1 Forewords. . ... ...... ... e
Rainer Bomba, Ulrich Eichhorn, and Jakob Seiler

1.1

1.2

Foreword by the German Federal Ministry of Transport and Digital
Infrastructure . . . .. ...
Foreword by the German Association of the Automotive

Industry (VDA) . . ..o

Climate Neutral Mobility: Natural Gas and Methane as Part

of the Solution . . . . ... .. ... . . . . . .. . . ..
Kirsten Adlunger, Katrin Dziekan, Martin Lange, and Lars Mdnch

2.1 Introduction. . ... ... .. e
2.2 Contribution of Transport to Climate Change or Alternatively,

the Non-contribution of Transport to Climate Protection. . ..........
2.3 Non-technical Measures for Climate-Friendly Transport. . ..........
2.4 Transport’s Energy Supply: Sustainable, Climate-Friendly Fuels for

Transport. . . . oot e
2.5 Infrastructure for Transportation Energy Supply. .. ...............
2.6 SUMMAIY . . o oottt ettt e e e e e e e e
References. .. ... ..

A Historical Overview. . .. ... ... ... . .. . . . .

Reinhold Bauer

3.1 History of Natural Gas. . ... ...
3.2 History of the Natural Gas Vehicle............................
Further Reading. . .. ... ... i i

Natural Gas and Renewable Methane . . . ... ......................

Siegfried Bajohr, Michael Bargende, Tobias Block, Jochen Brellochs,
Helmut Eichlseder, Volkmar Frick, Hendrik Gosda, Frank Graf,

Elias Hammer, Janet Hochi, Oliver Jochum, Marco Klemm,

Joachim Krassowski, Franziska Miiller-Langer, Reinhard Otten,
Michael Schliiter, Reinhard Schultz, Michael Specht, Bernd Stiirmer,
Adalbert Wolany, Nantje T. Zimmermann, and Ulrich Zuberbiihler

4.1

The Basicsof Natural Gas. . . ............... .. .. irnon...
4.1.1 Physical Properties. . .. ...



viii

Contents

4.1.2 Chemical Properties. . . . ......... .. i
4.2 Natural Gas Sources and Extraction. ... .......................
421 Typesof Fuel Gases............coiiiiineninnennn.
4.2.2 Natural Gas Sources: Reserves and Resources. . .. ..........
4.2.3 Natural Gas Production. . . ......... ... ...,
424 Natural Gas Upgrading. . . . ... ..
4.3 Transport and Storage of Natural Gas . . . .......................
4.3.1 Natural Gas Transport viaLNG . . ... ....................
4.3.2 Pipeline Based Natural Gas Transport. . . .................
433 Gas StOrage . . . .. vii it e
434 GasMarket. ... ... ...
4.4 Sustainable Natural Gas/Methane Production. . .. ................
4.4.1 Biomethane from Fermentation of Organic Waste and
Renewable Raw Materials. .. ..........................
4.42 Synthetic Methane from Biomass. . .....................
4.4.3 Synthetic Methane from Renewable Electric Energy . .........
4.5 Mixtures of Methane and Hydrogen. . . ............ ... ........
4.6 Overall System Comparison: Methane-Based Mobility Compared
to Other Drive Concepts and Energy Sources. . ..................
4.6.1 SWOT Analysis for Methane asaFuel . . . ................
4.6.2 Criteria for the Evaluation of Different Drive Systems. . . ... ..
4.6.3 Road Mobility with Renewable Energy: The CNG Vehicle
in Combination with Renewable Methane from Power-to-Gas
Plants as the Benchmark . . . ....... ... ... ....... ... ....
4.6.4 Summary, Outlook and Possible Synergies. ................
References. . .. ..ot

Vehicle Development for Natural Gas and Renewable Methane . . . . . . ..

Manfred Adolf, Michael Bargende, Michael Becker,

Thorsten B. Bender, Matthias Budde, Albert Ebner, Florian Feix,

Giinter Figer, Peter Heine, Andreas Jauss, Timm Kehler,

Mahir Tim Keskin, Eduard Kohler, Andreas Kufferath,

Winfried Langer, David Lejsek, Claudia Petersen, Ulrich Philipp,

Ayhan Sarikaya, Rolf Sauerstein, Michael Schaarschmidt,

Alexander Schenk, Peter Volz, Sascha Weiske, Florian Winke,

Holger Winkelmann, Helge Wollenhaupt, and Klaus Wunderlich

5.1 Natural Gas Storage and Handling Systems. . . ...................
5.1.1 System Overview and Legal Requirements. . ...............
5.1.2 System Components. . ... .........uuuneeeeeeeeeennn..
5.1.3 Vehicle Integration. . . .......... ... ... .

5.2 Passenger Car Gasoline Engines for Natural Gas. .. ...............
5.2.1 Bivalent and Monovalent Systems. . .. ...................
5.22 Thermodynamics. .. ....... ...ttt
5.2.3 Mixture Formation and Engine Control . . . . ... ............
524 Tgnition. . ..o vttt e
5.2.5 Charging in Natural Gas Operation. . ....................
52.6 CO,andEfficiencies. . ............0 ...



Contents ix

5.2.7 Exhaust Emissions, Cold Start and Warm-Up. ... ........... 344
5.2.8 Thermal and Mechanical Load of Natural Gas Spark
Ignition Engines. ... ... .. 354
5.2.9 Acoustics of Natural Gas Powered Vehicles. ............... 386
5.3 Engine Concepts for Commercial Vehicles...................... 398
5.3.1 Introduction. ............ i 398
5.3.2 Thermodynamic Basics. ............. ... ..., 401
5.3.3 Spark Ignited Natural Gas Engines. . . ................... 411
5.3.4 Natural Gas Engines with Compression Ignition............. 419
5.3.5 Alternative Ignition and Combustion Concepts. .. ........... 423
5.4 Hybridization of Passenger Cars. . . .............c.uuuuunnnnn... 425
5.4.1 General CO,-Potential . . ... .......................... 426
5.4.2 Hybrid Specific Engine Modifications. . ... ............... 428
5.4.3 Pollutant Emissions and Cold Start. . .................... 430
544 Practical Examples. .. ............... . ... ... 433
SA4S5 Summary. .. ... 434
5.5 The Market for Natural Gas Fuel . . . ........... .. ... ... .... 435
5.5.1 Natural Gas as Fuel: Advantages and Market Development
of the Refueling Station Network . . .. .................... 435
5.5.2 Business Case for Natural Gas Filling Stations: Market Obstacles
and Opportunities . . . . ....cov vt 439
References. . ... ... 449
6 Off-Highway GasEngines. ... ......... . ... ... . ... ... 459
Robert Bowing, Georg Tinschmann, and Christian Trapp
6.1 Large Gas Engines for Industrial and Maritime Applications. . . ... ... 459
6.1.1 Areasof Application. . ........... ... . ... 459
6.1.2 Emissions Legislation and Fuel Prices. . .................. 460
6.1.3 Gas Engines in Shipping. .. ....... ... . ... 462
6.1.4 Gas Engines for Locomotive Drives. . .. .................. 463
6.2 Mixture Preparation and Combustion in Large Gas Engines. . ........ 464
6.2.1 Requirements for On-Site Power and Mechanical Drive
Applications. . .. ... . 464
6.2.2 Turbocharging and Gas Exchange Process. ................ 465
6.2.3 Mixture Preparation. . . ........ ... ... i 465
6.2.4 Combustion Process. .. ........ ... ... ... .. 467
6.2.5 Control. ... ... ... 469
6.3 Use of Special Gases in Power Plant Engines . . . ... .............. 470
6.3.1 OVervIeW . . . ..ot 470
6.3.2 Gas TyPeS. . .o v ittt 471
6.3.3 USe. ..ottt 473
References. . . ... ot e 476
7 Natural Gas Is Caviar for the Engine . . . ... ............. ... ... ... 479

Michael Bargende
Reference . . . ... .. e 482



2 Springer
http://www.springer.com/978-3-319-23224-9

Matural Gas and Renewable Methane for Powertrains
Future Strategies for a Climate-Neutral Mobility

van Basshuysen, R (Ed.)

2016, X, 482 p. 284 illus., 225 illus. in color., Hardcowver
ISBN: 978-3-319-23224-9



	Contents

