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Overview

Hydrogen fuel is one of the most important research areas aiming to shift to “clean fuels” in the transport sector. There are several economic studies and models describing the introduction of hydrogen driven vehicles, but most of them are focused on one part of the car market. Most studies analyse separately the impacts of fuel cell vehicles (FCV) on the automotive industry or the demand for FCVs, while other studies look at the need for hydrogen infrastructure, but all of these analyses do not have a view on the complete car market and the transportation system. As a part of the EU-project MATISSE (www.matisse-project.net), this analysis discusses the market penetration of fuel cell vehicles (FCV) in Germany on perspectives of all main car market stakeholders (consumers, automotive manufacturers, fuel station owners and policy makers).
Methods

The analysis is based on the System Dynamics (SD) methodology. According to the system dynamics society, SD is a methodology for studying and managing complex feedback systems, such as one finds in business, economics and other social systems [2]. Based on the SD methodology a consumer decision model was developed. Within the consumer decision model the actors of the transport system and of the car market are reproduced. Their relations and impacts on each other are also modelled, abstracting them in mathematical equations. The four modules of the model are focusing on 1) the infrastructure build up, 2) the attractiveness of the FCVs, 3) the FCV stock development and at last on 4) the subsidy or tax policies. These four modules include also main feedback loops (i.e. causal loop) of a hydrogen transportation system (FCV stock influences (() number of filling stations ( FCV demand ( FCV production ( FCV sales ( FCV stock). The main advantage of the SD methodology is the easy and clear reproduction of dynamic systems using graphical illustrations as well as mathematical equations for the relations between system elements.

Results

The policy-mix and the assumptions in the lead scenario are defined so that the market penetration of FCVs succeeds within an acceptable time-period. In fact the FCV stock increases from the starting year 2013 until 2040 to an amount of more than 17 millions vehicles in Germany, i.e. more than one third of all passenger cars.
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Fig. 1: Simulation results of the Lead Scenario (high growth scenario due to favourable policies) – 
           

 FCV and filling station development
The development of the FCV stock conforms at first to that of exponential growth, as it is usual for new technologies (Fig. 1). Later, after 2040, it is assumed that the growth of the FCV stock is a digressive one approximating to the upper limit “total car stock”.

In order to the learning effects in the production caused by a higher production rate the costs of FCVs sink vastly to the level of diesel cars, so that the state has to subsidy the FCVs only for a short time. Little amount of subsidies are necessary for the build-up of hydrogen filling stations in urban areas as well as on the highways. The highest support is needed in the area of vehicle cost reduction, especially through vehicle subsidies and VAT abandon at the introduction phase. Besides, the State has to accept high “costs” caused by abstaining from hydrogen fuel taxes to make FCVs more attractive. However, the total amount of subsidies and tax deficit, i.e. the total costs for the State, are limited up to approx. five billion Euros spread over eight years in the lead scenario. 
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Fig. 2: Simulation results of the Lead Scenario (high growth scenario due to advantageous policies) –  subsidies and tax deficit

If the state is not willing to give vehicle subsidies or to support the infrastructure build-up, the penetration of FCVs precedes very slowly. In this case the vehicle cost reduction due to learning effects will be at a low level, so the State has to abandon vehicle and hydrogen taxes for a longer time period in order to make FCVs somehow attractive. This means that the overall costs for the State are in these scenarios even higher than in the lead scenario. Besides, in scenarios without subsidies for FCVs and hydrogen filling stations the switch to an environmentally clean transportation system will last a long time.

Conclusions

The transition to hydrogen as an energy fuel in the transport sector is a crucial innovation and relevant support is needed in different areas for a limited time period. Without any support, hydrogen will enter the market very slowly. But after a short period of support FCVs can lead to less total costs than conventional vehicles and the penetration of FCVs and of hydrogen as fuel would expedite. Further it is important to reach very fast a certain level of market penetration of hydrogen vehicles and infrastructure build up, because the overall financial support is much higher in scenarios of a slow market penetration than in scenarios with a fast market penetration. If a quick transition of FCVs is not possible, it is very difficult that hydrogen as an alternative fuel succeeds.
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		subsidies FCVs		347337.625		26777570		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

				387337.625		127368744		137876896		134486080		112076152		73470224		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		subsidies FCVs in million €		0.347		26.778		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000

				0.387		127.369		137.877		134.486		112.076		73.470		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000

		"total defcit"    Runs:		notaxes_onH2_500FS		notaxes_onH2_500FS_test

		total defcit		0		124958792		304666208		539158016		866131200		1321558784		1929715968		2780916736		3704106240		4430063104		4686817280		4686817280		4686817280		4703874560		4718723072		4730501632		4738403328		4741674496		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112

				0		192311424		536223520		975028352		1528315136		2208870144		3034132480		3983282176		4788220928		5201086464		5213131264		5213131264		5226006528		5241075200		5253310976		5261891584		5266048512		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848

		total deficit in million €		0.00		124.96		304.67		539.16		866.13		1321.56		1929.72		2780.92		3704.11		4430.06		4686.82		4686.82		4686.82		4703.87		4718.72		4730.50		4738.40		4741.67		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72

				0.00		192.31		536.22		975.03		1528.32		2208.87		3034.13		3983.28		4788.22		5201.09		5213.13		5213.13		5226.01		5241.08		5253.31		5261.89		5266.05		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32
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Tabelle1

		Time (Year)		2013		2014		2015		2016		2017		2018		2019		2020		2021		2022		2023		2024		2025		2026		2027		2028		2029		2030		2031		2032		2033		2034		2035		2036		2037		2038		2039		2040		2041		2042		2043		2044		2045		2046		2047		2048		2049		2050

		Vehicles in thousand		2000		16837.625		53961.5		108409.625		183276.375		285092.375		423457.875		583457.875		768457.875		978457.875		1198457.875		1450957.875		1805957.875		2185238.25		2695369.25		3327876.5		4074836.75		4928838.5		5882950.5		6930689.5		8065994		9283192		10576981		11942401		13374818		14869888		16423557		18032030		19691756		21399420		23151914		24946336		26779974		28650286		30222554		31362344		32316838		33174312

		Filling stations		500		500		500		500		500		500		500		501.25		574		717.875		896.875		1096		1597.625		1842		2166.25		2585.25		3100.25		3707.5		4401.75		5177.625		6029.875		6953.875		7944.75		8998.125		10110		11276.75		12494.5		13760.25		14659		14659		14659		14659		14659		14659		14659		14659		14659		14659

		Time (Year)		2013		2014		2015		2016		2017		2018		2019		2020		2021		2022		2023		2024		2025		2026		2027		2028		2029		2030		2031		2032		2033		2034		2035		2036		2037		2038		2039		2040		2041		2042		2043		2044		2045		2046		2047		2048		2049		2050

		Vehicles in thousand		2		16.837625		53.9615		108.409625		183.276375		285.092375		423.457875		583.457875		768.457875		978.457875		1198.457875		1450.957875		1805.957875		2185.23825		2695.36925		3327.8765		4074.83675		4928.8385		5882.9505		6930.6895		8065.994		9283.192		10576.981		11942.401		13374.818		14869.888		16423.557		18032.03		19691.756		21399.42		23151.914		24946.336		26779.974		28650.286		30222.554		31362.344		32316.838		33174.312

		Filling stations		500		500		500		500		500		500		500		501.25		574		717.875		896.875		1096		1597.625		1842		2166.25		2585.25		3100.25		3707.5		4401.75		5177.625		6029.875		6953.875		7944.75		8998.125		10110		11276.75		12494.5		13760.25		14659		14659		14659		14659		14659		14659		14659		14659		14659		14659

		Time (Year)		2013		2014		2015		2016		2017		2018		2019		2020		2021		2022		2023		2024		2025		2026		2027		2028		2029		2030		2031		2032		2033		2034		2035		2036		2037		2038		2039		2040		2041		2042		2043		2044		2045		2046		2047		2048		2049		2050

		subsidies FCVs		387337.625		127610712		137694496		134427248		111066944		72179168		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		subsidies urbanFS		39974332		39014632		36613460		33091758		28249376		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		total highway subsidies		0		0		0		0		0		0		0		0		0		0		0		0		16072791		13614292		10309793		6214083.5		1378399		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		fuel tax deficit		1387679.875		11682617		37440644		75218928		127164472		197808480		293812000		337254496		246910384		29249584		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		vehicle tax deficit		40000		117072000		186864000		260312000		354852000		481792000		640000000		533173920		370467392		37914120		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		Time (Year)		2013		2014		2015		2016		2017		2018		2019		2020		2021		2022		2023		2024		2025		2026		2027		2028		2029		2030		2031		2032		2033		2034		2035		2036		2037		2038		2039		2040		2041		2042		2043		2044		2045		2046		2047		2048		2049		2050

		subsidies FCVs		0.387337625		127.610712		137.694496		134.427248		111.066944		72.179168		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		subsidies urbanFS		39.974332		39.014632		36.61346		33.091758		28.249376		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		subsidies highwayFS		0		0		0		0		0		0		0		0		0		0		0		0		16.072791		13.614292		10.309793		6.2140835		1.378399		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		fuel tax deficit		1.387679875		11.682617		37.440644		75.218928		127.164472		197.80848		293.812		337.254496		246.910384		29.249584		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		vehicle tax deficit		0.04		117.072		186.864		260.312		354.852		481.792		640		533.17392		370.467392		37.91412		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		Time (Year)		2013		2014		2015		2016		2017		2018		2019		2020		2021		2022		2023		2024		2025		2026		2027		2028		2029		2030		2031		2032		2033		2034		2035		2036		2037		2038		2039		2040		2041		2042		2043		2044		2045		2046		2047		2048		2049		2050

		Defcit		0		192311424		536223520		975028352		1528315136		2208870144		3034132480		3983282176		4788220928		5201086464		5213131264		5213131264		5226006528		5241075200		5253310976		5261891584		5266048512		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848

		Cumulative income		0		585824384		1171327104		1756269824		2340423424		2923500544		3505115904		4084832000		4662461440		5237629440		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264		5381003264

		Time (Year)		2013		2014		2015		2016		2017		2018		2019		2020		2021		2022		2023		2024		2025		2026		2027		2028		2029		2030		2031		2032		2033		2034		2035		2036		2037		2038		2039		2040		2041		2042		2043		2044		2045		2046		2047		2048		2049		2050

		Defcit		0		192.311424		536.22352		975.028352		1528.315136		2208.870144		3034.13248		3983.282176		4788.220928		5201.086464		5213.131264		5213.131264		5226.006528		5241.0752		5253.310976		5261.891584		5266.048512		5266.318848		5266.318848		5266.318848		5266.318848		5266.318848		5266.318848		5266.318848		5266.318848		5266.318848		5266.318848		5266.318848		5266.318848		5266.318848		5266.318848		5266.318848		5266.318848		5266.318848		5266.318848		5266.318848		5266.318848		5266.318848

		Cumulative income		0		585.824384		1171.327104		1756.269824		2340.423424		2923.500544		3505.115904		4084.832		4662.46144		5237.62944		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264		5381.003264
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		Time (Year)		2013		2014		2015		2016		2017		2018		2019		2020		2021		2022		2023		2024		2025		2026		2027		2028		2029		2030		2031		2032		2033		2034		2035		2036		2037		2038		2039		2040		2041		2042		2043		2044		2045		2046		2047		2048		2049		2050

		subsidies FCVs		347337.625		26777570		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

				387337.625		127368744		137876896		134486080		112076152		73470224		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		subsidies FCVs in million €		0.347		26.778		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000

				0.387		127.369		137.877		134.486		112.076		73.470		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000		0.000

		"total defcit"    Runs:		notaxes_onH2_500FS		notaxes_onH2_500FS_test

		total defcit		0		124958792		304666208		539158016		866131200		1321558784		1929715968		2780916736		3704106240		4430063104		4686817280		4686817280		4686817280		4703874560		4718723072		4730501632		4738403328		4741674496		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112		4741722112

				0		192311424		536223520		975028352		1528315136		2208870144		3034132480		3983282176		4788220928		5201086464		5213131264		5213131264		5226006528		5241075200		5253310976		5261891584		5266048512		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848		5266318848

		total deficit in million €		0.00		124.96		304.67		539.16		866.13		1321.56		1929.72		2780.92		3704.11		4430.06		4686.82		4686.82		4686.82		4703.87		4718.72		4730.50		4738.40		4741.67		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72		4741.72

				0.00		192.31		536.22		975.03		1528.32		2208.87		3034.13		3983.28		4788.22		5201.09		5213.13		5213.13		5226.01		5241.08		5253.31		5261.89		5266.05		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32		5266.32





		






