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1. Publishable executive summary
Project acronym
Bio-Hydrogen

Project full title
Development of a Biogas Reformer for Production of Hydrogen for PEM Fuel Cells
Duration 
07/2005 – 06/2007

Objectives:

- Development and construction of a stable and cost effective biogas reforming unit

- Screening of durable catalysts for biogas reforming

- Development and manufacturing of a biogas upgrading unit for siloxane removal

- Construction of a biogas reformer prototype system with 6 kW hydrogen capacity

- Installation and endurance test of the prototype at end user in Spain

- Estimation of hydrogen production costs based on the project results

Motivation

Bio-Hydrogen aims at the development of a cost effective biogas reforming system (6 kW hydrogen) for decentralised application with biogas from agricultural biogas plants, municipal waste water treatment plants and landfills. Costs of 1 EUR/kWh H2 are targeted. The first main objective is the development of reformer system which exhibits a better compatibility with biogas and hence shows an improved efficiency. The improvement of the heat and steam management for CO2 containing gas will be targeted with the aid of simulation and modelling. A screening of the catalysts currently used for the reforming reaction will be performed in order to evaluate and compare their stability, performance and durability when used for biogas reforming.

The second objective is the implementation of a cost effective cleaning unit for biogas. Biofiltration is believed to give good results in terms of cost-efficiency. Biofilters have been investigated for various applications but up to now their usage for siloxane removal has not been realised. Laboratory prototype will constitute the basis for the development of a biotrickling filter system capable to treat 1-2 m3/h biogas. This system will be integrated to the already developed biotrickling filter for H2S cleaning. 
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Project structure/Technical approach 

First of all the requirements for a successful implementation of such a system have to be set up. This comprises the quality of the reformatted gas, the cost targets and the interfaces of the prototype for implementation at the test location. For the development of both prototypes the RTD partners carry out laboratory experiments by simulating the conditions at the performance with biogas. In case of the reformer a screening of the relevant catalysts and a selection of the most appropriate will be done. In case of the siloxane cleaning a laboratory filter will deliver the relevant up-scaling factors. A simulation completes the optimisation of the systems.
For the construction and the testing of the prototypes the support of the SME partners gives the necessary reliability. All relevant partners will assess the test results and draw conclusions on the performance and for the further applicability and exploitation. 
Expected achievements / impacts 

Biogas reformer:

· Reformer suitable for decentralised hydrogen production from biogas

· Improved efficiency

· Lowering of investment and running costs

· Sustainable hydrogen production

· Dissemination of renewable energy conversion

Biogas upgrading system:

· Biotechnological H2S-cleaning for high-tech applications

· Biotechnological Siloxane-cleaning for high-tech applications
Technical approach and methods of analyses
First of all the requirements for a successful implementation of such a system have to be set up. This comprises the quality of the reformatted gas, the cost targets and the interfaces of the prototype for implementation at the test location. For the development of both prototypes Profactor and University of Duisburg-Essen carried out laboratory experiments and simulating the conditions at the performance with biogas. 

In case of the reformer a screening of the relevant catalysts and a selection of the most appropriate has been done. Gas compositions were measured with continuous analysers: H2, CH4, CO2, CO. 

In case of the siloxane cleaning a laboratory filter delivered the relevant up-scaling factors. Gas chromatography / mass spectroscopy (GC/MS) analysis of siloxanes was performed with a Perkin Elmer gas chromatograph coupled to a MS engine. The GC/MS conditions were the following: injector port temperature 250 °C; the split ratio was 1:10 and the injection volume was 1 μl. For bacteria growth in the batch cultures an OD (optical density) measurement was chosen using a wave length of  270 and 600 nm.

A prototype for a capacity of 6 kW hydrogen was constructed, manufactured and implemented for testing at a pilot biogas plant at a Spanish slaughterhouse (Frieres / Langreo). 
Results
Biogas reformer: During the first period commercially available pre reformer, reformer and shift catalysts have been tested in small scale for the use with sulphur free and sulphur containing biogas as feed for the steam reforming process. The experiments showed the principally suitability of these catalysts for the application with purified biogas. Based on the experimental data, the most promising catalysts were selected for the use in the state of the art natural gas steam reformer. The reformer consists of a pre reformer, a reformer, a shift reactor and a heat integration system and was equipped with the selected catalysts. It was operated with methane and different clean model biogases containing only methane and carbon dioxide in varying concentrations. In order to evaluate the test operation of the reformer with biogas, a simulation tool for the reformer was built up and the experimental and the calculated results were compared. It was demonstrated in the laboratory that the used state of the art natural gas steam reformer is also suitable for the reforming of clean model biogases. 

The steam reformer, which was delivered by the ZBT gGmbh and which was tested at University Duisburg-Essen with synthetic biogas, was the basis for the development of the biogas steam reformer prototype system. In order to create a fully independent reformer system, supply lines for the necessary reformer inputs (deionised water, biogas for the reforming process, biogas for the burner, air for the burner, and cooling water) were designed and manufactured. A fuel cell, which could be operated with the hydrogen rich product gas of the reformer system, was not available. Hence the product gas must be burned at a flare. 

Two safety strategies were realised. The control software comprises several alarm procedures in order to warn the operator and finally to shut of the system by software, if operating parameters of the system become dangerous for the prototype itself. Failsafe hardware safety components are used to guarantee the safe operation of the system and to avoid personal injury caused by a malfunction of the system. The German Technical Inspection Authority “TÜV Rheinland Group” in cooperation with University Duisburg-Essen prepared a safety analysis of the prototype system. 
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Figure 2a and 2b: Reformer at biogas plant in Frieres constructed by University Duisburg-Essen
Several kinds of tests were performed, some only with the reformer operated in the test rig at the University, and some with the complete prototype system, including water deionisation and product gas combustion at the flare. The tests of the complete system were performed with synthetic biogas at the University and with real biogas at the slaughterhouse in Frieres / Langreo / Spain. 

The performance of the reformer unit with respect to the biogas conversion (CH4 content in product gas), the shift operation (CO concentration in product gas), and the hydrogen efficiency was investigated. 

During the commissioning of the system at the slaughterhouse tests were performed with real purified biogas.
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Figure 3: Composition of the reformed gas obtained during operation with real biogas in Frieres
All tests performed confirmed the functional capability of the single reformer as well as of the complete prototype system. The peripheral components, which are necessary for the operation of the system (e.g. pumps, valves, measurement devices), and the safety devices operated as desired. The conversion rate of biogas (methane) and the hydrogen content in the product gas fulfilled the expectations.  At stationary state all measured parameters were kept more or less constant. The methane content in real biogas was about 66%. The reformer gas obtained had over 70% hydrogen content. Methane content in product gas kept below 2%. 


Biogas cleaning: In a series of batch cultures bacteria were cultivated under relevant conditions with the solely carbon source of siloxanes (L2, L3, D3, D4 and D5). Each batch culture was supplied by one of the mentioned siloxanes. The bacteria grow rate is shown in the cumulated figure 4. A comparison of a specific nutrient medium with an aqueous solution of a commercial available plant fertilizer was carried out, which showed no significant increase or decrease in bacteria grow rate.


A siloxane laboratory filter shown in figure 5a was designed and tested at 3 different conditions (room temperature, 35°C and higher oxygen concentration) during 4 months in lab and 6 months at a biogas plant in Nitra. The bacteria population selected to inoculate the biofilter was a mixture of the cultures from the silicon manufacturer waste water treatment plant and a municipal waste water treatment plant. Each column had a permanent flow rate of 500 ml/min using 2 different carrier materials for the settlement of the biomass. There was no significant higher degradation rate using a higher temperature or raising the oxygen content. Long term tests of an adapted lab system were carried out at the University of Nitra. 
The removal efficiency of the different types of siloxanes was identified with > 50% in average. The proof of quantitative biodegradation is done and led to an up-scaling to a system up to 0,5-1 m³/h biogas flow rate. This prototype for siloxane removal is combined with an H2S biotrickling filter, which reached a removal efficiency of >95% purifying the biogas for the reformer prototype (see figure 5b). 
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Figure 5a and 5b: Laboratory trickling filter for biological siloxane cleaning at Profactor GmbH and combined trickling filter for H2S and siloxane cleaning at biogas plant in Frieres
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Figure 6: Siloxane concentration of D4 at inlet and outlet of the durability test at Nitra
Assessment: Reformer cost estimation based on the steam reformer tested led to production costs of cleaned hydrogen of 0,18 – 0,12 EUR/kWh H2 for a 5 and a 15 kW reformer. This value is lower than the cost target for the production itself, which was estimated to 0,25 EUR/kW in order to be economical comparable with other production processes. A market study showed the huge biogas availability all over Europe. For the market of hydrogen there is a need of offensives for setting up the right frame conditions and a supply infrastructure.
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2. Plan for use and dissemination
2.1 Plan for using and disseminating the knowledge

Table 1 Exploitable knowledge – overview table
	Exploitable knowledge 
	Exploitable product(s) or measure(s)
	Sector(s) of application
	Timetable for commercial use
	Patents or other IPR protection
	Owner & Other Partner(s) involved

	1. Catalyst selection 


	Reformer


	Hydrogen production from biogas


	2010


	Reformer technology is protected (patent pending), catalysts are commercial products
	All



	2. Reformer suitability for biogas


	Reformer
	Hydrogen production from biogas


	2010
	reformer technology is protected (patent pending)
	All

	3. Gas composition after bio-gas reforming processes and their influence of PEM fuel cell stacks 
	Project Informations
	Fuel Cell usage
	2006
	-
	Schmack Biogas AG, Schwandorf, DE

PROFACTOR Steyr, AT

Universität Duisburg, DE

Bitter GmbH, AT

Proton Motor Fuel Cell GmbH, DE


Table 2 Descriptions of the exploitable knowledge 

	Exploitable knowledge

(involved in the table 1)
	Text per result

	1.
	Catalyst selection
	During the project catalyst tests were performed for the pre-reformer, the primary-reformer and the low temperature single shift. For comparison two different fuels were used for each catalyst stage. The pre- and the primary-reformer were operated with pure methane and a model biogas comprising 60 %-vol. methane and 40 %-vol. carbon dioxide, the low temperature shift catalyst was operated with model reformate gases from the methane and the biogas reforming, respectively. The pre-reformer as well as the primary-reformer catalyst were also tested for their sulphur tolerance by means of additional hydrogen sulphide in the feed gas. Furthermore, experiments were conducted with a non-commercial precious metal primary-reformer catalyst in order to investigate possible advantages with respect to sulphur resistance of the catalyst in comparison to the standard commercially available nickel based catalysts. 

The results of the performed tests without sulphur impurities were all positive. The comparison between the operation with methane and the model methane reformate on the one side and the model biogas and the synthetic biogas reformate on the other side show the principal suitability of the tested catalysts for the application with purified biogas. Hence, there are no objections to use the tested commercially available catalysts in the biogas reformer prototype.

The tests with H2S contaminated gases confirmed the experiences given in the literature concerning the sulphur sensitivity of nickel based primary-reformer catalysts. It became clear that the tested primary-reformer catalysts, the nickel based as well as the precious metal based one, are not sulphur tolerant. Hence, the sulphur has to be removed from the input flow in front of the reformer reactor to prevent catalyst poisoning.

The result, based on the experimental experiences is, that commercially available standard reforming and shift catalysts could be used for the reforming of biogas. The reasons can be comprised as follows:

1. Good performance of the standard catalysts for pre-reforming, reforming and shift with respect to activity, selectivity and durability.

2. Proven since decades in different large-scale reformer systems (refinery applications) with lifetimes of about 40,000 hours and more.

3. Availability at constant quality.

4. Mass product with calculable cost for future purchasing and commercialising.

5. Available from different manufacturers.

These results could directly be used for the catalyst choice for existing reformer technology or for future reformer designs.

Long-term tests with the used system design should be performed, to check the performance, the stability and the durability of the catalysts at real operating conditions.

	2.
	Reformer suitability for biogas
	The technical performance of the reformer, when operated with methane and different biogases, was investigated. The reformer has been measured with different input gases.

As a conclusion of these experiments a modification of the reformer construction would not be necessary and the existing reformer technology could be used for the biogas operation.

During the project further experiments with real purified biogas will be performed to investigate the long-term stability of the used catalysts in combination with the reformer design.

In the future the combination of the fuel processor technology with a CO fine purification (like preferential CO oxidation or pressure swing adsorption) and a PEM fuel cell, or only with high temperature PEM fuel cell with higher CO tolerance would be necessary, in order to demonstrate the functionality of hydrogen production from biogas for fuel cell application and to optimise the used technology.



	3.
	gas composition after bio-gas reforming processes and their influence of PEM fuel cell stacks
	Several tables give the results of exploration in bio-gas reforming, showing the gaseous components before and after the reformer and bio-gas purification, and also showing the poisenous gas components for the PEM fuel cell stacks, especially the Membrane.

Partners involved:

 Schmack Biogas AG, Schwandorf, DE – bio-gas components

PROFACTOR Steyr, AT – bio-gas purification

Universität Duisburg, DE- reformate gases and the components

Bitter GmbH, AT- fuel cell systems

Proton Motor Fuel Cell GmbH, DE –influences on the stack

The Results will be exploited in project information’s. 

The knowledge will be supplemented by bio-hydrogen pilot plant measurements.


2.2 Dissemination of Knowledge
I. Published articles

UNI Duisburg – Essen

Heinzel - J. Roes - H. Brandt: Increasing the efficiency of a fuel cell system by recirculating the anodic offgas. In: Journal of Power Sources 145, pp. 312 – 318, Elsevier, Amsterdam 2005

UNI Nitra

Gaduš, J.: Iskustva sa gorivim čelijama na biodizel. Experiences with biogas powered fuel cells. In: PTEP Časopis za procesnu techniku i energetiku u poljoprivredi, XVII naučno-stručni skup 2005, vol. 9, 2005, Novi Sad, pp. 1 - 4. ISSN 1450-5029

Gaduš, J. - Šárgová, S.: Posibilities of biomass co-fermentation. In: Sborník vědeckých publikací z mezinárodního semináře Nepotravinárske využití fytomasy. České Budějovice (CZ), 2005, DTP České Budějovice, pp. 76 - 85. ISBN 80-7040-833-2

gaduš, J. - kročko, V.: Evaluation of co-fermentation under agricultural biogas plant condition. In: MOTROL – Motoryzacja i energetyka rolnictwa, Tom 8A, Lublin, 2006, pp. 125 – 132,  ISSN 1730-8658

Gaduš, J. - pružinský, J.: Možnosti zvýšenia produkcie bioplynu kofermentácie. Possibilities of biogas production increase by use of co-fermentation. In: Výstavba a provoz bioplynových staníc. Construction and operation of biogas plants. [editor: Miroslav Kajan]. Praha (CZ): CZ BIOM, 2006. pp. 45 - 50. ISBN 80-239-7756-3 

Gaduš, J., - Košík, L.: Možnosti zefektívnenia produkcie bioplynu kofermentáciou živočíšnych odpadov. Possibilities to increase biogas production through animal waste cofermentation. In: Zborník z medzinárodnej konferencie TOP 2006 Technika ochrany prostredia. Častá – Papiernička (SK): STU Bratislava, 2006, pp. 147-152. ISBN 80-277-2436-X

Gaduš, J. - Gála, M.: Zvyšovanie kvality bioplynu. Biogas quality increasing. In: Agrobioenergia, roč. 2, č. 1, 2007, TYPOSET print, s.r.o. Bratislava 2007, pp. 23 – 25. ISSN 1336-9660

II. Lectures at conferences and workshops

PROFACTOR

22. 11. – 25. 11. 2005
2nd European Hydrogen Energy Conference





Zaragoza (Spain)





Steven Trogisch





Oral Presentation
01. 03. – 03. 03. 2006 
International conference World Sustainable Energy Days





Wels (Austria) Energiesparverband OÖ




J. Bergmair, A. Strauß,





Poster presentation

09. 10. – 10. 10. 2006 
First Budapest International Hydrogen Energy Forum





Budapest (Hungarya)




W. Ahrer, J.Roes





Oral Presentation

01. 02. – 02. 02 2007
FP7-Information and Brokerage Day Prague





Prague (Czech Republic)





J. Bergmair, N. Weran, J. Roes





Poster presentation

23. 09. – 27. 09. 2007
Anaerobic Digestion AD11

Brisbane (Australia)

J. Bergmair, N. Weran, B.Oberschachtsiek, J. Roes




Poster presentation

10. 10. – 11. 10. 2007
EU Hydrogen and Fuel Cell Technical Review Days





Brussels (Belgium)

J. Bergmair, N. Weran, B.Oberschachtsiek, J. Roes




Poster presentation

UNI Duisburg – Essen

13. 09. – 14. 09 2006
International conference Scientific Advances in Fuel Cell Systems - 2006

Turin (Italy)

H. Conrads, A. Heinzel, B. Oberschachtsiek, J. Roes 

title of the lecture: Development of a Biogas Reformer for Production of Hydrogen for PEFC

25. 09. – 27. 09 2007
International conference 10th Grove Fuel Cell Symposium
London (United Kingdom)

H. Conrads, A. Heinzel, B. Oberschachtsiek, J. Roes

lecture and poster: Reforming of Real Biogas for the Production of Hydrogen

UNI Nitra
08. 11. 2005
Slovak – German seminar Energiewirtschaftliche Nutzung von Biomasse und Biogas

Sliač (Slovakia)

Jan Gadus

title of the lecture: Produktion und Möglichkeiten der Biogasnutzung in dem landwirtschaftlichen Sektor der Slowakei

19. 10. – 20. 10. 2006
International conference Construction and operation of biogas plants Třeboň (Czech Republic)

Jan Gadus

title of the lecture: Possibilities of biogas production increase by use of co-fermentation
III. Participation at fairs and exhibitions:

UDOMI

26. 09. 2005

exhibition and workshop F-cell 2005

Stuttgart (Germany)

Udo Michelfelder


showcase of fuel cell systems and presentation of information on the Bio-Hydrogen project

25. 09. - 26. 09. 2006
exhibition and workshop F-cell 2005

Stuttgart (Germany), audience world wide

Udo Michelfelder


showcase of fuel cell systems and presentation of information on the Bio-Hydrogen project

UNI Nitra

16. 08. – 19. 08. 2006
International agricultural fair Agrokomplex 2006





Nitra (Slovakia)

Jan Gadus

Poster Biohydrogen – general information about the project and detailed description on WP4 activities
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Figure 4: Bacteria growth by OD at 600 nm results out of 4 batch cultures operated at room temperature























Figure 1: Reformer in Lab of University  Duisburg-Essen

















