes of hydrogen to millions of customers. A local gas network will facilitate a competitive hydrogen market, meaning more hydrogen for users at a lower price.
· Local gas networks provide a cost-efficient pathway. Cost analysis shows that in a decarbonisation scenario including significant volumes of hydrogen and green methane, investment in the combined power and gas infrastructure is estimated to save 41 billion Euros per year compared to a power dominated scenario.

[bookmark: _Toc121830929]3.1 HYDROGEN CONCENTRATION  

Blending hydrogen alongside other gases into the existing gas grid is considered a possible interim first step towards fully decarbonising the natural gas grid. A range of studies and reports indicate that the presence of hydrogen in the gas grid up to a maximum of approximately 5 -10 vol % would be feasible without significant modifications in the gas infrastructure and end-consumer installations. Based on current knowledge, a further increase towards the end of the decade to 15 - 20 vol % appears possible after changes to the infrastructure and affected consumer installations. Raising hydrogen content beyond that concentration range would require further research and developments for some categories of consumers and could be considered to be a medium to long term development. Many EU countries are considering allowing hydrogen injection into their natural gas network, some of them defining blending targets to be reached by 2030 [4].
In addition to address technical challenges, a regulatory framework needs to be timely in place to achieve these goals. Enabling the access of renewable gases to the gas grid was marked as one of the key priorities in the European Gas Regulatory Forum in Madrid, which called for creating a market for renewable and low carbon gases. Rules were also proposed for deploying infrastructure along various pathways, including blending in the grid to guarantee broader availability of renewable and low carbon gases to end users.
Lastly, the presence of non-harmonised hydrogen thresholds in neighbouring countries, where vital gas trade takes place, could induce significant trade barriers and constraints to the upstream grid. This adverse effect can be addressed by minimising the differences in requirements related to the maximum allowed concentration of hydrogen in gas networks to avoid distortions, especially for neighbouring countries with high gas exchange volumes.
[bookmark: _Toc121830930]3.1.1 CURRENT GAS GRID HYDROGEN LIMITS
The sectoral integration of power and gas grids, using hydrogen as the medium, is one of the central premises of the hydrogen economy. The injection of hydrogen from renewable energy into a retrofitted natural gas network or in a new hydrogen network could help utilise renewable energy that would otherwise be curtailed. Furthermore, it would enable the gas grid’s substantial energy storage capacities and provide indirect renewable electricity transmission.
[bookmark: _Hlk94539277]While hydrogen and natural gas have different chemical characteristics, blending hydrogen with natural gas changes these characteristics slightly for low concentrations. Combining these two gases can also become an important early step towards gradual gas grid decarbonisation. Injecting hydrogen into some natural gas distribution networks is technically feasible today without a significant overhaul of pipelines or appliances containing 10-20 vol % of hydrogen.
In terms of policies, one of the critical issues is the maximum legal or safely acceptable hydrogen concentration in the natural gas distribution or transmission network. Germany has the highest legal concentration of hydrogen in the transmission network at 10 vol % (under certain conditions), while in Czech Republic, the legal limit is 0 vol % [5]. Figure 2 presents the maximum vol % of hydrogen allowed in various European countries’ transmission networks, either legally or according to national safety regulations.


[image: ]
[bookmark: _Ref94539241]Figure 2.-	Current limits (vol %) on acceptable hydrogen concentrations in European TSO gas grids. [5]
Regarding European plans, Portugal plans for a 10-15 % volume ratio of hydrogen on the natural gas network by 2030, making it the only EU country that set itself a target of this kind. As a reference, Germany, Spain, The Netherlands, and France are also studying the possibilities to retrofit and use existing infrastructures, dedicating them either to pure hydrogen transport or blending with natural gas. The construction of new networks of pipelines is also being considered (Table 1).

[bookmark: _Ref94540722]Table 1.-	National strategies for hydrogen in the natural gas grid [5]
(1) Roadmap for the long-term considers 40-50 % of hydrogen in 2040 and 75-80 % in 2050. The difference to 100 % will be supplied through other renewable gases (biomethane).
	Country
	Ratio of hydrogen in natural gas networks
	Considers injecting hydrogen into the natural gas network
(blending and/or pure hydrogen)
	Considers construction of new pipelines dedicated to hydrogen distribution

	France
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	-
	
	-

	Germany
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	-
	
	

	The Netherlands
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	-
	
	

	Portugal
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	2025: 1-5 vol %
2030: 10-15 vol % (1)
	
	

	Spain
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	-
	
	



[bookmark: _Toc121830931]3.1.2 TECHNICAL SUITABILITY OF GAS INFRASTRUCTURE TO HYDROGEN
The properties of Hydrogen are different to those of natural gas. At standard conditions, methane calorific heating value per cubic meter is three times that of hydrogen. Therefore, hydrogen and natural gas mixtures have different properties than the two individual gases, raising the question of the suitability of the existing natural gas infrastructure and end users’ equipment for utilising such mixtures.
The most sensitive gas quality parameters defined in international standards would be the heating value and relative density and, therefore, the Wobbe index. Another affected parameter is the methane number. Hydrogen concentrations above 10 vol % could bring the relative density below the lower limit of 0.555 defined in Standard EN 16726 [6] for typical natural gas compositions. In addition, such concentration could get any of the three parameters out of the permissible limits defined by EASEE-gas[footnoteRef:2] CBP [7] (Figure 3 is included as a reference). [2:  European Association for the Streamlining of Energy Exchange – gas (EASEE-gas).] 

[image: ]
[bookmark: _Ref96337660]Figure 3.-	Influence of H2 addition on High Heating Value (HHV) and Wobbe Index (WI) of typical pipeline gas composition (left) and LNG (right). The red area defines the EASEE-gas CBP limit for reference purposes. [8]
To address this question, several projects were conducted in the past years or are in currently underway (see section 3.3). One of the most recognised projects is by Marcogaz ‘Technical Association of the European Natural Gas Industry’ [9], with the following objectives:
· Provide an overview of the technical readiness of the gas infrastructure and end uses equipment to handle hydrogen-natural gas mixtures at each stage of the gas chain.
· Identify gaps in knowledge and areas where R&D is required to remove barriers limiting hydrogen uptake in the supply chain and enable new hydrogen and hydrogen-natural gas mixtures applications.
· Collect and assess the most up-to-date knowledge on the use of hydrogen and hydrogen-natural gas mixtures based on evidence and experience from gas network & storage operators and end-use experts.
· Collect and appraise the current state of knowledge of transmission, storage, distribution and use of hydrogen-natural gas mixtures and hydrogen, drawing on the vast expertise and experience of network operators, storage operators and end-use experts.
· Assist with investigating the opportunities with the existing gas infrastructure to achieve the best benefits and contribute to reaching climate goals.

The main project results are (see also infographic included in Annex 1):
· Natural gas infrastructure and residential appliances:
· Major elements of the gas transmission, storage and distribution infrastructure and residential gas appliances are expected to accept 10 vol % H2 without modification.
· Some networks and residential appliances are already being operated with 20 vol % of hydrogen.
· Major elements of the infrastructure and residential appliances are expected to accept 20 vol % H2 with modification.
· Higher concentrations (> 20 vol-% H2) can be reached through R&D by further measures or replacement.
· Industrial processes:
· Many industrial processes (except feedstock) are expected to accept 5 vol % H2 without modification.
· Current power plant gas turbines, industries using natural gas as feedstock and CNG steel tanks are assessed to be sensitive to even small quantities of hydrogen. They need further R&D/mitigation measures when planning to convey higher hydrogen concentrations.
· Thermoprocessing equipment (such as furnaces and burners) is expected to accept 15 vol % H2 with modifications.
· Higher concentrations (> 15 vol % H2) can be tolerated through R&D, further measures or replacement.
· To enable hydrogen concentrations in the range of 5 to 10 vol % H2, R&D is recommended to understand the effect on underground gas storage, gas turbines, process equipment in the chemical industry using natural gas feedstock and steel tanks for CNG vehicles.
· To exceed hydrogen concentrations of 10 vol % H2 in addition to the topics mentioned before, a particular R&D focus is required on gas transmission issues, including pipelines and compressors. Underground gas storages (including well completion and the suitability of porous rock structures) should also be investigated. In addition, metering devices and industrial gas use need to be addressed.
· R&D for residential appliances is especially recommended for hydrogen concentrations above 20 vol % H2 and to understand the impact of varying hydrogen concentrations in general. A few cases are expected where R&D will be recommended for hydrogen concentrations above 10 vol % H2.
· More focus should be on developing retrofit solutions for existing installed appliances to handle hydrogen-natural gas mixtures.
· Mitigation technologies used to reduce hydrogen concentration in gas grids exist, such as membranes and methanation. They are considered essential to protect sensitive equipment and processes and can be installed beforehand. Further R&D is recommended in such cases.
· Further R&D does not mean that the equipment is not suitable for use with hydrogen-natural gas mixtures or that no modification measures are currently available. Instead, it reflects the need for innovation to develop new opportunities to maximise the existing infrastructure's benefit.

[bookmark: _Toc121830932]3.1.3 RELEVANT STAKEHOLDERS’ POSITIONS
In the broader context of the Green Deal and on the pathway to achieve the 2050 decarbonisation targets, a complete system analysis of the energy system is necessary to assess the most efficient way forward, especially in the gas sector. In this context, coordination and information exchange between all gas systems operators and other stakeholders is critical to managing the system efficiently. Still, it is also pivotal to understand the reality behind gas uses today.
ENTSOG ‘European Network of Transmission System Operators for Gas’ proposed with DSO organisations (Eurogas, Geode, CEDEC, GD4S) to establish a dedicated prime movers’ group on gas quality and hydrogen handling. Relevant stakeholders of the gas value chain have been invited to participate in the prime movers’ group (Figure 4).
[image: ]
[bookmark: _Ref96341599]Figure 4.-	Relevant stakeholders of the gas value chain involved in the prime movers’ group*. [8]
* Other sector associations were also invited to join, although no answer was received.
** GWI representative was invited to participate due to the experience and involvement in gas quality topics during the past years, particularly in CEN SFGas GQS work.
*** These stakeholders accepted the invitation to join the group, although they did not actively provide inputs.
This group discusses innovative and feasible ways to handle gas quality in fluctuating blends and pure hydrogen grids in the future gas system and the main technical challenges foreseen. The final stage will be to better understand the main principles to handle gas quality related to renewable, decarbonised and low carbon gases. The aim is to optimise the diversification of supplies and the grid's decarbonisation and guarantee end-user safety and access to the product they require.
The prime movers’ group will continue meeting during the first half of 2022, taking into account the outcome of the new legislative (Gas Directive and Gas Regulation). Yet, stakeholders' discussions to date have led to a better understanding of what challenges may arise and what tools and solutions must be implemented to ensure a smooth transition. As a result, the group concluded in 2021 that [8]:
· Current scenario (2021-2022): Up to 2 vol % H2 can generally be technically handled. This percentage can be higher in many sectors, except those using very sensitive processes (like acetylene production) and CNG stations. Depending on the sector and natural gas base composition, this percentage can increase, up to 5 vol % H2, for power plants. The domestic sector can already handle 10-20 vol % H2 without further investments.
· Short/mid-term scenario (2025-2030): Developments are expected to allow current industrial stock, except feedstock usage, to handle higher H2 percentages. Yet, the fluctuation of the hydrogen percentage in natural gas will still be a concern for the industry. In those cases, deblending could be used for dedicated hydrogen transport to industrial users. Minor retrofitting will allow the current industrial stock to handle higher H2 percentages (20-30 vol% by turbines and engines). Hydrogen blending up to 10 vol % is expected in this scenario.
· Mid-term scenario (2030-2040): In some instances, a turning point from which the increased H2 concentrations in the system might not be feasible technically or economically will be defined. Once that turning point is reached in these regions, a complete transition to hydrogen may be more cost-efficient than increasing the concentration of hydrogen in mixtures with natural gas. In other areas, a timely construction of a H2 backbone will be the highest priority and heavily rely on the repurposing of existing natural gas pipelines. Nevertheless, there is no single solution for the entire European gas sector due to the specificities of different regions and different policies. In this regard, different pathways will likely coexist: methane backbone (using natural gas, biomethane or synthetic natural gas), hydrogen blending, and the European Hydrogen Backbone's embryonic development at TSO and DSO levels. Depending on national and regional conditions and customers’ needs, requirements, and grid topology, hydrogen blending up to 20 vol % is expected to be present in some regions for consumption or as a buffer to inject hydrogen surplus.
· Hydrogen Backbone scenario: Further into the future, hydrogen demand is expected to increase at all levels, and most sectors will likely retrofit to dedicated H2 systems. Therefore, the full deployment of dedicated H2 grids at TSO and DSO levels is expected to be taking place. Yet, that may not be possible for some specific industrial processes. Therefore, to continue supplying consumers who are primarily dependent on methane to produce chemicals, there will also be methane networks in the future at the transmission and distribution network level. This methane network could include biogas/biomethane and synthetic natural gas (SNG), depending on the national and regional developments. The repurposing of natural gas pipelines into dedicated hydrogen networks is already materialising and in some Member States, repurposed H2 backbones can be a reality in just a few years.

[bookmark: _Toc121830933]3.1.4 HYDROGEN AND DECARBONISED GAS PACKAGE
The review and revision of the Gas Directive 2009/73/EC and Gas Regulation (EC) No 715/2009 is referred to as the Hydrogen and gas markets decarbonisation package, published in December 2021. It enables the market to decarbonise gas consumption and puts forward policy measures required to support the creation of optimum and dedicated infrastructure and efficient markets. It will remove barriers to decarbonisation and create the conditions for a more cost-effective transition. The package aims to facilitate the integration of renewable and low carbon gases into the existing gas network.
The package proposes rules on the operation and financing of hydrogen networks, the transparency of gas quality parameters and hydrogen blends, the repurposing of natural gas networks for hydrogen transport, and unbundling and non-discriminatory network access, creating the right environment to invest in hydrogen infrastructure and develop a competitive hydrogen market. A European Network of Network Operators for Hydrogen will be established to ensure optimal development and management of the EU hydrogen network and facilitate trading and supplying hydrogen across borders.
Gas Package provides a new notion of ‘Hydrogen Network Operator’ (HNO), which would apply to all transport operators on hydrogen networks, without distinction between the transmission or distribution levels, as this distinction would not exist in the hydrogen network.
The Proposal for a Regulation of the European Parliament and the Council on the internal markets for renewable and natural gases and for hydrogen [10] indicates in Article 20 that ‘Transmission system operators shall accept gas flows with a hydrogen content of up to 5 % by volume at interconnection points between EU Member States in the natural gas system from 1 October 2025, subject to the procedure described in Article 19 of this Regulation’. This allowed cap for hydrogen blends is set for all cross-border points, a cost-efficient level in terms of adaptation and abatement costs.
[bookmark: _Toc121830934]3.1.5 PURE HYDROGEN INFRASTRUCTURE
For hydrogen to access the various end uses across Europe, basic infrastructure will have to be developed between production and consumption points. Thousands of tons of hydrogen are already traded and distributed around Europe today via local dedicated hydrogen pipelines or trucks. However, developing an EU-wide hydrogen pipeline network is required to further deploy the hydrogen economy, as this is the cheapest mode of transport for large quantities of gas. The hydrogen economy will require a similar transmission and distribution ecosystem to the current natural gas infrastructure, complemented by trucks and ships. While blending hydrogen gas into the existing natural gas pipelines will be important in the early 2020s, retrofitting existing gas infrastructure to carry pure hydrogen will be necessary. That infrastructure does not currently exist besides dedicated pipelines in a limited number of industrial areas.
There have been several infrastructure initiatives, including the European Hydrogen Backbone by a group of EU Gas TSOs [11] [12], and national initiatives such as Germany and the Netherlands. These initiatives include retrofitting existing natural gas pipelines and partially building an entirely new hydrogen infrastructure to accommodate growing demand.
The European Hydrogen Backbone (EHB) initiative is a group of European gas Transmission System Operators (TSOs) that has drafted a proposal for a dedicated hydrogen pipeline infrastructure, to a large extent based on repurposed natural gas pipelines. Since the beginning, the EHB initiative has grown to 23 European gas TSOs with gas networks covering 19 EU Member States plus the United Kingdom and Switzerland. This initiative contains a geographically extended vision for a dedicated hydrogen infrastructure stretching across these 21 European countries, projecting that:
· A network of 39,700 kilometres of pipes will connect 21 countries in 2040, with the forecast to continue growing in the following years.
· Around 69 % of 39,700 kilometres would correspond to the adaptation of existing gas pipelines, and the remaining 31 % to newly built gas pipelines.
· Hydrogen could be transported at an average cost between 0.11 and 0.21 €/kg for every 1,000 km of network, representing a competitive cost.

In Figure 5, the detail of how this adaptation of the existing gas network is planned in 2030, 2035 and 2040 horizons is shown.
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[bookmark: _Ref95754106]Figure 5.-	Emerging European Hydrogen Backbone in 2030 and growing network in 2035 and 2040. [11]
According to the European Hydrogen Backbone initiative, most hydrogen infrastructure projects will first develop in industrial clusters, ports, and cities in the north of the continent (Belgium, Netherlands, North-West Germany) by 2030. Other network additions or retrofits include France and Spain or Denmark and Sweden. By 2035, the hydrogen network will grow from regional networks to a (trans)national scale with an interconnection between Denmark and Germany and extending the north-south corridor in France to Marseille. By 2040, the network will become pan-European and eventually incorporate green hydrogen imports from North Africa, the North Sea, and possibly Ukraine. An example of this progression could be hydrogen valleys around Valencia, Barcelona, and other Spanish industrial clusters. These would be subsequently integrated with the rest of Spain through both retrofits and newly constructed H2 pipelines before connecting the Spanish network internationally, for example, to Marseille, France.
The study concludes that retrofitting existing natural gas pipelines to transport hydrogen is the most cost-effective solution for building an EU-wide pipeline network. It estimates that constructing a hydrogen pipeline would be 10-50 % more expensive than building a new natural gas pipeline, while retrofitting a natural gas pipeline would only require 10-25 % of the CAPEX needed for a new hydrogen pipeline.
Given TSOs know-how in operating gas transmission infrastructure, the gas TSOs should be among those certified as owners and operators of future hydrogen networks.
[bookmark: _Toc121830935]3.1.6 HYDROGEN QUALITY
[bookmark: _Ref96937896]EASEE-gas has released recently the Common Business Practice (CBP) 2022-001-01 ‘Hydrogen Quality Specification’ [13], which defines a recommended quality specification for dedicated hydrogen transport by pipeline (Table 2), either of new built or retrofitted from the gas system. This CBP focuses on ‘industrial grade’ hydrogen produced by electrolysis or steam methane reforming, and the latter does not deliver fuel cell quality hydrogen. Additionally, no hands-on experience is available on the possible effects of residues in the pipeline resulting from the previous exposure to natural gas on the hydrogen transmitted through such a pipeline. The higher the purity requirement, the higher the risk that small amounts of a particular contaminant result in an off-specification at the exit. The basis for the parameters and their limit values in this CBP is based on an internal analysis carried out by EASEE-gas, taking into account end-user requirements, market shares, hydrogen quality obtained by the various production techniques and the contribution of the pipeline.

[bookmark: _Ref111020871]Table 2.-	Parameters and limit values defined in the CBP 2022-001/01 [13].
* A hydrogen concentration equal to or higher than 98 mol-% is proposed, agreeing with the hydrogen purity stated for Grade A in ISO 14687:2019 standard. In ISO 14687: 2019 standard, the specification for a hydrogen grade for Proton exchange membranes refers to hydrogen with very high purity (minimum 99,97 mol-% H2). This very high purity hydrogen can neither be guaranteed in a ‘former’ natural gas network nor is it necessary for the larger part of the hydrogen end consumers. On the other hand, the lower grade hydrogen specifications don’t contain the required limit values for parameters typically encountered in natural gas like, for example, the water dewpoint and are therefore not suitable.
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Depending on the developments in hydrogen production and advances in the market, as an extensive adoption of fuel cells, it is recommended to evaluate the current specification after 3 years or earlier if necessary.
[bookmark: _Toc121830936]3.2. PRESSURE, FLOW RATE AND TEMPERATURE
A hydrogen pipeline network would comprise essentially the same components as natural gas one, assuming hydrogen storage will be as widely available as natural gas storage is today. In the case of hydrogen blending, the elements would be the same.
[bookmark: _Toc121830937]3.2.1 PRESSURE
Gas flowing from higher to lower pressure is the fundamental principle of the natural gas delivery system. Although the operating pressures in the different parts of gas infrastructure change between countries, the following values can be accepted as reference:
· Transmission: Infrastructure intended to convey gas from one place to another through pipelines to supply gas to distribution systems or industrial consumers [14]. European Standard EN 1594 [14] describes the general requirements for gas supply through pipe systems and covers the pressure range higher than 16 bar maximum operating pressure (MOP) for steel systems. Therefore, this pressure could be considered a general separation between transmission and distribution systems. More specifically, in the range over 16 bar, Figure 6 shows a predominance of Maximum Operating Pressure of 65 bar and higher according to EGIG[footnoteRef:3] data [15]. Transmission pipelines are operated typically between 50-80 bar. [3:  . EGIG is a co-operation between a group of seventeen major gas transmission system operators in Europe to gather data on the unintentional releases of gas in their pipeline transmission systems.] 

· Distribution: Pipeline system including piping above and below ground and all other equipment necessary to supply the gas to the consumers [14]. European Standard EN 12007-1 [16] describes the general functional requirements for pipelines up to the point of delivery and for buried sections of pipework after the point of delivery, for maximum operating pressures up to and including 16 bar for gaseous fuels.
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[bookmark: _Ref96604137]Figure 6.-	Total natural gas network pipelines length against Maximum Operating Pressure for EGIG participating companies. [15]
At the inlet connection of the gas appliances, for domestic, commercial or industrial purposes, a general pressure can be established in the range of 20-25 mbar [17].
Hydrogen has different properties than natural gas that must be considered when designing or repurposing a pipeline network. At high pressures, hydrogen can over time cause localized embrittlement when in contact with bare steel. Minimizing fluctuations in operating pressure can also prevent hydrogen embrittlement. Hydrogen is also a smaller molecule than methane and is more prone to leakage and permeation. Hence, repurposing existing natural gas pipelines into dedicated hydrogen pipelines requires integrity assessments to be conducted concerning the potential presence of crack-like defects and tightness-related modifications of valves and fittings. Depending on the state of the existing infrastructure, repurposed pipelines may need to be operated at lower pressures to ensure compliance with current engineering codes. 
Furthermore, different driver and compressor designs will likely be required for hydrogen, meaning existing compressors cannot be repurposed. Hydrogen’s low molecular weight would demand most existing centrifugal compressors to rotate three times faster to achieve the same compression level. Repurposing natural gas infrastructure for use with hydrogen is technically feasible at a modest cost compared to the construction of new pipelines.
Pressure drop also has to be taken into account. When hydrogen is blended into natural gas, and the volume flow in the respective pipeline remains constant, the pressure drop decreases due to the compressibility of H2, but less energy is transported due to the volumetric energy density of H2. However, increasing the volumetric flow rate to transport the same energy leads to higher pressure losses along the pipeline. The higher friction from increased volume flow has a more significant effect than the decreasing effect on compressibility.
[bookmark: _Toc121830938]3.2.2 FLOW RATE
One of the main questions from a hydrogen transport point of view concerns the maximum allowable flow velocity under which risks related to asset and pipeline integrity are manageable and acceptable. Energy transport capacity increases with higher pressures and higher flow velocities (i.e. higher mass flow rates). A traditional limit of 20 m/s (72 km/h) for the flow velocity is used in the natural gas grid, although deviations from this are also possible. In large transmission pipelines, the flow velocity usually is lower. This limit ensures that integrity risks due to flow-induced vibration is minimized and remains at manageable levels further mitigated with engineering solutions.
Applying the same 20 m/s limit to pure hydrogen may be too conservative, constraining the energy transport capacity of new and re-used systems. For natural gas transport 20 m/s is a rule of thumb for the maximum flow velocity and 60 m/s could be a possible suitable approximated figure for pure hydrogen. However, to achieve the Hydrogen flow velocity required to match the energy transport capacity of natural gas, will require two main considerations [18]:
· The first relates to potential erosion. Gas transmission pipelines usually are very clean and free of potentially eroding agents such as sand. In the absence of eroding agents, internal erosion does not exist. However, in case of incidental ingress of eroding agents, the eroding potential of high-speed hydrogen flows is increased.
· The second is linked to dynamics loads at high frequencies. Even if hydrogen presents comparatively lower pulsation or radiated noise amplitudes than natural gas, it will do so at 3 times higher frequencies. Even for lower amplitudes, that may be more difficult to withstand from a mechanical vibration mitigation perspective. The same holds for noise, whereas in some cases, higher frequencies will render better blockage from the pipe or even move beyond (human) audible range; the opposite could also be true. The pipe may be more transparent and radiate more noise, possibly at frequencies to which humans are sensitive.

In the case of hydrogen blending into the gas grid, an increase in flow rate is required to maintain the same transported energy. Typically, a concentration of 20 vol % of hydrogen into the natural gas would require an increase of around 16 % in the flow rate to transport the same energy quantity.
The volumetric flow rate in a pipeline is given by combining the flow velocity and the pipeline size (i.e. pipeline diameter).  There is a high variability in the European gas pipelines’ size depending on their use. The design consumption and maximum flow velocity define the pipeline diameter. Figure 7 shows the total length of pipelines against pipeline diameter according to EGIG data. Pipeline diameters between 5” and 11” provide the greater total length per diameter, followed by 11” to 17”. 
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[bookmark: _Ref96611963]Figure 7.-	Total length per diameter corresponding to EGIG participating companies. [15]

[bookmark: _Toc121830939]3.2.3 TEMPERATURE
Operation at the same temperature could be assumed as the gas approaches the ground temperature at some distance. However, hydrogen blending significantly influences the Joule−Thomson coefficient of natural gas and, therefore, the expansion process. In the case of natural gas, the Joule−Thomson coefficient is positive (around 0,40 ºC/bar at 80 bar and 10 ºC) and the fluid cools upon expansion. In the case of hydrogen, the Joule−Thomson coefficient is negative (around -0,04 ºC/bar at 80 bar and 10 ºC) and therefore, the fluid warms upon expansion. Joule−Thomson coefficient of hydrogen-natural gas mixtures decreases approximately linearly with the increase of the hydrogen blending ratio. When the hydrogen blending ratio reaches 20 vol %, the admixture coefficient decreases by 30−35 % compared with the coefficient of natural gas. This phenomenon impacts the isenthalpic expansion of fluid at pressure regulation and metering stations.

[bookmark: _Ref110338751][bookmark: _Ref110338757][bookmark: _Ref110338783][bookmark: _Toc121830940]3.3. PROJECTS ON GAS GRID AND HYDROGEN

In the past years, many projects have been performed or developed to analyse gas grids' tolerance to hydrogen. Some of the most relevant are listed in Table 3.

[bookmark: _Ref96612347]Table 3.-	Finished or existing European projects on hydrogen injection into the gas grid. [19] [20]
(1) More information is available at https://h2-project-visualisation-platform.entsog.eu/.
	Project Name
	Location
	Duration
	Scope

	NaturalHy
‘Preparing for the hydrogen economy using the existing natural gas system as a catalyst.’
	Europe
	2004-2010
	Investigate whether hydrogen could be delivered safely via the existing European natural gas network. Membranes were developed to subtract hydrogen from a hydrogen/natural gas mixture for hydrogen-powered equipment.

	HIPS
‘Hydrogen in Pipeline Systems’
	Europe
	2011-2013
	To evaluate the impact of hydrogen in the natural gas system.

	HIPS-NET
‘Hydrogen in Pipeline Systems - Network’
	Europe
	2013-TBD
	To establish a common European understanding of the H2 tolerance of the existing natural gas grid.

	HYREADY
‘Engineering Guidelines for Preparing Natural Gas Networks for Hydrogen Injection’
	Europe
	2017-TBD
	To prepare guidelines for TSOs and DSOs to support the preparation of natural gas networks and operations for the injection of H2 (pure and as a gas component) with acceptable consequences.

	NewGasMet
‘Flow metering of renewable gases’
	Europe
	2019-2022
	To increase knowledge about the accuracy and durability of commercially available gas meters after exposure to renewable gases, which should lead to improving existing meter designs and flow calibration standards.

	CEN/GERG PNR H2NG and H2 in NG systems
	Europe
	2020-2021
	Prenormative study ‘Removing the technical barriers to use of hydrogen in natural gas networks and for (natural) gas end users’. Eight priorities areas for study (safety, gas quality, underground storage, power generation, industrial use, steel pipes, network equipment and appliances).

	THyGA
‘Testing Hydrogen for Gas Appliances’
	Europe
	2020-2022
	The project's primary goal is to enable the broad adoption of H2NG (hydrogen in natural gas) blends by closing knowledge gaps regarding technical impacts on residential and commercial gas appliances.

	HIGGS
‘Hydrogen in Gas Grids’
	Europe
	2020-2022
	The project aims to cover the gaps of knowledge of the impact that high levels of hydrogen could have on the gas infrastructure, its components and its management. It includes mapping technical, legal and regulatory barriers and enablers, testing and validation of systems and innovation, techno-economic modelling, and preparing a set of conclusions as a pathway towards enabling hydrogen injection in high-pressure gas grids are developed in the project.

	H2GAR
‘H2 Gas Assets Readiness’
	Europe
	2020-TBD
	Initiative on the readiness assessment of gas transmission systems to hydrogen, with Enagás, Fluxys, Gasunie, GRTgaz, National Grid, Open Grid Europe and Snam, to share current technical knowledge.

	Energy Storage
‘Hydrogen injected into the Gas Grid via an electrolysis field test.’
	Denmark
	2016-2020
	Demonstrating transportation of up to 15 vol % hydrogen in natural gas in a closed-loop high-pressure system, consisting of components and infrastructure from transmission and distribution grids.

	GRHYD
‘Gestion des Réseaux par l’injection d’HYdrogène pour Décarboner les energies’ or ‘Network Management by injecting HYdrogen to Decarbonize energies’
	France
	2014-TBD
	The project aims to convert surplus energy generated from renewable sources into hydrogen, which will then be blended with natural gas for various applications, including space heating, water heating and fuel. A new residential neighbourhood of around 200 homes will be supplied with a blend of hydrogen and natural gas using a variable hydrogen content of below 20 vol %.

	FenHYx
‘Future Energy Network for Hydrogen and miX.’
	France
	2021-TBD
	The project aims to research the measurement of hydrogen's impact on steel and gas network equipment under conditions close to natural operating conditions. The project attracts several European operators who share the objective of converting the networks.

	WindGas
	Germany
	2012-2016
	Demonstration of a blending pilot in Hamburg gas grid. Hydrogen is produced by electrolysis with wind power.

	Transport of hydrogen into natural gas networks
	Italy
	2019-TBD
	Verifying the full compatibility of gas infrastructures with increasing quantities of hydrogen mixed with natural gas. The initial activities include introducing a mix of 10 vol % hydrogen by volume and natural gas into the transmission network and testing the world's first "hybrid" hydrogen turbine designed for a natural gas transportation infrastructure. The turbine will be fueled up to 10 vol % with hydrogen.

	Green Pipeline Project
	Portugal
	2021-TBD
	Pioneering project in Portugal that, for the first time, will introduce Green Hydrogen into the Natural Gas network. In a closed network in Seixal, it will distribute a mixture of Hydrogen and natural gas to around 80 consumers in the residential, non-residential and industrial sectors. The injection starts in January 2022 with a mix of 2 vol % hydrogen initially and gradually will increase to 20 vol % within 2 years.

	P2G Ameland
‘Hydrogen in natural gas on Ameland’
	The Netherlands
	2008-2012
	Investigating the impact of injection of up to 20 vol % hydrogen in the natural gas grid supplying 14 homes of the Noorderlicht apartment complex on Amerland Island.

	HyDelta
	The Netherlands
	2020-2023
	Dutch national research programme aimed at the safe integration of hydrogen into the existing gas transport and distribution infrastructure. The cooperation programme seeks to remove barriers towards a large-scale implementation of hydrogen in the Netherlands.

	Hy4Heat
‘Hydrogen for heating demonstration programme’
	UK
	2018-TBD
	The main goal is to establish if it is technically possible, safe and convenient to replace natural gas with hydrogen in residential and commercial buildings and gas appliances.

	HyDeploy
‘Hydrogen is vital to tackling climate change.’
	UK
	2019-TBD
	As the first-ever live demonstration of hydrogen in homes, HyDeploy aims to prove that blending up to 20 vol % of hydrogen with natural gas is a safe and greener alternative to the gas we use now. It provides evidence that customers don’t have to change their cooking or heating appliances to take the blend, which means less disruption and cost.  It also confirms initial findings that customers don’t notice any difference when using the hydrogen blend.

	HyNTS
‘Hydrogen in the NTS’
	UK
	2019-TBD
	The work programme seeks to identify the opportunities and address the challenges that transporting hydrogen within the National Transmission System (NTS) presents, which will unlock the potential of Hydrogen to deliver the UK’s 2050 Net Zero targets.
In the framework of this Programme, FutureGrid project (2021-2023) aims to demonstrate that the Gas National Transmission System (NTS) can be repurposed to transport hydrogen. The initial phase involves building an offline hydrogen test facility to assess the impact of blends of hydrogen on NTS assets.

	RGC Hydrogen Project
	Ukraine
	2020-2025
	Testing and assessing the impact of clean hydrogen and its different mixtures with natural gas on the various parts of the existing distribution network (pipelines, valves, meters, other equipment) and gas appliances, identifying necessary changes in the legal and regulatory framework in terms of distribution network operation and maintenance.



A concentration of up to 20 vol % of hydrogen into the natural gas has been tested in these projects. In general, no visible or measurable degradation of the pipes has been found after exposure to the hydrogen mixture. The tested components from the gas system can handle hydrogen without significant modifications.

[bookmark: _Toc121830941]3.3.1 NEWGASMET PROJECT
As indicated in Table 3, the overall objective of the NewGasMet Project ‘Flow metering of renewable gases’ is to increase knowledge about the accuracy and durability of commercially available gas meters after exposure to renewable gases (biogas, hydrogen-enriched natural gas and pure hydrogen). The project reviews calibration methods for domestic and commercial gas meters and contributes to the standards revision work in technical committees CEN/TC 237 and OIML TC8/SC7.
The project started in June 2019 and will finish in September 2022, so no final results are available at the date of preparation of this report. Table 4 indicates the performance and durability tests developed in NewGasMet project.



[bookmark: _Ref97543983]Table 4.-	Performance and durability tests developed in NewGasMet project.
	Test
	Partner
	Gas
	Flow meter
	Pressure
	Tests flow rates
	Additional information

	Performance
	VSL
	Natural gas and hydrogen admixture (15 vol % H2)
	· Technology: Rotary
· Model: G100
· Meter supply: New
	9 bara
	The MuT was calibrated at 7 different flow rates, from 5 to 160 m3/h (actual conditions)
	· NG from gas grid. Hydrogen from cylinders. Measured composition (CH4, N2, H2).
· Although differences between errors with NG and HENG are mostly negative, these changes are insignificant from a metrological standpoint. Preliminary results indicate that, for the rotary flow meter and hydrogen admixture used, the meter error differences between high-pressure hydrogen admixture calibration and high-pressure natural gas calibration are smaller than the meter error differences between atmospheric pressure air calibration and high-pressure natural gas calibration.

	
	
	
	
	16 bara
	
	

	Durability
	ISSI
	Desulphurized (<100 ppm) raw biogas
	· Technology: Diaphragm, domestic USM, thermal mass flow
· Model: Domestic G4
	Atm
	-
	· Tests from September 2020 to September 2021.
· Meters exposed to biogas flow.

	
	
	Pure hydrogen
	· Technology: Diaphragm, thermal mass flow
· Model: Domestic G4
	
	-
	· Tests from September 2020 to September 2021.
· Hydrogen exposure in static conditions.

	
	PTB
	Pure hydrogen
	· Technology: Diaphragm, thermal mass flow
· Model: Domestic: G4
	Atm
	-
	· Tests from July 2020 up to and including June 2021.
· Hydrogen exposure in static conditions.







[bookmark: _Toc121830942]3.4 DECARB PROJECT OPERATING RANGES FOR TESTING

According to the information collected and presented in section 3, Table 4 shows the proposal of operating ranges for testing the selected flow meters in the framework of the Decarb Project.

[bookmark: _Ref96678218]Table 4.-	Proposal of operating ranges for testing in Decarb Project.
(1) The admixture's natural gas composition will be defined according to typical gas quality in the European gas grid. Hydrogen composition will be determined according to EASEE-gas CBP.
	Parameter
	Range
	Comments

	Hydrogen concentration (1)
	2 vol %
	Hydrogen concentration that could be handled by sensitive industrial processes, like acetylene production and CNG stations.

	
	5 vol %
	Hydrogen content that should be accepted by TSOs at interconnection points between EU Member States from 1 October 2025, according to the Proposal for a Regulation of the European Parliament and of the Council on the internal markets for renewable and natural gases and for hydrogen.

	
	10 vol %
	Hydrogen content that could be generally accepted and fulfils current limits in relative density, High Heating Value (HHV) or Wobbe Index (WI) defined in Standard EN 16726:2016 and EASEE-gas CBP.
Additionally, this hydrogen content is expected in the short/mid-term scenario (2025-2030) identified by relevant stakeholders of the gas value chain participating in the prime movers’ group organised by ENTSOG.

	
	20 vol %
	Hydrogen content expected in mid-term scenario (2030-2040) identified by ENTSOG prime movers’ group.

	
	100 vol %
	Hydrogen Backbone scenario expected into the future with a repurposed or new H2 dedicated grid. The repurposing of natural gas pipelines into dedicated hydrogen networks is already materialising in some Member States and can be a reality in just a few years.

	Pressure
	20-25 mbarg
	General pressure at the inlet connection of gas appliances for domestic or commercial purposes.

	
	4-16 barg
	General pressure at distribution gas grid.

	
	50-80 barg
	General pressure at transmission gas grid.

	Flow rate
	TBD
	According to test flow facilities capacity and available flow meters.

	Temperature
	10-25 ºC
	Ground temperature reference.






[bookmark: _Toc121830943]4. EUROPEAN COUNTRIES DECARBONISATION PLANS

National Energy and Climate Plans (NECPs) are considered as the best reference for collecting information on decarbonisation plans across European countries. This section shows an overview of hydrogen strategies.
The analysis of the NECPs shows that EU Member States are increasingly considering hydrogen deployment as part of their strategy to decarbonise energy supply. In the final NECPs for 2021-2030, hydrogen is more prevalent than in the draft NECPs submitted in early 2019, showing that hydrogen is gaining momentum in the debate on decarbonising the EU economy. The following conclusions can be highlighted:
· Most policy documents acknowledge hydrogen as a critical pillar in the energy transition to achieve climate neutrality and define hydrogen as an alternative fuel. Its regulation falls under the national measures implementing EU Directive 2014/94/EU on Alternative Fuels Infrastructure.
· Most of the EU countries are currently developing their national hydrogen strategies. Several Member States refer in their NECP to the potential benefits and contributions of hydrogen to energy and climate goals and present their existing or intended generic or hydrogen-specific measures and initiatives. These initiatives mainly focus on research, pilot and demonstration projects for hydrogen production, transport/distribution and storage, and end-use, particularly for transport purposes.
· Several NECPs comprise expected or targeted hydrogen demand for 2030, while a few NECPs also include targets for hydrogen production.
· Following the EU targets, countries usually envisage the development of green hydrogen, but some countries declare that they will use blue hydrogen as well, at least for some time.
· National strategies & policy documents define goals in:
· Hydrogen production, transportation, and storage.
· The development of hydrogen supply chains.
· The establishment of hydrogen refuelling stations.
· The use of hydrogen in hard-to-abate industries, where hydrogen is a prospective alternative to natural gas, and the use in transport.
· The development of common standards.
· The deployment of hydrogen facilitates that optimise the use of renewable energy resources. It allows further use of existing natural gas infrastructure, thereby avoiding stranded assets and reducing the investment needs for electricity transport and storage infrastructure.
· There is no legal basis for hydrogen injection into the gas network in most European countries. Hydrogen cannot be injected into most grids in its pure form; therefore, significant investments are required. In some countries, the initial strategy is to blend hydrogen into the existing natural gas grid.

Hydrogen becomes a critical opportunity for countries that have:
· A stable electricity grid and affordable, green, and reliable electricity availability.
· Commercially viable onshore wind and large-scale solar projects.
· A robust innovation environment, large industrial companies, private-equity funds, and pension funds willing to invest in hydrogen.
· Extensive gas infrastructure and the possibility to use depleted natural gas deposits for hydrogen storage.

Figure 8, Figure 9 and Figure 10 show the main indicators and objectives included in the European Commission assessment of the NECPs, considering greenhouse gas emissions reductions, final and primary energy consumption, and share of energy from renewable sources.
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[bookmark: _Ref96931658]Figure 8.-	Target for greenhouse gas emissions reductions in 2030 compared to 2005, under the Effort Sharing Regulation (ESR) (%). Source: Own elaboration.
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[bookmark: _Ref96931659]Figure 9.-	Final and primary energy consumption estimated in 2030. Source: Own elaboration.
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[bookmark: _Ref96931660]Figure 10.-	Share of energy from renewable sources in final gross consumption estimated in 2030. Source: Own elaboration.

[bookmark: _Toc121830944]5. METERING TECHNOLOGIES REVIEW 

This section describes the current state of art in flow metrology for hydrogen and hydrogen/natural gas blends. It first describes the physical properties models that are required for assessment of flow meters. Then it provides an overview of the current available data on the response of flow meters to higher levels of hydrogen from small-scale meters (domestic applications) and large-scale meters (transmission and distribution networks).
[bookmark: _Toc121830945]5.1 PHYSICAL PROPERTY MODELS
The physical properties that are relevant from a metrology perspective are density, viscosity, speed of sound and isentropic exponent. The most used models for the calculation of these physical properties were developed and published by standards organization or gas research groups (ISO, AGA, GERG). In this section we will concentrate on industry standard methods and tools that are currently used for the calculation of these properties. Also, the focus will be on the range of interest for the project, meaning close to ambient temperatures and pressures up to 50 bar (current pressure limit of flow test facilities).
The density is required for the conversion of mass to volume (and vice versa) and for some metering technology as an input for the Reynolds number for compensation of the Reynolds response of the meter. 
The speed of sound is mainly required for sonic nozzles which can be used as secondary references and is a valuable diagnostic for comparison with the speed of sound measurement of ultrasonic meters. Also, other technologies, like Coriolis and turbine meters, may have a compressibility correction based on speed of sound. 
The isentropic exponent is relevant for measurement devices that generate differential pressure, e.g. orifice plates and Venturi tubes and may be used in the calculations for sonic nozzles. The isentropic coefficient is a derived variable (meaning it can be written in terms of the pressure, density and speed of sound) and will therefore not be treated separately. 
For the aforementioned Reynolds compensation, also the viscosity is required. 

[bookmark: _Toc121830946]5.1.1 DENSITY/COMPRESSIBILITY FACTOR 
Models for calculation of the thermodynamic properties can originate from the definition of a thermodynamical potential (e.g. Helmholtz free energy in the GERG-2008) or from an equation of state in terms of the compressibility factor (e.g. combined virial/Benedict–Webb–Rubin (BWR) equation of state as used in the AGA8-DC92). Once these functions are known, the required physical properties as required in this section can be derived. 
The GERG-2008 is explicit in the Helmholtz free energy as a function of density, temperature, and composition [29]. The method was adopted in the ISO 20765 [28]. One of the general advantages of the definition of the equation state in terms of a thermodynamic potential is that also phase equilibrium and properties for liquid/dense phase can be calculated. The GERG-2008 is generally considered to be an improvement of the AGA8-DC92 equation of state, able to cover a wider range of applications. The data for pure hydrogen in the GERG-2008 is based on equilibrium hydrogen, which can be considered equal as normal hydrogen for the relevant test range of this project. For the mixture of methane and hydrogen a specific departure function is used due to the extensive experimental data sets available. This increases the confidence in using the GERG-2008 for natural gas-hydrogen mixtures. Summarizing the density uncertainty claims in the ISO 20765 in the application range of the project for 100 % hydrogen and binary mixtures of methane-hydrogen (up to 40 % hydrogen) is within 0.1 %. A general statement is made on natural gas mixtures, where the uncertainty on the density is expected to be lower than 0.1 % for the application range of the project.
The AGA8-DC92 is explicit in the compressibility factor as a function of density, temperature, and composition [21]. The uncertainty definition of the density is within 0.1 % for the so-called normal range, which includes hydrogen up to 10%. For the extended range, which includes hydrogen up to 100%, no quantitative uncertainty claim is made.
To validate these claims both models (GERG-2008 and AGA8-DC92) can be compared to each other for a range of natural gas-hydrogen mixtures as a function of pressure and constant temperature of 20° C, see Figure 11. The natural gas is chosen as a blend of methane, ethane, propane, carbon dioxide and nitrogen with concentrations of 85 %, 3 %, 1 %, 1 % and 10 %, respectively. In this figure the relative density error of the AGA8-DC92 is given when using the GERG-2008 as reference density. Here it is assumed that the chosen mixture is representative for a typical natural gas-hydrogen mixture. Calculations with other hydrocarbon gas trace components indeed show comparable results. Therefore, as a general statement one can conclude that the differences between the two models are well within 0.03 % for the range of interest. The general behavior is interesting since the deviation between the two models increase with increasing hydrogen content up to 20-30 % and then decrease, leading finally to a negative bias for 100% hydrogen. 
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[bookmark: _Ref110337214]Figure 11  -     Relative density error of AGA8-DC92 (using the GERG-2008 as reference density) as a function of pressure at constant temperature of 20°C for a typical natural gas blend and hydrogen
Validation of the GERG-2008 and AGA8-DC92 models against experimental data was performed by Hernández-Gómez et al. [26], for 3 % hydrogen-enriched natural gas. The experimental values were lower than what predicted with the GERG-2008 model (i.e. GERG-2008 overestimating the experimental density). The negative deviation of the experimental values increases with pressure to a maximum of -0.04 % at 50 bar. It is important to underline that the experimental uncertainty (k=2) on the density measurement was 0.03 % (i.e. comparable with the deviation found). As expected, the negative deviation for the experimental values become higher when the AGA8-DC92 is used (due to the positive offset of the AGA8-DC92 between both models in Figure 11), with a maximum negative deviation of -0.06%.
Richter et al. [33] used a natural gas with higher concentrations of the hydrocarbon trace components than Gómez et al.  [26], and with higher fractions of hydrogen: 5 %, 10 % and 30 %. This experimental data shows a positive deviation for the GERG-2008 (i.e. GERG-2008 underestimating the experimental density) as a function of pressure for the range of interest, with maxima of about 0.05 % for the 5 and 10 % mixture that raised to a value of about 0.1 % for the 30 % mixture . The differences observed between reference [26] and [33], indicate the inherent uncertainty that needs to be taken into account when selecting an appropriate equation of state.
Results from [26] considered binary mixtures of methane and hydrogen, with concentrations of 10 % and 50 %. Their comparison with the GERG2008 for 10 % hydrogen is in line with the presented results (<0.05 %), however, larger deviations are obtained for 50 % hydrogen, up to 0.1 % for the range of interest. 

[bookmark: _Toc121830947]5.1.2 SPEED OF SOUND
Similar to density, the speed of sound can be calculated by specifying an equation of state. The speed of sound is related to the density-pressure relation under isentropic conditions. The speed of sound difference between the AGA8-DC92 and the GERG2008 results are shown in Figure 12. The deviations are approximately within 0.05 % up to 20 % Hydrogen concentration. However, a systematic bias between the models is observed.
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[bookmark: _Ref110337450]Figure 12 - Relative speed of sound error of AGA8-DC92 (using the GERG-2008 as reference density) as a function of pressure at constant temperature of 20°C for a typical natural gas blend and hydrogen
Experiments performed for binary methane-hydrogen mixtures [30] show that the speed of sound with low concentrations of hydrogen (5 % and 10 %) match well with the GERG2008 values (<0.05 %). At 50 % hydrogen concentrations, the deviations increase to approximately 0.15 %, especially at low pressures. In this work, the same systematic bias between the AGA8-DC92 and GERG2008 was also observed.
[bookmark: _Hlk111114562][bookmark: _Hlk111114595]Tests at DNV with ultrasonic meters were carried out in 2021. During these tests, the speed of sound measured by the devices were logged and compared to the theoretical values from (p,T,x) and the AGA8-DC92. For one ultrasonic meter these results are presented in Figure 13. These measurements are not as accurate as the methods used in [26], [30] and [33], however provide a good insight in the dependence of the speed of sound for these mixtures compared to mixtures where the AGA-DC92 has a good performance. Also, the results provide an indication on how accurate the speed of sound can be obtained under flowing condition with variations in pressure and temperature. Typically, the values are within 0.1 %, and there is a systematic offset of approximately similar magnitude for all tested gases.
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[bookmark: _Ref110337504]Figure 13 - Speed of sound measurement error of an ultrasonic meter using the AGA8-DC92 as reference as a function of speed of sound for a typical natural gas blend and hydrogen

[bookmark: _Toc121830948]5.1.3 VISCOSITY
Contrary to the physical properties in the preceding sections, the viscosity is not used as a direct input in the comparison between meter under test and reference test facility system. The viscosity is required as an input for the Reynolds number, which may be used in calibration curves of both the meter under test and the reference test facility system. The sensitivity of these calibration curve to the value of the Reynolds number is typically low, and therefore a higher uncertainty may be allowed in the value of the viscosity.
The viscosity of a high-pressure mixture is typically calculated by using a dilute gas (low-pressure) theoretical model with appropriate mixing rules for the multicomponent gas mixture and extend this value to high pressure by using a corresponding states model in terms of reduced density and reduced temperature [32]. Multiple methods exist; however, the basic principle remains the same. The method implemented in REFPROP is the so-called TRAPP (TRAnsport Property Prediction) method developed by Huber, see [21], which is based on the Ely and Hanley model [24]. Experimental validation data is scarce, and an initial validation of the TRAPP model was performed in [21] for methane/hydrogen mixtures at atmospheric pressure and a wide range of temperatures, leading to a bias of about -0.3 % and Root Mean Square (RMS) values within 1.5 %. Validation at higher pressure (up to 50 bar) was only performed for methane/hydrogen mixtures with a hydrogen content between 20 % and 80 %, leading to approximately the same values for the bias, with an RMS value within 2.5 %. Other process software packages, like Aspen HYSYS or UNISIM [27], use models based on the Ely-Hanley model and are expected to give similar results.
It should be noted that for the intended use in the project, these stated uncertainties in the value of the viscosity are acceptable.



[bookmark: _Toc121830949]5.2 FLOW METERING TECHNOLOGIES  
The flow meter technologies under consideration are separated in two main groups: flow meters for distribution/transmission systems and flow meters for domestic use. For the distribution and transmission networks the turbine, ultrasonic, rotary and Coriolis meters are selected. Coriolis meters are typically not applied in custody transfer gas applications; however, the results are shown to provide a complete overview. For the domestic flow meters, the diaphragm meters and ultrasonic meters are selected.
[bookmark: _Toc121830950]5.2.1 DISTRIBUTION AND TRANSMISSION FLOW METERS 
For the distribution and transmission meters, only data for hydrogen-enriched natural gas are available. To the best knowledge of the authors no projects have been executed with pure hydrogen on well-established traceable flow test facilities so far.
5.2.1.1 TURBINE METERS 
[bookmark: _Hlk111114684]Several 6” turbine meters were tested by DNV in 2021. Results show that their response with hydrogen-enriched natural gas is similar to that with natural gas. The results of a typical turbine meter response are provided in Figure 14. As observed, for the hydrogen enriched data points the meter curve is not significantly altered, i.e. the deviations are typically of the same order as the meter repeatability and smaller than the facility uncertainty. The response at low flow rates is influenced by the bearing friction and therefore a pressure dependence is observed. For full comparison this effect should be compensated by for example the PTB turbine meter model [22]. 
[image: ]
[bookmark: _Ref110337600]Figure 14 -  Measurement deviation of a 6” turbine meter as a function of Reynolds number for natural gas and hydrogen-enriched natural gas.
5.2.1.2 ULTRASONIC METERS 
A large set of ultrasonic meters were tested during the same test at DNV. The ultrasonic meters response between the tested meters was not as consistent as for the turbine meters. For ultrasonic meters several options are available in the software, and this is deemed as the main cause for the differences between the tested flow meters. The results of two ultrasonic meters are provided in Figure 15. It is clear that the 8” meter has more scatter but does not show a consistent systematic trend for the hydrogen-enriched natural gas, again within meter repeatability and facility uncertainty of approximately 0.3%. The 6” meter exhibits less scatter and better repeatability, but a systematic trend between the gas mixtures is observed which is significant to the meter repeatability and facility uncertainty. 
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[bookmark: _Ref110337946]Figure 15 - Measurement deviation of an 8” (top) and a 6” (bottom) ultrasonic meter as a function of Reynolds number for natural gas and hydrogen-enriched natural gas.
5.2.1.3 ROTARY METERS 
In the NewGasMet project [35] a G100 rotary meter was tested with hydrogen enriched natural gas up to 15 % hydrogen. The difference observed between natural gas and hydrogen enriched natural gas were typically well within 0.15 %, see Figure 16. 
[image: ]
[bookmark: _Ref110337960]Figure 16 - Measurement deviation of a 2” G100 rotary meter as a function of flow rate for natural gas (NG) and hydrogen-enriched natural gas (HENG).
5.2.1.4 CORIOLIS METERS 
For the application of Coriolis meters to different gas mixtures under different pressures, two corrections are required: 
· a pressure correction (which is related to the mechanical load the pressure induces on the tubes) 
· a speed of sound correction (which is related to the compressibility of the medium in the tubes). 
For hydrogen-enriched natural gas the speed of sound compensation is typically small (since the medium becomes less compressible), however this may depend on the meter vendor. The pressure compensation is mostly significant and needs to be compensated for. Once compensated the typically observed results are given in Figure 17. No significant trends are observed between the datasets. In general, the Coriolis meter repeats very well.
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[bookmark: _Ref110337987]Figure 17 - Measurement deviation of an 3“ Coriolis meter as a function of flow rate for natural gas and hydrogen-enriched natural gas.
[bookmark: _Toc121830951]5.2.2 DOMESTIC FLOW METERS 
A recent study performed at NEL in 2021, see [31], investigated the response of domestic meters to methane and mixtures of 80 % methane and 20 % hydrogen. In total 11 diaphragm meters, 5 ultrasonic meters and 2 thermal mass meters were tested. Both new and used meters (referred to as installed-base meters) were tested and most of the meters had a Qmax of 6 m3/h.  
5.2.2.1 DIAPHRAGM METERS 
As stated in the introduction, 11 meters were tested at NEL. A typical result from the group of meters is shown in Figure 18. In most cases, differences were observed primarily at low flow rates less than 10 % of Qmax. However, the overall performance of the meter was found the same for 100 % methane and for 80 % methane / 20 % hydrogen mixture.  
[image: ]
[bookmark: _Ref110338096]Figure 18 -  Typical result of a diaphragm meter under methane-hydrogen blends [31]

5.2.2.2 ULTRASONIC METERS 
For ultrasonic meters the response depends on the meter type/vendor. Two typical results from the tested meters are provided in Figure 19 and Figure 20. The results from Figure 19 show generally good transferability between methane and methane-hydrogen blends with some minor deviations at low flow rates (similar to the diaphragm meters). The results for the second meter in Figure 20 show large deviations up to -2 %. This meter was part of the installed-base meters, and it is possible these installed-base meters are not (made) suitable for hydrogen admixtures. In the work of reference [31] also a second installed-base meter was tested, and it was found that for some flow points the results matched within 0.2 % while at other flow points the deviations were much larger (up to -3 %) without any systematic trend. This could indicate that the measurement is either successful or not, where in the latter case a value with negative bias is outputted (or maybe even a zero value, however this could not be verified). The author of [31] highlighted that this was only observed for hydrogen content above 15%, so it seems the meter has a certain hydrogen threshold above which these mismeasurements start to occur. 

[image: ]
[bookmark: _Ref110338214]Figure 19 - Typical result of an ultrasonic meter (meter E) under methane-hydrogen blends [31]
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[bookmark: _Ref110338222]Figure 20 - Typical result of an ultrasonic meter (meter G) under methane-hydrogen blends [31]
5.2.2.3 THERMAL MASS METERS 
Only 2 thermal mass meters were tested. The general conclusion was that typically the results matched well between methane and hydrogen-methane mixtures, however with more scatter and larger deviations at low flow rates. An example of the results is given in Figure 21.
[image: ]
[bookmark: _Ref110338262]Figure 21 - Typical result of a thermal mass meter under methane-hydrogen blends [31]




[bookmark: _Toc121830952]6. CONCLUSIONS 
In this report the operating ranges of European gas grids were presented together with a summary of the plans for gas grid decarbonisation across European countries. A literature review was conducted to provide an updated picture of how different stakeholders foresee the decarbonisation of the gas value chain.  However, due to the rapid evolvement of the sector and the upcoming changes in the legislative framework (among others, by the Hydrogen and Decarbonised Gas Package) it is currently challenging to provide accurate predictions of future developments. Nevertheless, some clear conclusions were identified and reported below. 
For hydrogen injection concentration in the natural gas grid, it is concluded that:
· 2 vol % hydrogen content could be handled by the gas network, including sensitive industrial processes, like acetylene production and CNG stations.
· 5 vol % hydrogen content should be accepted by Transmission System Operators (TSOs) at interconnection points between the Union Member States from 1 October 2025, according to the Proposal for a Regulation of the European Parliament and of the Council on the internal markets for renewable and natural gases and for hydrogen.
· 10 vol % hydrogen content could be generally accepted and fulfils current limits in relative density, High Heating Value (HHV) or Wobbe Index (WI) defined in European Standards and EASEE-gas CBP. Additionally, this is the hydrogen content expected in the short/mid-term scenario (2025-2030) by relevant stakeholders of the gas value chain [8] [9].
· 20 vol % hydrogen content is expected in the mid-term scenario (2030-2040) by relevant stakeholders of the gas value chain [8] [9].
· 100 vol % hydrogen appears to be a longer-term expectation that requires repurposed or new hydrogen dedicated gas grid. However, the repurposing of natural gas pipelines into dedicated hydrogen networks is already materialising in some Member States and can be a reality in few years’ time.
It is concluded that it would be relevant to test flow meters up to 20 vol % hydrogen content and at 100 vol % hydrogen content as part of Work Package (WP) 1 ‘Flow Metering’ of the EMPIR Metrology for Decarbonising the Gas Grid project (Decarb project).
Typical values of domestic, distribution and transmission grid pressure were identified as follow: 
· 20 to 25 mbar for domestic use
· up to and including 16 bar for distribution pipelines
· tipically between 50 to 80 bar for transmission pipelines

In term of flow rates, there is a considerable variability of ranges across the gas networks. A traditional limit of 20 m/s (72 km/h) for the flow velocity is used in the natural gas grid, although deviations from this are also possible. For example, in large transmission pipelines, the flow velocity usually is lower. However, the flow velocity for pure hydrogen would need to be considerably higher than 20 m/s to match the energy transport capacity of natural gas for a given pressure and pipe size. A further assessment is required to establish the hydrogen flow velocity limit. There is a high variability in the European gas pipelines’ size depending on their use. Pipeline diameters range is generally between 5” and 41”, with pipeline sizes closer to the lower end of this range for gas distribution network and closer to the higher end of this range for gas transmission network. Although it would have been relevant to conduct tests over the entire pipeline diameters range, this will not be possible since the upper range is outside the test facilitates operating envelope limit of 17”.  
It is concluded that tests in Work Package (WP) 1 ‘Flow Metering’ will be conducted with flow meters between 5” and 17”, and with smaller size meters for domestic meters. Flow rates and pressure will be primarily dictated by the test facilities operating envelope and effort will be put to match the values reported above.   
A metering technology literature review was presented in this report. The review conclusions are divided between physical properties models, distribution/transmission flow meters and domestic meters as follow:
· Physical properties models: 

The density difference between GERG-2008 and AGA8-DC92 models is well within ±0.03 % for a typical natural gas blend with up to 50 % hydrogen concentration and pressure between 5 and 50 bara. Studies in the literature show that GERG-2008 is within ±0.05 % of the experimental density results for up to 10 % hydrogen concentration natural gas blends and within ±0.1 % up to 30 % hydrogen concentration. 
The speed of sound difference between GERG-2008 and AGA8-DC92 models is well within ±0.05 % for a typical natural gas blend with up to 20 % hydrogen concentration and pressure between 5 and 50 bara. Further work is required to assess GERG-2008 and AGA8-DC92 performance against experimental data. However, tests at DNV with ultrasonic meters suggest that values are within 0.1 %. 
Further investigation is required to fully assess and further develop GERG-2008 and AGA8-DC92 models. However, it is concluded that GERG-2008 equation of state model can be used with confidence in the flow metering test work planned in Work Package (WP) 1 ‘Flow Metering’ of the EMPIR Metrology for Decarbonising the Gas Grid project (Decarb project). If improvements to this model or alternative better performing models are made available during this project then effort will be put to employ them. 
· Distribution and transmission flow meters: 
Test work with several 6” turbine meters show that their response in the Reynolds domain is similar between hydrogen-enriched natural gas (up to 30 % hydrogen concentration and 16 - 32 bara range) and natural gas. Instead, tests with ultrasonic meters generally show poorer results than for turbine meters. However, the ultrasonic meters response varies between tested meters, and it appears to be considerably influenced by the meter settings. The difference observed with rotary meters between natural gas and hydrogen enriched natural gas were typically well within 0.15 %. Coriolis meters are found to perform well within ±0.5 % both with hydrogen-enriched natural gas (up to 30 % hydrogen concentration and 16 - 32 bara range) and natural gas if they are properly compensated for pressure and speed of sound effects. To author`s best knowledge no differential pressure flow meters, such as orifice meters, were tested so far with hydrogen or hydrogen-enriched natural gas test. For all the meters technologies there is a general lack of test results with 100 % hydrogen openly available in the literature. 
It is concluded that it would be of interest to conduct tests with 100 % hydrogen as part of Work Package (WP) 1 ‘Flow Metering’ of the EMPIR Metrology for Decarbonising the Gas Grid project (Decarb project). In particular it would be interesting to test differential pressure meters both with natural gas/hydrogen blends and with 100 % hydrogen. 
· Domestic flow meters: 
The studies available in the literature show that diaphragm meters generally perform within the Maximum Permissible Error limits with hydrogen-enriched natural gas blends (up to 20 % hydrogen). Methane and blends result generally agree within 0.3 %, and the differences are primarily observed at low flow rates less than 10 % of Qmax. Instead, for ultrasonic meters the response depends on the meter type/vendor. Errors outside MPE limits are possible for ultrasonic meters and discrepancies between methane and blends result are generally greater than for diaphragm meters. There are indications that the discrepancy between methane and blends results decreases by decreasing the hydrogen concentration, with performance considerably increasing below a certain hydrogen concentration threshold. However, further investigation is required on this point. Thermal mass flow meter response is generally found within the MPE limits. For all the meters technologies there is a lack of test results above 20 % hydrogen and with 100 % hydrogen.  
It is concluded that it would be of interest to conduct tests of domestic gas meters with 100 % hydrogen as part of Work Package (WP) 1 ‘Flow Metering’ of the EMPIR Metrology for Decarbonising the Gas Grid project (Decarb project). It is also interesting to further test ultrasonic meters and the influence of varying the hydrogen concentration on their performance.
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[bookmark: _Toc121830954]ANNEX 1 Marcogaz infographic about hydrogen admission into the existing natural gas infrastructure and end use

This infographic focuses on material aspects and functional principles. It does not consider the effect of increasing levels of hydrogen on performance and efficiency.
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