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List of Abbreviations

CEP
Clean Energy Partnership (organisation)
CNG
Compressed Natural Gas 
EU
European Union

FC
Fuel Cell
FCH JU
Fuel Cells and Hydrogen Joint Undertaking (organisation)
GH2
Gaseous Hydrogen

H2
Hydrogen

HP
High Pressure

HRS
Hydrogen Refuelling Station

LNG
Liquefied Natural Gas
LPG
Liquefied Petroleum Gas
NG
Natural Gas

NIP
National Innovation Programme Hydrogen and Fuel Cell Technology (Germany) 
OEM
Original Equipment Manufacturer

OIML
Organisation Internationale de Métrologie Légale                      (International Organization of Legal Metrology)
P-T
Pressure-Temperature
RMS
Reference Measuring System
1 Background and objective of the workshop
Accurate hydrogen flow measurement at a refueling station is not an easy task. Fast fill cascade refuelling of buses and cars with hydrogen at 350bar requires storage pressures above 400bar at the station; refuelling of cars at 700bar requires pressures above 800bar. It also means: 
· large flow range (15kg/min to <0.15kg/min, therefore >100:1) and fast fluctuations, 
· large pressure window (10 to 450bar for buses, to 900bar for cars),
· large ambient temperature window (-30ºC to +50ºC). 
In addition, high accuracy is needed when looking for a certification of Weights & Measures Authorities for a retail hydrogen refuelling application.
In the industry, flow meters monitor process hydrogen up to 500bar with acceptable accuracies (tolerance <1%, range 100:30) but in fact flows are quite stable. 
Past projects related to hydrogen transport addressed the hydrogen metering issues. In CUTE and HyFLEET:CUTE hurdles to find devices for metering the throughput of compressed gaseous hydrogen up to 450bar were discussed. The available metering technologies were not accurate enough to be useful for the retail of hydrogen and could also not help to identify energy losses along the production and delivery chain of the hydrogen. In HyFLEET:CUTE the metering devices had tolerances up to around ±8%. In the HyApproval project there was even an attempt to urge the manufacturers of metering devices to make new developments in flow meters. 

With regard to the technology, mass flow meters are the worldwide industry standard for public compressed natural gas (CNG) dispensers. In order to reduce the cost of the CNG dispensers, some companies attempted to replace the mass flow meters with volumetric measurement technologies, such as turbine meters. All attempts to measure gaseous fuels accurately with volumetric measuring systems have failed. Due to the compressible nature of gases, traditional volumetric technologies require compensation for gas density fluctuations. Direct mass flow measurement of gases will always be more accurate than volumetric flow and its correction to standard conditions by means of the gas density.

The standard pressure for the CNG fueling systems is 200bar, requiring 250bar at the station for a fast filling. Refueling hydrogen means much higher pressures, as said before. Mass flow metering is also the only technology available on the market for the required pressures of hydrogen refueling and the most accurate, at least at laboratory conditions. However the operating and ambient conditions of a H2 dispenser are different compared to laboratory conditions. Tests at hydrogen refueling stations (HRS) show inaccuracies of the fuelled H2 mass, when comparing mass flow measuring systems against each other. Exact quantification of error to scale measurements has not been possible so far.
It is an objective of the CHIC project to monitor the accuracy of hydrogen meters in the CHIC cities. The workshop on hydrogen metering accuracy was set as a platform for discussing possible issues and establishing best practices with experts inside and outside the project, providing feedback to industry. It was organised in Oslo on 25 October 2012, after a regular meeting of the CHIC project partners.
The objective of this document is to summarize this workshop.
Other organizations are addressing the issue, e.g. the Clean Energy Partnership (CEP) has created a specific working group named “H2-Metering Device”. Also the U.S. Department of Energy's Fuel Cell Technologies Office has recently issued (March 2013) a Request for Information, seeking feedback from stakeholders regarding technology validation and deployment activities aimed at ensuring commercial readiness of fuel cell and hydrogen technologies; flow meters for hydrogen refueling are mentioned among the specific areas of interest. 

The final objective is to monitor improvements in flow meter technology which should lead to the certification of a hydrogen meter device by the relevant Weights & Measures Authority. As long as no accurate flow metering technology exists and no testing and calibration system is certified, H2 fuel cannot be commercialized. 
During the workshop, the three main mass flow technologies (Pressure-Temperature measurements, Coriolis and Thermal mass flow) were discussed. In addition to their technical limitations (e.g. thermal mass flow meters’ lack of reaction time to accurately respond to the high variation of pressure and flow rates), one has to keep in mind that Weights & Measures Authorities refer to the International Recommendation of the International Organization of Legal Metrology “OIML R139”, to approve compressed gaseous fuel measuring systems for vehicles:
http://www.oiml.org/publications/R/R139-e07.pdf
P-T measurements can measure gas accurately and precisely, but since they rely on vehicle data, they are not permitted in the current directives, because it would be difficult to control if the car owner had manipulated the tank. It is the station operators’ responsibility to measure the quantity going into the vehicle (e.g. for tax purposes).

Weights & Measures Authorities allow ±2% mass deviation for CNG refueling and this is the current reference for hydrogen metering accuracy too.
2 Agenda of the workshop

	Flow Meter Workshop – Oslo, 25 October 2012
Moderation: Maria del Mar Arxer Ribas, Air Products

	Agenda item
	Speakers
	Chapter in this report

	Principles and issues for H2 flow measurement at refuelling stations
	Michael Bielmann, EMPA


	4

	Current status and experiences gained within CEP related to H2 metering 
	René Kirchner, TOTAL

Daniel Hustadt, VATTENFALL
	5


	Reference measuring system for calibration of flow meters at H2 dispensers
	Thomas Zorn, LINDE


	6

	Flow meter manufacturer view on hydrogen refuelling developments
	Damien Spenlehauer, ENDRESS+HAUSER FLOWTEC
	7

	Questions and discussion  
	Along each presentation
	


3
Introduction

It was difficult for Air Products to find manufacturers willing to come to the workshop and talk about developments in this area. Only one of 6 invitations, ENDRESS+HAUSER FLOWTEC, accepted. Several of the reasons given to not attending are listed below:
· This market requires higher accuracies and also higher pressures and flow rates than those provided by thermal flow meters. And the ambient temperatures may well be below 0ºC. This application is more interesting for suppliers of Coriolis flow meters.
· The mass flow meter used in dispensers to measure CNG and LPG cannot be used in applications above 350bar.
· Although not yet having a product available for the HP filling such as car filling, there may be an interest in developing a product that does. An accurate flow meter that meets OIML R139 should not be an issue. The manufacturer is still learning about the potential market, to enable to sell it to the senior management as a high priority project.
· A lack of field data, considered mandatory as presentation content.
4
Principles and issues for H2 flow measurement at refuelling stations
Dr. Michael Bielmann (EMPA, the Swiss federal laboratories for Materials Science & Technology), presented an overview of the theory and practical challenges of measuring the flow of hydrogen. 
The principles of the three main mass flow technologies, Pressure-Temperature measurements, Coriolis and thermal mass flow, were introduced:

· Pressure-Temperature measurements are used to calculate the real gas density at specified conditions, to correct the deviation from ideal gas behaviour and calculate the mass flow rate.
· Coriolis devices measure the flowing mass of the gas traveling through two parallel tubes counter-vibrating. The mass flow rate is the mass of the fluid traveling past a fixed point per unit time.
· Thermal mass flow meters measure fluid mass flow rate by means of the heat convected from a heated surface to the flowing fluid, using one or more temperature sensors. It needs very precise tables of specific heat.

Dr. Michael Bielmann also examined the three methodologies in relation to how well they meet the pivotal variants in measuring H2 flow (see on page 5). It is summarised in the following table adapted from his presentation:
	
	P-T measurements
	Coriolis
	Thermal mass flow

	Flow range
	OK
	100:1 
	<100:1 

	Flow fluctuation
	OK
	challenge
	challenge

	P range
	OK
	OK
	challenge

	T range
	OK
	OK
	OK

	Location
	Vehicle
	Dispenser
	Dispenser

	Challenges
	· Lack of T homogeneity within the vehicle tank during filling
	· Flow fluctuation
· Error at low flow
· Aging of moving parts
	· Flow fluctuation
· Flow range

· P range


He pointed out that limiting the flow fluctuation might help the development of a practical measuring device. However, the impact of limiting early pressure in-flow on refuelling time would have to be studied. 

Dr. Michael Bielmann also noted that there is only one device around that can measure at 800bar which is being used in a refuelling station in Japan. 

He concluded that there is not, as yet, any ideal solution and that more research is needed. 

5
Current status and experiences gained within CEP related to H2 metering  

René Kirchner (TOTAL, Germany) and Daniel Hustadt (VATTENFALL, Germany) reported on the H2 metering experiences of the CEP programme. Sixteen organisations have been involved in the partnership which will be concluding in 2015. 

The metering group consists of TOTAL, Shell, Linde, Daimler and Ford. The group has undertaken a study of refuelling data, comparing the Coriolis measured principle at the HRS with the Pressure-Temperature calculated method (with data from the vehicle tank) against each other. Data was taken during the period 2009-2012 at five stations (different car OEMs, 700bar). 
The results from the station 1 for the first half of 2012 are commented below as an example. The other stations did not show better results. 
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The comparison of the total amount of kg refuelled could lead to the conclusion that both systems are gauged (section 1: HRS measures 1% less than car over 188 refuelings). However when looking into the detail, the results are different: 38% of all refuellings had tolerances above ±9%: ±4% the car against the station (section 2) and ±5% the station against the car (section 3). The higher the refueled quantities the lower the deviation, with the exception of amounts >3kg that showed again a deviation increase. Flow rates below 0.48 kg/min were not measurable accurately.
Among recommendations from the study are:

· To perform new tests using a reference system based on the H2 weight. The reference system was presented during the workshop, see chapter 6. 
· The development of flow meters with no limitation on measurability of flow rates (flow rates according to the safety limits on P and T established on Hydrogen Fueling Protocols), 
· A specific standard created for hydrogen refuelling accepting a tolerance of ±5% instead of the current ±2%, at least in the short term.

6
Reference measuring system for calibration of flow meters at H2 dispensers
Thomas Zorn (LINDE, Germany) presented the project being undertaken by the company to build a reference test measuring device for calibrating flow meters at H2 dispensers up to 700bar refueling. It was funded by the (German) National Innovation Programme Hydrogen and Fuel Cell Technology (NIP) as part of Phase II of the CEP.
He provided the background to the project and noted that Linde had also found it difficult to get manufacturers to talk to them about technological improvements of flow meters. 
The built Reference Measuring System (RMS) is derived from the calibration technology of natural gas refueling stations. It is a combination of a precision balance, a car fuel tank module with a maximum filling weight of 4kg GH2 and a control unit, all installed on a trailer.
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It is based on a direct measure of the H2 mass. It compares the weight on the scales, respectively the increase of weight at the end of refueling, with the value of the dispenser. If the difference of values is within the margin of error, i.e. ±2%, the flow meter is considered calibrated; if it is not, the flow meter has to be calibrated. After venting the hydrogen from the tank, the RMS is ready for another measurement of the hydrogen weight. The weighing system has a sufficient resolution for the measurement of the hydrogen dispensed.
First test measurements with the device at a CEP fuelling station in Berlin showed a ±10% deviation of the dispenser scale on average. However the fine tuning of the system was not finished at that time.
After considerable delays due to the approval process, the RMS has now achieved TÜV operational clearance.
As per the German Calibration Authority requirement, next challenge could be to adapt the device to the real tank sizes of cars (up to 7kg H2) and buses (around 40kg H2). This requirement, however, is based upon the decision of the authority and the current system with a 4kg tank could also be accepted for calibration.
7
Flow meter manufacturer view on hydrogen refuelling developments 
Damien Spenlehauer (ENDRESS+HAUSER FLOWTEC, Switzerland) introduced the advantages of the Coriolis principle for NG and H2 over other mass flow metering methodologies. The company started in alternative fuels in the late 80´s. The figure of 100,000 devices from all manufacturers illustrates the market maturity of Coriolis meters. For CNG refueling, meters reach errors <0.2%, according to the OIML R 139 endurance test (5,000 deliveries in less than six months, complete fillings of 14kg at 210bar, and fluctuating flow rates -minimum 1.33kg/min- during filling). 
According to the speaker, high and quick temperature variations are not an issue based on the experience with LNG (tolerance ±1% for the flow meter, ±2.5% for the complete LNG dispenser).

However the experience with H2 is limited and the company has no dedicated H2 device. Two flow meters designed for CNG are available for H2 up to 400bar with ±0.5% tolerance. One of them has been successfully tested for the first time in the UK to refuel forklift trucks and passenger cars at 350bar in 3-5 min.
Still CNG mass flow meters (up to diameter 25 mm) would be the basis for measurements up to 700bar. However, 900bar measurements or 15kg/min peak flow rates, even the lower 4kg/min average flow rate of a bus refueling, would require the development of a new flow meter. Development time is about two years and has not yet started. The required potential critical mass is 300-500 units for a positive decision to invest in developing a device for this market.
Possible next steps included: 

· a tentative visit to the manufacturer by the stakeholder actors,
· to invite Endress+Hauser to a CEP meeting, 

· provide the current H2 Coriolis meter for testing in a CHIC city, 
· tentatively the mobile RMS could be provided for Endress+Hauser reference testing.
8
Current situation in CHIC cities and conclusions
At the time of closure of this deliverable, the status in the four Phase 0 Cities is:
· Three sites employ Coriolis mass flow meters, one of them for both 350 bar (buses and cars) and 700 bar refuelling, the other two for refuelling at 350bar (primarily buses). 
· One site has got a turbine flow meter for the buses and a Coriolis mass flow meter for 350bar and 700bar car refuelling.
Concerning the five Phase 1 Cities:

· Three sites employ Coriolis mass flow meters for 350bar refuelling, one of them also for 700bar. 

· Two sites use pressure and temperature readings at the station and vehicle, doing a mass calculation at the beginning and at the end of the refuelling to get the amount of hydrogen dispensed. 

The cities are not satisfied with the solutions available in the market. Flow meters are calibrated regularly against vehicle measurements. However mass flow metering technology and in particular Coriolis, is seen with favourable future in terms of hydrogen metering.
A conclusion from the workshop is the suggestion to work with Weights & Measures Authorities on a specific interim standard for hydrogen vehicle refuelling and specific testing and calibration methodologies, until solutions comparable to CNG in terms of accuracy become available.

The general conclusion is the need to convince Coriolis vendors that hydrogen fuel is a growing market for the coming years and that they need to focus in new developments for accurate hydrogen metering. The target figures are:

· McKinsey study “A portfolio of power-trains for Europe”: 198 retail stations expected by 2015 and 755 stations by 2020 at European level. 
· H2 Mobility partnership: about 100 HRS expected by 2015 and about 400 HRS by 2020 in Germany.
· UK H2 Mobility partnership: 65 stations spread out across UK population centres between 2015 and 2020.
The above figures only consider passenger car deployment. Buses, back-to-base fleet vehicles and other forms of transport will contribute with additional stations. 

In the same line it is worth to mention that on 24 January 2013 the European Commission published a Proposal for a Directive to ensure the setting-up of infrastructure for the use of alternative fuels for road, sea and in-land water transport across the EU. In the case of hydrogen fuel, publicly accessible HRS within distances not exceeding 300 km will have to be set in place by the end of 2020 at the latest, to allow the circulation of hydrogen vehicles on the entire national territory of a member state.
