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Preface

About the MATISSE project

The MATISSE (Methods and Tools for Integrated Susiaility Assessment) project is funded by the
European Commission, DG Research, within th&@mework Programme. The project is interested
in the role that Integrated Sustainability AsseganiSA) could play in the process of developingl an
implementing policies capable of addressing peamsisproblems of unsustainable development and
supporting transitions to a more sustainable futnr&urope. The core activity of MATISSE is to
develop, test and demonstrate new and improvedaugtiind tools for conducting ISA.

This work is carried out through developing andlgipg a conceptual framework for ISA, looking at
the linkages to other sustainability assessmentgsses, linking existing tools to make them more
useable for ISA, developing new tools to addremssitions to sustainable development and applying
the new and improved tools within an ISA processupgh a series of case studies.

The extent to which the case studies are carryutgaocomplete ISA for their area of focus varies
between attempts to cover all phases of an ISAga®do partial implementation of the process.
Equally, different case studies are oriented taetgping and testing tools and approaches to soute, b
not all, of the methodological challenges of ISAeTlcase studies are complementary, however, and
the set of cases offers the opportunity to addaessde range of methodological challenges and to
explore linkages between cases. An evaluation aftimal experiences with ISA implementation in
the case studies will provide guidance on the &rrttnprovement of methods and tools. Results will
also contribute to more informed policy advice.

What is ISA?

Within the MATISSE project, Integrated SustaindpilAssessment (ISA) has been defined as a
cyclical, participatory process of scoping, envisng, experimenting, and learning through which a
shared interpretation of sustainability for a speaontext is developed and applied in an integpat
manner, in order to explore solutions to persisfgoblems of unsustainable development. ISA is
conceptualised as a complement to other forms sfasability assessment, such as Sustainability
Impact Assessment, Integrated Assessment and Reyulenpact Assessment. Whereas these other
forms of assessment fulfil the pragmatic needeforantescreening of incremental sectoral policies
that are developed within the prevailing policyineg, ISA is conceptualised as a support to longer-
term and more strategic policy processes, whereolijective is to explore persistent problems of
unsustainable development that have a systemi®lpgth and possible solutions to these. ISA is
therefore oriented toward supporting the develogn@ncross-sectoral policies that specifically
address sustainable development and at explorirgbliag policy regimes and institutional
arrangements.

MATISSE Working Papers

Matisse Working Papers are interim reports of mtoetivities that are published in order to ilrase
ongoing work and some provisional conclusions, e & providing the opportunity for discussion of
the approaches taken by the project and interimlteesThis discussion should be both within the
project and between project members and the braademtific and policy communities. Readers are
encouraged to contact the authors to discuss titermoof MATISSE Working Papers.

Jill Jager and Paul Weaver
Editors of the MATISSE Working Paper Series
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ABSTRACT

This paper discusses the market penetration of ¢eél vehicles (FCV) in Germany from the
perspectives of different stakeholders. There averal economic studies and models describing the
introduction of hydrogen-powered vehicles, but mafsthem focus on only one segment of the car
market. Most studies analyse the impacts of FCVdhanautomotive industry or the demand for
FCVs separately, while others look at the requingdrogen infrastructure, but none of these analyses
examines the car market as a whole. This analgkisstinto account the actions of the main car
market stakeholders (consumers, automotive manutgst filling station owners and policy makers)
and their interactions.

The analysis, which is based on a System Dynamidem clearly showed that the government is
recommended to support at least 500 fuel statioisstalling hydrogen filling pumps and not to aoffe
FCVs as long as there are no filling stations mimg hydrogen. On the other hand, a hydrogen
infrastructure will not be developed unless thexa inoticeable demand generated by a significant
number of FCVs on the road. Furthermore, additicndlsidies for the vehicles are necessary to
reduce the price of FCVs to the level of moderrséliecars; otherwise consumers’ acceptance of
FCVs will be very low. According to the resultstbe model, tax-free hydrogen fuel and subsidies on
FCVs will lead to quick market penetration of FCWsrapid introduction of FCVs based on these
policies is necessary in order to limit the cumukasubsidies for the vehicles and fuel-tax waiving
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MARKET PENETRATION OF FUEL CELL VEHICLES —
ANALYSIS BASED ON AGENT BEHAVIOUR

1 Introduction

"Human beings are quick problem solvers"[2]. Acdogdto this statement by Craig W. Kirkwood of
the Arizona State University we should already haadved the climate problem caused by
anthropogenic CO2-emissions to the atmospheretdsiaty, more than 40 years after discovering the
problem's cause, little has changed regarding regube total amount of CO2-emissions. Another
problem we have to solve is the security of enexggply in the future [9]. Great efforts are being
made in the public sector as well as in the prigaetor. Public and private research concentrates o
two areas: energy efficiency and alternative enamyrces able to massively reduce CO2-emissions.
Hydrogen is a secondary energy carrier with zerbaracontent. It can be produced with zero or low
CO2 emissions, if renewable energy resources likeméss, wind and solar energy, or clean fossil
fuels or nuclear energy are used. Hydrogen fuehéof the most important research fields targeding
shift to “clean fuels” in the transport sector.

This work is a part of the EU project MATISSE (Metis and Tools for Integrated Sustainability
Assessment), which aims to achieve a step-wisenadvia the science and application of Integrated
Sustainability Assessment (ISA) of EU policiesohder to reach this objective, a core activity fud t
MATISSE project is to improve the tools availabler fconducting Integrated Sustainability
Assessments [1]. In the experimenting stage of$ecycle, ISA-tools and methods are used to test
sustainability visions and policy proposals in termaf consistency, adequacy, robustness and
feasibility. This paper describes a model developedrder to analyse the economic aspects of the
transition to FCVs.

This paper considers two aspects of the introdnaioFCVs onto the car market: first, the relations
between the stakeholders of the car market; sed¢bhadcosts” for the state — i. e. the subsidied an
tax waiving during the introduction phase.

It is advantageous to have a view of the wholeesysancluding the actors and their effects on each
other. For example, the FCV sales influence thebmimof hydrogen filling stations. In addition, the
increasing number of hydrogen filling stations bgsositive effect on the demand for FCVs. And this
in turn affects the FCV production and sales. Hxample also makes it clear that the analysis must
include a complex and dynamic feedback system.rbdyae feedback systems, the System Dynamics
methodology offers a helpful modelling approach. model was developed based on this
methodology. The model quantifies the relationsveen the elements of the “car market” system and
calculates the development of system elements avime period. The next chapter gives a short
description of the System Dynamics methodology andletailed description of the modelling
approach for the transition to FCVs based on tlftevace tool VENSIM.

Section 3 presents various scenario assumptiorjo8e4 portrays the results and discusses the
effects of different policies. Section 5 summarittessconclusions of the analysis.

2 Modelling Approach

2.1 Existing Hydrogen Models

There are several models describing a possiblelsuat hydrogen as a fuel in car markets and traffic
systems which have been developed by variousutesit Due to the scope of the different studies of
the institutes these focus on infrastructure bujg-production switches or consumer acceptance of
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hydrogen. Because they originated in different ¢oes and were developed for different public
clients, the models analyse different car markdtstéd States, California, EU, Germany etc.).

The HIT model, for example, was developed by sév@adifornian universities and research institutes
and is based on a deterministic linear dynamic nqamogning approach. The goal of the model is to
optimise decisions concerning the locations andntinof hydrogen infrastructure build-up in urban

areas. Using exogenous data such as demand foodeydrfuel, investment and operating costs,
geographical and demographic parameters or COZXemisosts, the model calculates the cost
minimal build-up of hydrogen filling stations anther infrastructure capacities. Although the model
has dynamic characteristics, as it considers clwmitgéhe modelling horizon, the input of so many
exogenous parameters remains its main drawbaclevitmprovements are necessary.

Another infrastructure build-up model is MOREHyShieh was developed at the Fraunhofer Institute
for Systems and Innovation Research in Germanyo Absed on linear dynamic programming and
GIS, MOREHyS models the optimum geographical amdpteral infrastructure development. The

demand for hydrogen is again an exogenous paranteisris analysed on a regional basis and
determines the infrastructure build-up at a redideeel. Depending on demand side impacts and
price impacts from other sectors, especially frdma power production sector, MOREHYS also
determines the optimal production and transportrietogy for hydrogen. The objective function

minimizes the system costs for supply infrastruetperiodically (i.e. yearly) regarding resource,
production and transport capacity constraints. Wuelel is supplemented by a GIS system which
illustrates the results in different maps (BallpgR

HyDive (Hydrogen Dynamic Infrastructure and VehiBeolution) is a simulation model for both for
infrastructure build-up and vehicle sales. Using 8ystem Dynamics approach, HyDive illustrates the
relations between FCV sales and the demand foolggdr infrastructure.

Figure 1. Main Feedbacks in HyDive, (Welch, 2007)

The blue arrows loop (see Fig.1) shows the mainlldaek between the elements "H2 refuelling
stations" and "H2 vehicles on road". These systiements impact each other, i.e. mutually reinforce
or weaken each other. These feedback loops araedponsible for the chicken-and-egg problem at
the beginning: Without hydrogen infrastructure ¢heiill be no hydrogen vehicles on the roads and
vice versa. Assumptions about a starting numbérydfogen refuelling stations handle this problem.

8
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Other assumptions and input data such as populaidrsidies, fuel efficiency, etc. have to be added
to the model exogenously. Using this System Dynar(8D) methodology, the developers are now
working on simulating the infrastructure build-updamarket penetration in California, integrating
geographical data. SD methodology was also the timglenethod used for the study below.

2.2 What is System Dynamics?

According to the system dynamics society, Systemdnyics (SD) is a methodology for studying and
managing complex feedback systems, such as one findbusiness, economics and other social
systems [3]. In fact, every sort of feedback systam be simulated with SD- tools. In this context,
system is defined as a delimited part of the weddsisting of different elements and the relations
between them. While the word 'system' has beenegppd all sorts of situations, 'feedback’ is the
differentiating descriptor here. Feedback, alstedatausal loop, refers to the situation of X aifey

Y and Y in turn affecting X perhaps through a chafircauses and effects. One cannot study the link
between X and Y and, independently, the link betw¥eand X and predict how the system will
behave. Only the study of the whole system asdbfeek system will yield the correct results. The so
called causal loop diagrams [4] illustrate a sy&deedbacks.

Figure 2. Causal loop between the FCV demand aachtimber of filling stations

FCVv Deﬁ
A FCV Stock
. j H2-filling +
attractiveness stations
+

Figure 2 shows a positive (reinforcing) feedbadkafTmeans that the FCV demand and stock have a
positive effect on the number of hydrogen fillingateons (FS) and these in turn affect the FCV
demand via the attractiveness function (higher remalb filling stations increases the attractivenafss
FCV from the consumers' perspective). In cotrasgative feedbacks have a reciprocal effect on the
system. For example, if the number of produced F@¥geases, then inversely, the price of these
vehicles will fall. Falling prices will lead to agater demand and so to a higher production rdtat T
means that there is a reciprocal relation betweemumber of produced FCVs and their price. In this
case the feedback is called negative feedbackignddswith a “minus”.

The main advantages of the SD methodology are l6mentary level of the mathematical equations
(in most cases the four basic arithmetic operatiares sufficient) and the standardised graphical
illustration (causal loop diagrams). The SD methogdyp is used to simulate systems which are
dynamic, i.e. systems whose elements develop odwes. tSoftware tools like Vensim enable the
computational simulation of the systems thinkingatty.

2.3 Model description and implementation in Vensim

The main elements of a Vensim model are constargnmeters and stock and auxiliary variables,

which represent the different units of a systene Tanstants are the units which are not directed by
arrows. The stock variables are shown in rectandudaes. The remaining elements are the auxiliary
variables which are defined by mathematical equoaticArrows show the relations between the

different elements of a system. These relationsiratieated by equations which one can edit by a
windows mask. Double line arrows depict the inflarsl the outflows of a stock variable [5].
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The FCV Transition Model based on agent behaviahich is the subject of this study, consists of
four modules: the FCV demand and supply module,ativactiveness module, the filling stations
module and the module of balance of payments. Alhese modules focus on a different part of the
system. Figure 3 shows the linkages between tliereift modules and their impacts on each other.
The green-shaded system variables of each modidet dhe orange-shaded variables. The system
elements shaded yellow affect other system varsadhel at the same time are themselves influenced
by other variables.

Figure 3. The four modules and their connections

FCV demand & supply Attractiveness
Public demand «———  |Commercial
attractiveness o boidies/
Private demand |« Socal > taxes FCV
FCV production »| attractiveness
Taxes
FCV stock Coois FLU H2/gasoline
Total car Share FCV Costs/Price extra tax
stock FCV sales Refuel. effect ~ gasoline
Filling Stations Ba|lance of payments
v :
H2-FS stock . \éz]tlilc(::ilte tax p
Total demand H2 %
Total filling stat. fuel tax deficit -«
NN FCV subsidies [«
Subs. per FS | » S subsidies

f

Urban/highway

2.3.1. FCV demand and supply module

The “FCV demand and supply” module analyses theastgof commercial and social attractiveness
of FCVs on the demand for hydrogen-powered vehicldge concept of commercial and social
attractiveness summarises the effects of the teehand economic properties of FCVs. As illustrated
in Fig.4, the annual demand for FCVs is dividea ifitst and secongublic demandas well as into
private demand

First public demandnvolves only the demand for FCVs from local comared traffic (i.e. buses,
taxis, etc.), whereasecond public demanderives from the remaining commercial traffic,. i.e
interurban commercial traffic. An important assuimptrelating to second demand is that it will
appear if 50 % of urban commercial traffic switch@guel cell vehicles, seshare FCV localDue to
these definitions and assumptions, “commercialaetitreness” is the decisive parameter for the
valuation of commercial demand. The private demaaltulates the demand of private persons

10
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participating in urban as well as interurban t@affiTherefore the system element "social
attractiveness" is the main indicator representimg influence of the social environment on the
decisions of private individuals [6-8].

Figure 4. The FCV demand and sales module — Vemside|

share urban
population share FCV Total car
// /7 local ‘Jr stock |\
commercial first publlc \ /i} share FCVs
attractiveness ¥ demand + \
/\ \ FCV Stock
+
total sales 4 \\ second public total demand — \
per year ‘<\ + demand ¥ \\ \
\ \
\ \ FCV
\ / \ e production ™\
social ~y private _~ productlon N | +
attractiveness demand lines \\ 4 FCV sales
+ S
served , +
demand

The addition of these new demands (ND) flows ifte stock variable “total demand” (TD) which
cumulates the consumer demand over several yeartheéother hand, theerved deman@ServD),
which equald-CV production reduces the amount of total demand:

(Eq. 1) TD(t) =TD(t - 1) + ND(t) - Serv(t)

It is further worth mentioning that, at most, a il matching the number of production lines
multiplied byMaxCarscan be produced each year. The number of FCVsupealin a year is sold in
the same year, i.e. the FCV sales per year aremassuo correspond to the amount of FCV
production.

It is further worth mentioning that, at most, a il matching the number of production lines
multiplied by MaxCars can be produced each yeae. Aumber of FCVs produced in a year is sold in
the same year, i.e. the FCV sales per year aremassuo correspond to the amount of FCV
production.

2.3.2. Attractiveness Module

The attractiveness module tries to model the coeswmew of the market attractiveness of FCVs. The
introduction of hydrogen-driven vehicles depends different parameters, i.e. the price and
performance of FCVs, range of the fuel tank, céstshydrogen fuel, and share of hydrogen filling
stations (FS) among all fuel stations. In the sdcomodule, called “attractiveness”, all these
parameters which affect the demand for FCVs aradirbtogether (see Fig.5).

11
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Figure 5. The attractiveness module — Vensim model
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Two types of attractiveness (commercial and so@ad) included in this module to determine the
private and public demand for FCVs. Both the conuiaéand the social attractiveness are based on
the compared utility(CU) function (see Eq. 2). The system elementsiwform the compared utility

of FCVs are the price effect (PE), the performaeifect (PerfE), the range effect RE, the fuel price
effect (FPE) and last, but not least, the refugllgffect (RFE). All the effects stand for the ratio
between the parameters for FCVs and those forl fagdidriven ICEVs (internal combustion engine
vehicles).

(EqQ. 2)CU(t) = PE(t)*PerfE(t)*RE(t)*FPE(t)

The hydrogen fuel price, the determining factotled FPE, depends on the costs for hydrogen fuel
and these costs are in turn affected by the ammiuiie total demand for hydrogen [12]. These costs
are calculated via a mathematical relation in tti@etiveness module (see Fig.4). On the other hand
the importance parameter “price importance” (p_invglich directly affects the price of FCVs and
indirectly the price effect PE, is included in tim@del to emphasize the blocking effect [10] of ghhi
price difference between FCVs and ICEVs:

(Eq. 3)PE = (pricel CE/priceFCV}-"m?

In the next step, the compared utility functioextended using the RFE to define the commercial and
social attractiveness of fuel cell vehicles. Thigedence between commercial and social attractisgne
is the assumption that “commercial consumers” agtaietely rationally, while private individuals are
influenced by their social environment. In this eamly the compared utility (CU) and the RFE are
taken into account when calculating commerciahativeness (CAttr):

(Eqg. 4)CAttr(t) = CU(t) * RFE(t)
To calculate the private demand caused by urbawedisas interurban traffic, the system element
"social attractiveness" (SAttr) is the main indarafor the influence of the social environment be t

12
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decisions made by private consumers. Here theidea$ an individual to buy a FCV depends on the
pressure or pull exerted by his social environnmj@htespecially in the introduction phase. In this
case, the social demand fact&®D( facto} describes the share of new FCV demand causetieby t
number of FCVs present in traffic without consideriutility factors. On the other hand, "1 -
SD_factor" is the share of new demand caused bytility of FCVs [6]:

(Eq. 5)SAttr(t) = (SD_factor*shareFCV + (1-SD_factor)*CU)t* RFE(t)

One of the most important variables influencing #tiactiveness of FCVs is the refuelling effect
(RFE). This represents the impacts of the availagtirogen infrastructure, i.e. the number of fglin
stations offering hydrogen fuel. Its evaluation elegs on the development of hydrogen filling stegion
modelled in the filling stations module.

2.3.3. Filling Stations Module

The analysis of the infrastructure extension isetasn the number of available urban and highway
filling stations (highway FS), where the dominatisement is the share of urban FS providing
hydrogen fuel (since only 376 filling stations ame highways while the others, up to fifteen thowukan
[15], are locally situated). The urban filling stais are incorporated as a stock variable in thdaho
initialized by a starting value and cumulate thenbar of new hydrogen filling stations set up over
time. The new number of filling stations dependstiom demand for hydrogen fuel. If the existing
filling stations cannot satisfy demand, new fillistations will be constructed to match the number
which serves the excess demand ésémH2demandh Fig.6).

Figure 6. The filling stations module — Vensim ntode
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acceptable

maintenance <€

\\
S~

~ +  cash flow

—

N

costsH2 —— \*_ +V/ i L )
- -, aybac
\/>,+ annual - subsidies per FS & pogriod
priceH2 ——— + return urban/highwa vy
by
AN
~__
demand on + average demand <= share FCV
highways urban/highway \\ local
+ AN -
FCV stock ~ : \\ \\
stoc —— _——— S . \_
o] .
{ / )
total +_ local  *_ efficiency g— +/
demand H2 demand  * urban © \
// /77// + \+
‘;—/ //’ v
\a extra + H2-FS
demand —» FS needed stock

It is also assumed that all highway filling stasowill be equipped with hydrogen filling pumps
funded by subsidies if the share of FCVs in localfic reaches a level of 50 %. After the build-afp
hydrogen filling pumps at highway FS, it is assurtieat 10 % of the total demand for hydrogen fuel
will be served by the highway filling stations [1Therefore only 90 % of the demand for hydrogen
fuel (i.e. local demandin Fig.6) will be considered when calculating thember of extra filling
stations needed in urban areas. But before inggadldditional urban filling stations, a certaindeof
efficiency (i.e.efficiency urbanin Fig.6) has to be reached by the initial urbéling stations. The
initial FS are also funded by subsidies. To cakeulae amount of these subsidies, the average deman
at urban filling stations and the costs as wellhasprice per kg hydrogen fuel are taken into aotou

13
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These are used to analyse #mmual returnsof the initial filling stations. In the next stelpased on the
difference betweeannual returnand acceptable cash flodACF), the required annual subsidies for
an urban filling pump are estimated. The new inpartametemlacceptable cash flowhen defines the
annual profit which has to be realized by fillingt®on owners to achieve their breakeven pointrapri
the payback periodT) after making the initial investmentsih hydrogen filling pumps. The Net
Present Value (NPV) approach is used in the madehlculate the acceptable cash flow including the
effective rate of interest (i) [see 16].

1+i)" *i
@+i -1
The subsidies for highway filling stations are cédted in the same way as the subsidies for urban

filling stations. These calculations are an impatriaput parameter for forecasting the total amaint
cumulative costs for the state in the “balanceagfrpents module”.

2.3.4. Balance of Payments Module

The transition to fuel cell vehicles in the trangpsector will be successful, if the state is resaly
support customers in buying FCVs (subsidies folicles) and to give fuel infrastructure providers an
acceptable amount of subsidies [13, 14]. The amousubsidies and the tax waiving are analysed in
the “balance of payments module”. The main elemehtkis module are thsubsidies for urban and
highway filling stationsthe subsidies for FC\(ghetax deficitand theextra incomegenerated by an
extra tax on fossil fuel (see Fig.7). The extradaxfossil fuels is included to finance the polcfer
switching to a hydrogen-based transportation setftdris assumed that the tax and subsidy pdicie
can be financed by other instruments, the extranmeccan be disregarded.

Figure 7. The balance of payments module — Vensidem
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The stock variables cumulative subsidies (CumSabjnulative tax deficit (CumTaxDef) and the
extra cumulative income (Cumin) focus on the tatalount of costs and income cumulated over the
model's time period:

(Eg. 7)CumSub(t) = CumSub(t-1) + anSub(t)
(Eq. 8)CumTaxDef(t) = CumTaxDef(t-1) + anTaxDef(t)
(Eg. 9) Cumin(t) = Cumin(t-1) + anlin(t)
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The comparison of the costs with the income shdwddtal amount of money the State would pay for
or earn from its policies supporting the switchhyarogen fuel (sebalance of paymenta Fig.7).

(Eq. 9)Balance of payments = Cumulative Income — Tax Refi€Cumulative Subsidies

Finally, it should be mentioned that this modulgisely an evaluation module. It is not part of the
feedback system described in 2.1. This module suimrezaonly the effects of the public policies
included in the other modules. These effects foman part of the results of the whole model.

3 Scenario Assumptions

Before running the Vensim model to simulate thegpextion of FCVs, the development of the number
of hydrogen filling stations, the amount of subsgietc. for a given time period (i.e. from 2013, on
some initial assumptions and policy choices havédomade. The first step is to compile a lead
scenario (see 3.1.) and analyse its main resudts 49). In the next step, other scenarios andypolic
choices are introduced and their results are comapaith those of the lead scenario. This comparison
illustrates the importance of the initial assumpsi@nd especially of the policy mix for the traiosit

of FCVs. Besides these variable assumptions, therether general assumptions which apply to all
the scenarios:

One of the most important general assumptionsisnniodel is that a production line for FCVs exists
at the start. At least one production line is neagsto produce even the limited numbers of FCVs
required during the introduction phase. Otherwisek®t penetration will not take place. For every
scenario it is also assumed that a second produlatie will not be set up until the extra demand, i
the difference between the total demand and theémuam producible number of FCVs (160,000 per
line in the model), reaches 80,000 vehicles. Basefield reports from the automotive industry, ane
production line makes sense if at least eighty $had vehicles are being produced annually. A simila
assumption is made for the third production lind aa on.

In this model the number of annually produced Mesidlirectly affects the price of FCVs. In order to
account for learning effects and the cost-reduefigcts of mass production, the price of FCVs is
assumed to decrease considerably and there ispsoeal relation between price and the number of
vehicles produced. It must be pointed out thatomby German FCV production, which is the focus of
this analysis, but also total world production haseffect on technology learning which influendess t
price level.

Figure 8. Price development depending on FCV pradodsee 12]
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While the price of FCVs is based on variation induction, the prices for gasoline or diesel cars, i
contrast, remain at a constant level (Fig. 8). Beeahe state wants to promote the market acceptanc
of FCVs, the sale of these vehicles is not taxetl &0 thousand vehicles have been sold.
Subsequently, the state raises the vehicle ta, llowing a linear growth curve, to that of I®E

until a million FCVs are sold.

It is also assumed that the "price per 100km" @issil fuel does not vary — any increase of the oll
price over today’s level (70-80% per Barrel) isumssd to be compensated by more efficient
combustion technologies. However, the price forrbgdn is strongly affected by the demand for
hydrogen fuel, especially in the introduction phaBis is why a price-demand-relation (see Fig.9),
which has been adopted from the MoreHys model [[$2htegrated into the model.

Figure 9. Hydrogen demand-price-relation [12]
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The assumptions in terms of hydrogen infrastructuckide the installation of a minimum number of
hydrogen filling stations (HFS) before FCV prodoatistarts and setting up additional HFS if the
efficiency of existing stations reaches 80%. A dtad HFS with 120 tons annual capacity and
305,000 € investment costs is chosen as a repatisentiFS for the model [17]. The starting number
of HFS varies depending on the scenario and isssacg to overcome the so-called chicken-and-egg
problem. How long it will take to resolve this ptein depends on the number of initial HFS. As there
is nearly no demand for hydrogen at this time,tlalse HFS have to be subsidized by the state.
Therefore the filling station investors should igedhe difference between their annual return ttied
acceptable cash flow as subsidies. The acceptaisle ftow is set such that investors reach their
breakeven point after the payback period - assumeed to be five years. Finally, it is expected that
the total number of filling stations will not chamgoticeably after decreasing due to shakeouttsffec
in the last two decades. The total number of highfiling stations is also assumed to remain at the
same level. The assumption regarding highway F&shar same for all scenarios. All highway filling
stations install hydrogen filling pumps if the shaf FCVs in local traffic exceeds the 50% markisTh

is also subsidized and the subsidies correspontieadifference between the annual return from
hydrogen and the acceptable cash flow as descfifrethe initial HFS (see above). It is worth

mentioning that the upgrade of highway filling 8tat is assumed to take place if FCVs make up 50%
of local traffic.

The first adopters of FCVs [11] are assumed inlledfic in Six main metropolitan areas (Ruhr grea
Berlin, Hamburg, Munich, Stuttgart and Frankfuwthich is why the system variablesetropolitan
populationand share urbanare taken into account when calculating the “fpgblic demand” (see
2.1.1). As mentioned in the model description,“dexond public demand”, i.e. the demand caused by
interregional commercial traffic, occurs if the shaf FCVs reaches 50% of the total local traffic o
the metropolitan areas. This value is also thecatdr for the establishment of HFS on highways also
subsidized by the state.
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3.1 The Lead Scenario

In the lead scenario, the assumptions and policytmibe implemented by the state are selected to
ensure successful market penetration of FCVs. Torerethe most important assumption regards an
acceptable level of hydrogen infrastructure supgubity subsidies. In this scenario, 500 subsidized
HFS are built at the beginning of the transitiorF@Vs. These 500 filling stations are constructed i
the six metropolitan areas (see above).

Subsidies for FCVs are assumed to equal the ctistetice between FCVs and diesel cars minus
2000€, the implication being that consumers ardingilto pay 2000 € more for the “clean”
technology. FCVs are also more attractive becausstate does not impose a sales tax on them at the
beginning (see above). The tax allowance for hyeindgel is another policy contributing to achieving
successful market penetration. In this scenariardgeh fuel is completely tax-free until the FCV
stock totals 500,000 cars. Once passed this nfalgumber of FCVs directly affects the height & th
tax on hydrogen. A linear growth relation betweles number of FCVs in the system and the tax level
is used to express this. The tax on hydrogen edhatson fossil fuel if one million FCVs are in the
system. More specifically, the tax on the amountyafrogen, which is required to drive 100 km by a
FCV, corresponds to that on the diesel requiredlfiming the same distance by an ICEV. This means
that the state will have the same tax income frgairdgen fuel as it has now from fossil as soon as
one million FCVs or more are on the roads.

3.2 Alternative Scenarios

Thefirst alternative scenari@nalyses the importance of subsidies for FCVsndutie introduction
phase. In this scenario, the consumers do notveegiy subsidies for the vehicles. So the costs for
the state will be lower at the beginning of mankenetration. The other assumptions are the same as
in the lead scenario. The development without arsslies for FCVs is compared with that of the
lead scenario in order to determine the impactS@V subsidies (see 4) and to analyse whether the
market penetration of FCVs can succeed without them

The second alternative scenaricompares the high level of available hydrogenaistiiucture (see

Lead Scenario) with a low level at the beginning=aV market penetration. Instead of 500 filling
stations, only 50 are assumed to be installedwigidies before the first cars are on the markeis T

scenario also reduces the costs during the inttamuphase.

Thethird alternative scenarioanother cost reducing scenario at the beginnilgeomarket transition

of FCVs, is the hydrogen fuel taxing scenario. Amntioned above, in the lead scenario, the stede fir

abstains from hydrogen fuel taxes and later ine®dke hydrogen taxes to the level of fossil fuel
taxes until a million FCVs have entered the marBet. in this scenario the state insists on hydrogen
taxes even at the beginning of market penetratBmnthe comparison with the lead scenario here
analyses the lagging effects of hydrogen taxindcpol
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4 Results

The policy-mix and assumptions in the lead scenam@defined such that the market penetration of
FCVs succeeds within an acceptable time periodadh the FCV stock increases from the starting
year 2013 until 2040 to more than 17 million veégcin Germany, i.e. more than one third of all
passenger cars. The development of the FCV statforus at first to that of exponential growth, as
is usual for new technologies (Fig. 10). Latereaff040, it is assumed that the growth of FCV sisck
digressive, approximating to the upper limit “totar stock”. This type of growth is called 'loggsti
growth' and is typical for the market penetratiéimaovations [18].

Figure 10. Simulation results of the Lead Scenénigh growth scenario due to favourable policies) —
FCV and filling station development
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Similar to the development of FCVs, the numberyairbgen filling stations also increase very rapidly
in this scenario. Nearly all of the some 14700nil stations are equipped with hydrogen filling
pumps in 2040.

Due to the learning effects in production causea wygher production rate, the costs of FCVs sink t
the level of diesel cars, so that the state on$ytbasubsidise FCVs for a short period. Due toréped
increase in FCV sales, the amount of subsidiesirsnad a high level at the beginning (Fig. 11). But
after only five years, the drop in production costsso large that vehicle subsidies are no longer
necessary. In other words, the sum of vehicle didsigranted by the state is below the level
necessary in low penetration scenarios. In low patien scenarios, the costs for FCVs do not fall a
quickly as they do in the lead scenario which iy wigher amounts of subsidies are necessary. The
same effect can be noticed for tlag deficit After a short time period with a high level ofdmggen

tax deficit, policymakers will be able to ask ftwetsame level of taxes as for fossil fuel becahee t
critical mark of one million FCVs is reached venyickly. These policies will pay off after about ten
years and there is almost no need for subsidigaxowaiving in the lead scenario. After this point
only subsidies for highway filling stations are essary if 50% of vehicles in the six metropolitan
areas are FCVs - in the lead scenario this ocouze25.
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Figure 11. Simulation results of the Lead Scendtimh growth scenario due to advantageous
policies) — subsidies and tax deficit
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One of the main assumptions of the lead scenartoalsaut consumers' willingness-to-pay: That these
are willing to pay up to 2000 € more for a envir@mtally-friendly car like the FCV. However, if this
assumption is not considered in the model, anithstead of consumers, the state is also prepared to
pay this amount in the form of subsidies, then“Hubsidies and tax deficit” value increases to abou
500 million Euro in total. These additional subegliare spread over several years in the “FCV
subsidies”-stock (see Fig 12).

Figure 12. Simulation results of the Lead Scend@wihout willingness-to-pay) — subsidies and tax
deficit
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The impacts of vehicle subsidies are significantas be shown by comparing the results of the lead
scenario with those of thest alternative scenarigFig.13). As mentioned above, in this scenario, the
state does not support FCV sales with vehicle didssi This means that the price of a FCV is almost
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double that of the average price of a diesel catheoattractiveness of FCVs is nearly zero in this
scenario. This explains why FCV demand remains\era low level and why there is no increase in
production, which in turn means that price reductieffects due to learning effects and mass
production do not appear. True, the state's costlowa, but the market penetration of FCVs fails.

Figure 13. Lead scenario vs. first alternative samém (no FCV subsidies) — based on 2005 prices

Time Alt. 1 (no FCV subsidies) Lead Scenario (FCV subs.)
cumulative cumulative
subsidies & tax subsidies & tax
deficit (in million FCV | deficit (in million
€) Stock €) FCV Stock

2013 0 2,000 0 2,000
2015 83 2,075 421 50,522
2020 212 2,396 3.370 550,874
2030 233 2,312 4.843 4,800,000
2040 249 1,623 4.844| 17,810,000

As mentioned above, the high vehicle price, dubigber costs during the introduction phase, is the
most debilitating factor for the market penetratidri-CVs. This problem can be overcome easily with
state aid because vehicle subsidies result in higheeptance by consumers and consequently in
higher production rates. Abandoning the VAT at iheoduction phase also strengthens consumer
acceptance and this again would result in highedymtion rates. High production rates in turn
decrease production costs to the level of todagkioles after some years. Having reached high
production and in follow high sale numbers the &tedn again long for VAT in 2021 in the lead
scenario. But high production rates are not rea@hele first alternative scenario and so produrctio
costs do not decrease (see Fig. 14).

Figure 14. Lead scenario vs. Alt. 1 scenario — F@W¥duction costs / price development in € (2005
prices)
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The results of thesecond alternative scenaribighlight the importance of sufficient hydrogen
infrastructure. A small number of hydrogen fillistations blocks the penetration of FCVs and it$ake
some decades to overcome the famous “chicken-apgpemblem”. In this scenario the state saves
some hundred million Euro in subsidies at the bagiy but the critical mark of one million FCVs is

not even reached in 2040, while the cumulativel @eicit rises above the deficit in the lead scema
in the same year.
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Figure 15. Lead scenario vs. Alt. 2 scenario —Itdeficit / FCV stock

6000 20000 -
]
- 18000 <
g S0 | 16000 S
2 4000 - 14000 >
o
Q - 12000 L
“é’ 3000 - 10000
oo — A P
= 2000 - 6000
S —Lead Scen.-
S L 4000 FCV Stock
©
= 1000
Is) . 2000 —¢— Alt. 2- total
deficit
0 -0
o G A —— Lead Scen.-
NN i
ENENENE Time total deficit

The cumulative total deficit is higher in the sedalternative scenario than in the lead scenario in
2040 (Fig. 15), because the state has to do withgdtogen taxes for a longer period (until one
million FCVs have been sold), whereas in the leaghario the state can insist on taxes after a eoupl
of years. As the FCV stock remains at a low letred, number of hydrogen filling stations grows only
very slowly in the second alternative scenario.réfure, the refuelling effect is so low (see Fig) 1
that only opportune taxing policies can make hydrogttractive as a fuel, while in the lead scenario
because of the high refuelling effect - hydrogeodmees attractive very quickly.

Figure 16. Lead scenario vs. Alt. 2 scenario: lepment of hydrogen FS stock and refuelling effect

Time (Year) 2013 | 2015 | 2020| 2025  203( 203b 2040

Alt. Scenario 2 50 50 50 63 95 151 275

H2-FS

Stock Lead Scenario 500 500 500 1,596 3,643 7,838 13,623
Alt. 2 0.06 0.06 0.06 0.07 0.10 0.14 0.24

Refuelling

Effect Lead Scenario 0.43 0.43 0.43 0.74 0.89 0.98 1.00

Thethird alternative scenariaiscusses the impacts of hydrogen taxes on FC\addror rather on

the sales and development of the FCV stock. Theasime assumes that the state asks for the same
level of taxes for hydrogen as it does now for iidsel. The result is a slowdown in the growthtbé

FCV stock which amounts to only 3.4 million vehglg.4% of all passenger cars) in 2040. However,

the cost reduction for the state is not really ateraible, because the lower FCV sales slow down FCV
production and its related cost reduction effettisTmeans that the state has to support the vehicle

with higher subsidies to make them attractive toscmners (see Fig. 17). Besides the most important
tax deficit component, i.e. the vehicle tax defreinains unchanged in all scenarios — it was assume

that the state waives vehicle taxes until FCV steeches one million cars (see 3.).

21



MATISSE Working Paper 22

Figure 17. Lead scenario vs. Alt.3 scenario: depeient of subsidies and tax deficit (in 2005 prices)
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Since costs are only reduced slightly it does retrsto make sense to insist on hydrogen taxe®at th
beginning, because their impacts on FCV sales @\ $tock are immense. Only 20 % of the lead
scenario’s FCV stock is reached in the third alitwe scenario in 2040. Because of a lower FCV
stock, the demand for hydrogen fuel does not grewg@ickly as in the lead scenario and so the
number of hydrogen filling stations increases aloaver rate. While in the lead scenario more than 9
% of all filling stations offer hydrogen fuel in 20, only 20 % do so in the third alternative scenar
Therefore the refuelling effect and the attractasnof FCVs are also lower in this scenario.

Figure 18. FCV stock development — all scenarios
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Fig. 18 illustrates the development of the FCV ktfar all scenarios. It is obvious that the lead
scenario is the only one with a higher penetrataie although the cumulative costs for the stage ar
nearly the same or even lower than the costs ialteenative scenarios. So it is advisable fordtage

to support the market penetration of FCVs and acdigher deficit during the introduction phasg (a
is the case in the lead scenario). However, sussioli tax waiving policies can be phased out after
few years because FCVs are successful on the market
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5 Conclusions

The transition to hydrogen as an energy fuel intthasport sector is a disruptive innovation and
relevant support will be needed in different aréasa limited time period. Without any support,
hydrogen will not penetrate the market. After arsiperiod of support, hydrogen vehicles will result
in lower total costs compared with conventionaligigls (assuming that the cost reduction targets of
hydrogen vehicles are achieved). Furthermore, fimigortant to quickly reach a certain level of
infrastructure and of the market penetration ofrbgén vehicles. If a rapid transition to FCVs is
impeded, it is very difficult for hydrogen to becsessful as an alternative fuel. Besides, the tivera
financial support required is much lower with fas@rket penetration than with slow market
penetration.

Relevant financial support is needed to bring dava hydrogen vehicle costs (area of highest
priority); otherwise no-one will buy them. Additially tax policies for hydrogen are necessary to
reach a high level of market acceptance, i.e. thkorilld be no taxes on hydrogen fuel until aftex on
million FCVs have been sold.

Rapid development of a filling station network ital/for the market acceptance of hydrogen vehicles
and the necessary infrastructure investments aselo® compared with subsidies for vehicles and
fuel. However, even with massive financial supptre successful market penetration of hydrogen
vehicles will still need time.
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