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Will Hydrogen be Competitive in Europe without
Tax-Favor?

By Anders Chr. Hansen
Roskilde University, Denmark, Email: anders@ruc.dk

Paper prepared for the ISEE 2008 Conference in Nadrbi:
Applying Ecological Economics for Social and Enviramental Sustainability

Abstract

The paper analyses the problem of the competitsseered hydrogen. Provided that the technological
progress in the durability and cost of fuel celidaall the other achievements targeted in the Eeampand
US technology development programs, will hydrodpem tbe a competitive transport fuel or will it ndeas
favors to be cost competitive to the consumer?aisavers are that tax favors are not necessary il
The high fuel taxes in Europe will amplify the cefitiveness effect of the superior energy effigiavicthe
fuel cell-electric drive system. Depending on tigace at the time of introduction of hydrogendafuel
cell technology in automotive transport, there Wl a tax rate in the span of European fuel taesd€10-
20/GJ) that will make hydrogen competitive. If thference in fuel taxation between Europe and uig
persist when hydrogen and fuel cell technologyoimmercialised, it will be competitive in Europeaad)
time before it will in the US. The conventional daes of natural gas as the primary energy basis for
hydrogen in the introduction phase should be reictaned in the light of the high oil and gas pricés.
particular if fuel taxes are designed to promote Hthievements of the goals of European energgypoli

Keywords:
Hydrogen, competitiveness, fuel taxes



Introduction

Introduction As the prospects for the future supghg price of oil look still more bleak, Europeaustry
and the EU are devoting still more innovative resources te tevelopment of a hydrogen and fuel cell
technology that can make other energy sources tilanseful in automotive transpGrtin stationary
applications, the technology also offers a markemyess in fuel efficiency and in portable applicas
similarly in off-grid operation time. The Europeblimion has selected hydrogen and fuel cell techryoisy
one out of five technology areas on which the umidlhconcentrate in a public-private partnershgadled
Joint Technology Initiativés(Commission of the European Communities 2006; fe@a Commission
2008).

The perhaps most promising property of the hydragmh fuel cell technology is that it can make alien
energy resources than oil available for automatiaasport. Europe has very limited fossil resourbes is

rich in renewable and nuclear energy resourcesptetominantly take the shape of electricity, whigh
difficult to store. Battery technology has suffitiestorage capacity to satisfy the needs of vehitiat only

run a limited range every day and stay in the gamgery night. The energy density of batteries have
improved considerably in recent years, but it isoaimon viewpoint that it never can reach an energy
density comparable to that of oil products and rerhal combustion engine (ICE). On the other hand,
battery technology proponents point to possibgiteé enhancing the energy density of batteries duing
control systems and by establishing a battery cephent infrastructure. How far the limits of bagter
technology can be pushed is difficult to say, huttlee other side of that limit is the hydrogen &mel cell
technology that can provide an energy density coalpe to that of oil products and ICEs.

1 As well as other industrialised and emerging economies.

2 One of these is the Zero Regio Project that demonstrates the workability of a hydrogen refilling station with
a small fleet of fuel cell vehicles (FCVs) in Frankfurt a.M. and Mantova (Italy). This project - and, thus the
present paper as well - is financially supported by the EU FP6 program, which is gratefully acknowledged.
Moreover, it naturally gives rise to question of whether the technologies demonstrated by the project will be
economically viable.

3 The other high priority technologies include medicine, computing, aeronautics, and nanotechnology.



This paper addresses the question of whether hgdragll be an economically viable alternative faethe
time when all the technology development efforts arowned with success. Can hydrogen, by then, be
produced at a competitive cost or will it requiae-favor in the form of subsidy or tax exemptiorctmpete
with petrol and diesel?

Government Research, Development, and Deploymean®|

The strategy for hydrogen and fuel cell technoloigyeloped in the public-private partnership spesifi
targets or milestones for the development of tlartelogy. Central 2015 targets include fuel cellelr
systems with a durability of 5000 hours and a cd€100/kW at a production rate of 150,000 vehi¢ldésP
2007). This target is probably less ambitious tthen2015 target of $30/kW and 5000 hours at a mtciu
rate of 500,000 in the corresponding US DepartneériEnergy (DOE) plah(US DOE 2005; US DOE
2007). Both strategies, however, aim at develoftiegtechnology to a level where fuel cell vehilEEV)
can be produced at a cost level comparable toniatezombustion engine vehicles (ICEV) and hybrid
electric vehicles (HEV) at some point of time bey@D15.

The 2015 target for hydrogen production costs i$/&8H, at the pump in Europe whereas the US DOE
2012 target is $2-3/kgH($2/kgH, for natural gas reforming and its 2017 target 3¢k§ H, for water
electrolysis and biomass based hydrdgefhese targets are supposed to ensure hydrogepetitiveness
provided that the oil price is $34 per barrel and ECVs are 140% more efficient than ICEVs and 66%
more efficient than HEV’s Both strategies envisage that far most of therdgeh will be produced with
fossil fuels as feedstock.

Government coordination and planning is obvioudlguired because of the chicken-or-egg problem and
several other market failures (see, e.g., someh@fcontributions to (Sperling and Cannon 2004)) Th
chicken-or-egg problem is that carmakers will nadace hydrogen-fuelled cars before there is a etddt
them. People will not buy hydrogen cars before ehisr a hydrogen supply. And potential hydrogen

4 US dollars in 2002 price level.

5 The US DOE targets are in 2005 US dollars (= €0.8 in 2005) whereas the purchasing power of the Euro-
targets is ambiguous.

¢ That is, with efficiency factors of 2.4 and 1.66, respectively.



producers will not invest in supplying a hydrogearket that doesn’t exist. Thus, the whole thingriskely
to materialise without government coordination andrket intervention. To get out of this undesirable
strategic equilibrium, some initial government (ltax) funds are required.

The initial as well as the future government firaman take the form of subsidies, fuel and vehiaie
exemption, or income tax allowance. These tax-fawamn be granted to hydrogen, the feedstocks atspla
used for hydrogen production and distribution, ¥k&icles or components of them, or the servicdifiesi

for the vehicles. Governments in Europe, the UBadaand elsewhere have already adopted tax inesnti
for fuel cell vehicles although they have not emtleimto serial production yet. This will advance ttay
when they become attractive to a larger audienceitareduces the economic risk of vehicle producers
worried about the returns to their investment chtelogical development. This analysis conceniatéuel
taxation.

Can automotive HFC technology be economically vie®l

Critics of hydrogen as a transport fuel have argtieat it takes more simultaneous technological
breakthroughs to achieve the targets than one dmpd for and that the conversion losses in thell*te
Tank” (WtT) part of the hydrogen fuel chain maywatigh the superior energy efficiency in the “Taok-t
Wheel” (TtW) part (see e.g., (Romm 2006) and (Bbsswl Eliasson 2003)). It is a fact today that the
technology did not advance as fast as many haddnfigpeby the turn of the century and that conversio
losses in the fuel chain are still considerable gamd to petroleum based fuels. Still, there istglef
evidence to support that the WtW efficiency of lpglen and fuel cell technology can be superior emdtie
most efficient ICE technologies such as advancesetfliand ICE-electric-hybrid technologies.

A number of detailed planning and scenario studiggporting strategic choices in the developmernhef
hydrogen economy have countered this criticism. &ofrthese studies are reviewed below. Generaigy, t
show that a fuel chain of fossil energy to hydrogerpower and, eventually, to wheel rotation can be
competitive with the present fuel chain of crudet@itransport fuels to combustion to rotation.drabn, the
fossil energy can be replaced by renewable anceauenergy. They differ, however, in their answerthe
guestion of fuel taxation.



One of the early bodies for public-private bodiestlois issue (The Alternative Fuels Contact Gro0p4)
found that hydrogen would be around twice as casslypetrol or diesel. Nevertheless, it would bes dbl
compete in the long run given that the energy ieificy of the fuel cell system was twice the effiig of
ICE system. However, this calculation was basedmmssumption of an oil price of $25 per barrele Th
contact group recommended a total fuel tax exempiti@n unspecified phase of introduction.

This recommendation was backed up by an industtiative suggesting an infrastructure investmemnpl
financed by industry on the basis of a full fued &xemption for hydrogen (E4tech 2005).

The US National Academy of Science (US Nationaldesay of Science 2004) similarly found that coal and
natural gas based hydrodein FCVs would be competitive with gasoline in ICE\Assuming a 66%
efficiency advantage of FCVs over ICEVs. Howevke, bil price assumption was $30 per barrel. Accaydi
to this study, a subsidy should not be necessatyaarearly market penetration for FCVs similarhattof
HEVs starting at a cost level of $100/kW shoulddsdistic.

A research team on societal lifecycle costs (Ogtiditliams et al. 2004) found the lifecycle fuel to®f a
future FCV to be almost as high as those of an ICH¢ extra cost of the fuel cell drive system careg

to an ICE drive system was, indeed, estimated &D&2yielding net incremental lifecycle costs obab
$2000. These extra costs are, however, more tisifigd by the reduced external costs. The studhéu
shows that internalising these external costs wautdease the competitiveness of advanced ICEVs and
HEVs relative to ICEs, but would also increasedbmpetitiveness of FCVs relative to advanced ICENG
HEVs when the time comes. This study assumes apba@n oil price of around $25-30 per barrel and
assumes that FCVs will be three times as fueliefficas conventional ICEVs.

A global analysis of the prospects for hydrogen aumd cells (International Energy Agency 2006) asss
that the FCV cost declines to about $65/kW in 2028s is, however, insufficient for hydrogen aneélfaell
technology to achieve any significant market sharen though hydrogen in the base scenario is exempt
from fuel taxes in the beginning and like otheewlative fuels only gradually increasing to 75%tlué

7 Produced with carbon capture and sequestration (CCS)



gasoline tax in 2050. This study is based on annmagson of a future oil price of $25-35 per barf2000-
prices) in 2015-25 and an efficiency factor of 1r8&tive to advanced ICE¥s

According to these studies, hydrogen and fuel wahnology will definitely be an economically viabl
alternative to oil based transport. A very compreiiee study of all thinkable drive trains and fuels
(Edwards, Griesemann et al. 2007) did, howeveiveaat a different result, albeit only for the vergar
future (2010+). A substitution of 5% of the Europd@EV transport by FCV transport would entail extr
costs of €c7-8 per km, primarily due to the higrstcof the fuel cell drive system and the hydrogen
infrastructure. In this study, all cost calculaBosre based on oil prices of $25 and $50 per barrélan
FCV fuel efficiency twice the fuel efficiency ofdlconventional ICEV.

The Hyways project (The HyWays Project 2008) usdmekcastingrather than dorecastingapproach.
Starting from an assumption of a future competitiydrogen and fuel cell technology, it developsdroaps
of how to get there. From 2050 and backwards i tihtalculates the required preceding step badkdo
demonstration projects of today. It does so underassumption of $50 per barrel of crude oil, bith\a

considerably higher oil price in alternative scévsr

The above list of studies is far from exhaustingt b covers the typical choices of assumptions and
conclusions in the literature on transition to foghn. All of the studies conclude that fossil fuptimarily
natural gas - based hydrogen is the least costlysupply for the FCVs. Thus, natural gas (anckrlan,
coal with CCS) will form the primary energy basie hydrogen in the first decades. However, thigifig
rests heavily on the assumption of an oil price ilauch lower than the future oil price anticgratoday.

There is no consensus among economists aboutvibledkoil prices in 2015-2025, but an increasihgre

of analysts expect significantly higher oil prickan the roughly $30-60 (USD with 2008 purchasiog/r)
assumed in the studies reviewed above. Higherioép affect not only the cost of petrol and digbat also

the cost of natural gas and even coal. Since mibsheo hydrogen in the scenarios reviewed above is
produced from natural gas and coal, the cost dilffbssed hydrogen will depend on the oil price. tbloe
studies reviewed above, however, have not everidenesl how the economics of the hydrogen and felél c

8 That is, a 82% efficiency advantage of FCVs over advanced ICEVs.



solution to automotive transport would look withl pirice levels of $100-140 per barrel as we have
experienced in the first half of 2008.

The studies also agree that the time for takeaftlie FCV market will be at the earliest in 20f5( all),
but not about exactly when and in which pace anereimarket shares can be achieved.

They don't agree upon the market situation that 5@\l face when introduced. Some assume an efffigie
advantage of 100-200% over the competing vehidlgisas, other 66% or 50%.

The studies apply specific assumptions of costs effidiencies of specific technologies. The amoaht
detailed assumptions about technical propertiesematkdifficult to compare assumptions across s&idi
Moreover, the technologies under investigationaaset of “next generation” technologies that we kaow
very little about today. Thus, it is, worth congidg the level of detail in such scenarios. Maybadtusions
that are more robust could be drawn at a more géelexel.

The studies address the question of hydrogen cdtimpaess as a question of the cost of hydrogesuger
petrol at particular points of time. It is exactg difficult to say anything about the cost of fbbased
hydrogen at a specific point of time as it is tegct the oil price at that time. Instead, thisdgtaims at
reaching conlusions about the conditions, in paldicas to the oil price, that must be presenhfatrogen
to be a competitive transport fuel without specffitbsidies. In the next section, a model is dewalopith
the aim of determining thiiresholdor break-everoil price that will make hydrogen competitive.

The hydrogen competitiveness model

As noted above, it is difficult to establish refiisassumptions about next generation technoldtjasare

not commercialised today and some of which areemen invented or patented. On the more general,lev
however, it is known that fuel chains can be dégdiby a series of conversion and transport opesti
The conversion efficiencies reflect the ratio oérgy output to energy input of each link in theinhdhey
form the technical basis for the cost functionscdbig output costs as a function of input cobtsaddition

to this, the conversion and transport infrastrieinorvolves non-energy costs. Assumptions about exsion
efficiencies, non-energy costs, and primary eneagts should suffice to calculate the at-pump obshe
competing fuels. In the present paper the assungptidout details of specific technologies are aahid
Instead, only the transformation efficiencies amsh-energy costs that can be achieved by a number of
technological solutions are assumed.

For instance, it is technically possible to conrstll scale hydrogen, heat, and power units teigting
electricity or natural gas grid. This could be atraa&tive option for many households, neighbourhood
associations, firms, and even individual househdldsether it will materialise depends on whethecah
perform with a conversion efficiency and non-enecggts comparable to that assumed for an infrasieic
that looks more like the oil product infrastructunes know.

Another example is the battery technology the Bnoit which can be pushed by adding control sysizmas

by establishing a battery replacement infrastrectliio the extent that these developments can take p
within the similar efficiency and non-energy costjuirements, we can replace “hydrogen and fuel well

the analysis with “battery”.

FCVs with hydrogen stored in up to 700 bar pressan&s have proven a technology that can match the
energy density of oil based fuels in ICEVs. Itifially as assumed that the FCVs at some poitinad can

be offered at a price comparable to the competarg.cThe competing solutions include advanced ICEVs
and HEVs with diverse battery capacity, but notWsE&t 2¢' century standards.

The competitiveness of hydrogen vs oil producis msatter of conversion efficiencies and non-eneagts
through the fuel chain. For simplicity, petrol agidsel are weighed together in a “diesoline” fiigtdrogen

can come from either fossil energy (the cost ofclvldepends more or less on the oil price) or fram-n
fossil energy (the cost of which is more indepemdérthe oil price). In the period until the ea@s, it is
most likely that natural gas will be the typicapresentative of the former and wind and nucleargrowmill

be the typical representatives of the latter. Qurresearch and development aims at adding hydrogen



extracted by advanced fermentation and gasificasfomiomass, CCS and fourth generation nuclearggner
to the hydrogen supply options in the 20s.

The model can be condensed to the following eqguatio
(1) P=(a+ak—-c—-de)/(df —b—bk)

where

P = oil price where Fcost/km = diesoline cost/km

a = “diesoline” NEC

b = “diesoline” oil price dependency

¢ = hydrogen NEC

d = hydrogen gas price dependency

e = natural gas NEC (or power costs for non-fdsgirogen)
f = natural gas oil price dependency

k = efficiency advantage: [(HFC km/GJ)/(ICEkm/GJ)]-

A more detailed description of the model and dataviailable in (Hansen 2007; Hansen 2007) and @tans
2007).
Data and parameter estimates

The parameters of the model are conversion eftésnand non-energy costs.

Table 1. Parameter estimates used in the model

Conversion-link Efficiency Non-energy costs
Parameter | Value | Parameter | Value
Crude oil to diesoline b*) 1.26 a €2.66
Crude oil to NG imports to NG consumer price  *) 1.06 e €2.24
Relative advantage in fuel efficiency k 50% -
Best case
NG to hydrogen d 70% C €10
Non-fossil energy resources to hydrogen d 70% C €10
Worst case
NG to hydrogen d 62% c €15
Non-fossil energy resources to hydrogen d 6506 c €15

Source: (Hansen 2007; Hansen 2007)

*) Estimated price coefficients reflecting transfation efficiencies of 1/1.26=79% and 1/1.06=94%,
respectively.

The parameter values for the conversion of crutieodidiesoline” and the influence of the intermetal oil
price on the international natural gas price anthér to the consumer price of natural gas in Eeraas
derived as OLS estimates by simple regressiorhdncase of NG the oil price is lagged one year ithst
not of practical importance when calculating a shadd oil price level in the future. For a further
documentation of data, estimates, and model detel, (Hansen 2007; Hansen 2007).



The close dependency of “diesoline” on the oil @niesults trivially from the input of crude oil rgged to
get a given output of “diesoline”. The dependentyatural gas on crude oil, however, is mainly eally
the substitutability of natural gas and oil in haatl power production. Thus, long term natural ggagracts
typically link the price of future gas deliveriesthat of the oil spot market.

The relevance of this practice has been questiasail as the primary energy basis for the Europeaver
and heat sector has been replaced by other eneugges. On the other hand, as long as this sutistitu
goes on, it is still relevant for price formatioRurthermore, natural gas is still competing with ioi
household and industrial heating and in the futnicezasingly as transport fuel as well.

Developing a gas-to-gas competition instead ofiatoagas competition in the internal European nadiik a
core element in European energy policy. Whereadliitely to increase efficiency in downstream cgiems

on the internal market it is debated whether Euaiopgatural gas prices actually will be decouplednfthe

oil price. Recent studies of the spot markets UK ((Panagiotidis and Rutledge 2007) and parafielrts

in the US ((Brown and Yucel 2008) show that theuradtgas spot market price has only been decoupled
from the international oil price in the short rumot in the long run. Expectations of large amowftsatural

gas supplies entering the European market from Byprand a rapidly expanding LNG production capacity
nurture more optimistic views on decoupling of matwas prices from oil prices. Natural gas demiand
however, rapidly expanding too and the upstreanceotnation of natural gas suppliers to Europe is no
qualitatively different from that of oil suppliets the international oil market (Hansen 2007).

On this background, it would be too careless t@lature planning decisions about the hydrogensttiam
on an assumption that decoupling will occur. Irs tanalysis, it is assumed that the natural gasringpize
will depend as much on the international oil piit¢he future as has been the case in the past.

Gasification with CCS technologies will allow us terive hydrogen from combustible fuels without
emitting CQ to the atmosphere. The question of whether gasiific with CCS will be more cost effective
than renewable and nuclear energy remains to loéiexdia A series of CCS test and demonstration quty
will be launched by the EU and they will provideluable information about the prospects of these
technologies. Probably, they will even be accongxuly another series of projects. But they canlhéoe

in time to contribute with any larger share of thieropean CO2-lean energy supply on this side 00202
the 20s, however, the technologies can become ivggrtant if the demonstration projects confirmithe
effectiveness.

Other hydrogen production technologies that areeetgul to become real options in the 20s and ta el
performance similar to or better than the 70% ah@/@J assumed here. They include high temperature
electrolysis, gasification and microbial technoksgiextracting hydrogen from biomass and waste, and
genetically modified hydrogen producing algae. #is analysis, however, we consider only demoredrat
technologies that can be deployed in large scal®ib-25.

The best case cost components for hydrogen prodoicedatural gas are based on the most systematic
analyses on both side of the Atlantic and fromttrgets defined by (HFP 2007). Assuming an oil@ing

$50 per barrel (Edwards, Griesemann et al. 2006)W app. 2, p. 13) estimates the cost of hydrogen
production on-site from natural gas at a 2MW plast€7.1 per GJ for capital expenditure and €30 fo
operating expenditure. Of the latter, €0.43 pelisgEluxiliary energy and chemicals expenditure ptiee of
which depend on the oil price. This leaves a tofadil price independent costs for hydrogen prouuncof
close to €10 per GJ.

A recent comparative study of hydrogen infrastrretoosts (Weinert 2005) found that the costs pet,GJ
vary from $42 to $260 in the available reports frimst and demonstration facilities. Costs of tividual
components as well as installation cost per untiyafrogen vary by up to an order of magnitude. Sofe
these variations are explained by variations iracayp or capacity utilisation, but even when adpdstor
such properties, the variation is considerable. §thdy develops a Hydrogen Station Cost Model (H$CM
to produce comparable estimates based on the samaples of calculation. Adjusting for capacity,
capacity utilisation, learning, standardised iratain, etc. the model produces a current non-eneogt
estimate of $27 (2004 prices) per GJ for hydrogemyced with steam methane reforming with a capacit



of 480 kg per day. With learning economies, thistds expected to decline to $15 per GJ after catival
production of 4000 units. With the 2004 $/€ exclergfe these figures correspond to €22 per GJnitegli
to €12 per GJ respectively.

A model service provided by the DOE (National Reabl® Energy 2006) takes this approach further
attempting to estimate the costs of producing hyeinoin a market environment with a demand for 58 n
1500 kg per day forecourt units per year, a matigensed, certified, permitted technology, skidemted,
sheet metal enclosed, fence protected system aghpraad installation/startup time reduced from ary®
approximately 3 months. Under these assumptionsasdd on detailed information from industrial esto
and currently running test and demonstration fieedlj the study estimates the non-energy coste 916
(2005 prices) per GJ corresponding to €13 per @ddgen with the 2005 $/€ exchange rate.

In a study of the cost of electrolysis in industoglay (Levene, Mann et al. 2007) it was found tihat
conversion efficiency is as low as 65%. The Euraopgganning for hydrogen technology development (HFP
2007) aims at a conversion efficiency of more tii@%o LHV and non-energy costs of €1000/Nm3 (or
€10.8/GJ) in 2015.

The table below shows the result from the Europééw-study of the available technology options and
their costs.

Table 2. Expected hydrogen-at-pump costs beyondZissuming $50 per barrel oil (Brent quality).

NG Coal Wood Nuc Wind EU-mix
€/GJ (2005 price level)
Electrolysis 44 38 #N/A 47 46 42
Thermal 35 34 21 #N/A #N/A #N/A

€/kg (2005 price level)
Electrolysis 5.30 4.56 #N/A 5.62 5.54 5.02



Thermal 4.25 4.04 2.47 #N/A #N/A #N/A
Source: (Edwards, Griesemann et al. 2006) and algtualculations.

The table shows that at an oil price of $50 perdbanydrogen from reformed natural gas is expetezbst
€4.25. This is less expensive than any of the mlysis alternatives. However, hydrogen based on
hydrolysis of cellulosic biomass (“wood”) is expedtto be much cheaper and the far most efficiemtngm
the hydrogen production technologies in the tabe resource potential is, however, questioned.

The non-fossil technologies that are availableefquansion of the European power and heat capacityis
period — at least until 2020 — include mainly wiadd nuclear energy. In particular, the off-peak @ow
generation of the base-load capacity provided gehtechnologiéss seen as an important source for
electrification of automotive transport in this ndature. Biomass and waste based power and heat is
available too, but probably not in such large qttigst

The 20-20-20 targets of the European Union willgadaly mean that the expanding parts of the European
power and heat capacity until 2020 will be basedavord, biomass, and nuclear energy technologyeast

as far as wind and nuclear energy is concernednuiiisreate a large quantity of off-peak power glypthat
could be very well used as automotive transport fdgdrogen and fuel cell technology as well agdigt
technology can play a key role in making this palssi

With the assumptions used in the WtW study, winaigrois €cents 7.3 per kWh. This is in the high ehd
the assumptions applied by the (International Bn@@p6). In its World Energy Outlook 2006, wind paw
is assumed to cost USc 5.0-7.5 per kWh.

Based on these studies, we will assume that theralagas price independent part of the costs of
transforming natural gas to hydrogen (c in the rhalleve) is €10-13 per GJ. This assumption, of ®uis
to be scrutinised in the many hydrogen infrastmectest and demonstration projects planned in Eueopl

2 Wind power will achieve a base load character too, when sufficiently many wind mills are dispersed across
a sufficiently large area because it also blows somewhere. In any case, a considerably larger share of wind
power in the European power supply will make large quantities of off-peak power available for hydrogen
production.



elsewhere. The scale economies obtainable in aatgmbduction of hydrogen cannot be tested defiyit
before a sufficient number of FCVs are available éilling stations are in place. Moreover, the scal
economies are not necessarily the most importamte reat recovery and other benefits of multi-piaid
energy transformation could contribute considerablyhe cost competitiveness as it already doeSHRP
production.

In the best case, we assume that the targets ofeffilency and €10/GJ in natural gas based hydroge

production are achieved at the time when the vesielre introduced. The best case assumption for non
fossil hydrogen includes power at €c5.0 per kWh4(€D) and €10/GJ and 70% efficiency in electrolysis

and compression.

In the worst-case scenario for natural gas, théesysfficiency is set to 62%. This is because aefow
efficiency would make the entire WtW efficiency lewthan it would be without FCVs. For electrolysis
efficiency, the worst case scenario is set to 688fresponding to the standard of today ((Levenenriviat
al. 2007)), whereas the non-energy costs are 91&na the power cost is €c7.3 per kWh (€20.2/GJ).

FCVs will most likely be competing with other fuefficient vehicles when they are introduced. If F@V

solution fails in this competition, it cannot ackeethe volume of production necessary to achievindu

dynamic as well as static economies of scale. Tthgsinteresting question is how the FCV fuel ecopo
compares to other fuel efficient cars in 2015-26#5&er than to gas guzzlers from the 90s.

Thus, the relative fuel efficiency advantage of 50%., the efficiency of an FCV is 1.5 times tHiogency
of the competing vehicle technologies) is chosestesd of the much higher figures used in the studie
reviewed above.

Fuel taxes enter the model as non-energy costsydfopen, whereas vehicle taxes (registration and
circulation taxes) are instruments to affect thmetiat which the fuel cell vehicles can be sold atiee
comparable to that of the competing fuel efficiesticle.

It must be underlined that before the worst casdopeance is achieved, any infrastructure must pass
through a phase of low capacity factor and highnieg costs. The cost of idle capacity until asfattory
capacity factor is achieved calls for governmemtpsut of some sort. Giving this support as subsidtax
exemption for the produced hydrogen would probalolybe an expedient design because some parte of th
infrastructure will be up and running on full cappaitilisation whereas other parts will be jusarsing up.

A filling-station-by-filling-station and electrolgs-by-electrolyser subsidy of the initial costddié capacity
would probably be a more expedient approach.

This analysis, however, is not concerned with tkiek-start” arrangements, but rather with whethss t
hydrogen and fuel cell solution will be able todue economically in the longer term without pautir
subsidies or tax exemptions to hydrogen. In otherds: Will it be viable under worst case conditiavigh
the prospects of being able to improve to the bas¢?

Alternative fuel tax cases

The future taxation of hydrogen and hydrogen veslielill be crucial for its success. Whereas vehimkes
affects the time at which FCVs can enter the marleel taxation are crucial to the hydrogen
competitiveness. (Hansen 2007) offers an analyisthi® issue with the competitiveness model desctib
above.

The European Union Fuel Taxation Directive presgilninimum tax rates to be imposed on petrol and
diesel close to €10 per GJ. As it appears fromfithee below many member states impose much higher
taxes on these fuels.



Figure 1. Petrol and diesel taxes in the Europeamidn in 2004 (€ per GJ).
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Source: (Hansen 2007).

With the currently strong focus on energy and cteriasues in the European Union it can be arguetdttis
more likely that future tax levels converge towatls level of UK, Germany, and the Netherlandsea&ath
than towards the present minimum level. Especi#lithe European countries want to avoid exceshie¢
consumption in advance of anticipated oil priceé¢ases.

As mentioned in the introduction, one of the magpartant long term interests of society in the sraon to
hydrogen is that it enables the European econotmibase their future transport more on Europeanggne
resources that are primarily non-fossil. This wohtribute to the goals of more environmentallytainsible
transport and security of fuel supply. But not verych if hydrogen is produced from natural gas eveh
without CCS. Thus, governments have good reasoriavimur hydrogen based on, e.g., wind or nuclear
resources, but limited reasons for favouring natges based hydrogen. Please, consult (Hansen 2007;
Hansen 2007; Hansen 2007) for a more comprehetrsizgnent of this question.

Finally, it is very likely that fuel taxes in thetfire will become more differentiated accordinghe societal
preferences for environmental protection. More yolg fuels could be taxed higher per GJ than less
polluting fuels. An example of how hydrogen may taged in a scenario with fuel taxes differentiated
according to environmental impact is presentedde(nav’'ska 2008 — in this issue).

On this background, we consider the following cases

(1) No fuel taxes

(2) End-use taxation of €10/GJ of hydrogen as agltonventional fuels

(3) End-use taxation of €20/GJ of hydrogen as altonventional fuels

(4) Taxing conventional fuels and natural gas wsefikedstock for hydrogen by €20/GJ
(5) Like 4, but differentiating to a natural gas td €16/GJ and non-fossil fuels to €0/GJ.

In all scenarios we disregard the VAT-componenit &sthe same for any fuel and already is appiredll
links of the value added chain.



Fuel tax cases and hydrogen competitiveness

With the hydrogen cost model, we calculate thepdite at which hydrogen will reach the competitiess
threshold under the core assumptions and in tragitaxscenarios described above. The results anersim
the table below.

Table 3. Hydrogen competitiveness threshold prigealternative fuel taxation scenarios (€ and US$tiv
2005 purchasing power and exchange rate).

Scenario 1) (2) (3) 4) (5)
Diesel and petrol tax (€/GJ) 0 10 20 20 20
Hydrogen tax (€/GJ) 0 10 20 0 0
Natural gas tax (€/GJ) 0 0 0 20 16/Q
Feedstock (natural gas/non-fossil) IIWin NG | Win | NG | Win | NG | Win | NG | Win
Best case ($/bbl)*) 18/ 105]| 86 | 85 | -16] 65 | 159| g9 | 42| -16
Worst case ($/bbl) 54 170|327| 130|112 130 o 56| 175|362] 49

*) Negative figures means that hydrogen is comipetit any oil price

The results show that even in the best case, hgdregthout taxes would be competitive only if it sva
produced from other feedstocks than the oil prigeethdent natural gas. In the worst case, it woaddire
somewhat higher oil prices in 2015-25 for “non-iis®o be competitive, whereas natural gas would be
practically ruled out.

Fuel tax rates of the size of the European minintaxnrate (€10/GJ), make a tremendous differendbeo
threshold price, even when hydrogen is taxed ircthkghe same way (per GJ) as petrol and dieselhén
best case, hydrogen is already competitive at B8 comfortably less than the prevailing priegdl &
$100-140/bbk $90-130/bbl in 2005 USD) in the first half of 200®is is because FCVs mainly compete on
their fuel efficiency, the competitive power of whiis amplified the more expensive, the fuels a@hés also
means that it imot necessary for hydrogen competitiveness to exeggiolgen for fuel taxation as long as
oil prices and taxes in combination keep the fuieglgs high.

Comparing case (1) and (2) is instructive for cdesng the difference between the US and Europdoic
as the difference between US and Europe with highteixes in Europe and almost none in the US giersi
hydrogen will become a competitive fuel in Eurogerag time before it does so in the US.

Doubling the minimum tax rate to about €20/GJ (@s&ould mean that all member states should ajyaly
high tax rate level that is currently only applied petrol in the UK, the Netherlands, and Germariyis
would be a useful option in case of a temporaréglithing oil price like the 90s. Raising tax rateisen oil
prices decline maintains the incentive to use gnefiiciently.

However, applying the same tax per energy unitetnopand on hydrogen would be a distorting taxigles
This is because hydrogen as described above adeged under massive losses of energy in the caowers
storage, and transport processes. In other wongsptimary energy consumption of caused by a GJ of
hydrogen is much larger than the primary energyomption caused by a GJ of petrol or diesel.



To level the taxation burden, it would be necessamax the feedstock rather than the hydrogenutufhis
would also provide an important incentive to ackd innovation in solutions that improve the @nsion
efficiency.

The present practice of taxing only the Tank-to-@hese of energy is acceptable from an economic
viewpoint today because the difference between TatWheel and Well-to-Wheel energy consumption is
relatively modest whereas the difficulties of imt&tional trade in oil products with different Wedk-Tank

tax rates would be considerable. Otherwise, a fefficient tax design should give the same incestito
energy savings in the Well-to-Tank part of the falkhin as it does in the Tank-to-Wheel part. Howeve
applying the same design to hydrogen productionldvadistort the incentives to an unacceptable degree
because of the large energy loss in the procesamdforming natural gas to hydrogen. In praciice/ould
mean that natural gas used for transport woul@bedt up to 33% lower than petrol or diesel.

In case (4), the €20/GJ tax is applied to petrdl matural gas as well as feedstocks for hydrogedymtion.
As a result, it would take a somewhat higher oitgrfor hydrogen to become competitive. It would,
however, not be worthwhile to invest in natural gased hydrogen in this case. Non-fossil hydrogéirbe
clearly more competitive. This will be in accordangith societal priorities for a cleaner environmand a
shift to energy sources that are more secure iplgup

There are also differences between the environthénizact of combusting one GJ of petrol or diesel
compared to that of steam reforming one GJ of aayas and to that of using off-peak power capdoity
transport energy. The latter doesn't pollute atfallis supplied by an expanding wind power capain the
heat and power sector. Thus, there is a casefferehtiating the fuel taxes according to theiriemwmental
pressure. In case (5) this is done by taxing nagaa by 80% of the diesoline tax (€16/GJ) and wand
nuclear power is untaxed. The result is, not ssipgly, that non-fossil hydrogen will be competitiat any
oil price in the best case and at a very low digin the worst case. Even natural gas based ggdravould

be competitive at a modest oil price in the beseca

However, considering the need for maintaining tileentives to economic use of energy, there is a fwas
not reducing taxes on non-fossil hydrogen more thaeseary for the fuel to be competitive.

Conclusions

Rather than attempting to forecast the future aitey this paper has addressed the issue of hydroge
competitiveness as a question of which oil pricailbanake hydrogen a competitive transport fuel €giv
that the other conditions for competitive hydrogand fuel cell solutions are in place: FCVs with
comparable range per filling, performance, durghitnd price). A model specifying worst case cbods
that future hydrogen suppliers must be able suraiveé best case performance that they are ablehtevac
was constructed. The best case and worst casetiomsdare formulated in such general terms thastme
model easily could apply to battery electric vehitdchnology, should the battery technology beivlg &
offer a similar energy density as the hydrogenfaetcell technology.

The results show that with the oil prices it takeshydrogen to become competitive, the natural lupesed
hydrogen is not necessarily the most competitiveaeh This level has been reached in 2008.

Moreover, the level as well as the design of faghtion is crucial for the competitiveness of hypno. The
high tax level in Europe will make hydrogen comipeti here a long time before it becomes competitive
the US. If the fuel taxes are designed in ordeprmmote the European societal goals (progress enggn
efficiency, cost effectiveness in energy savingsluced air and atmospheric pollution, more secupplg
of transport fuels), the non-fossil hydrogen wiilvé natural gas based hydrogen out of business.

Natural gas based hydrogen requires generally aublgh oil price to be competitive under worst case
conditions that it probably only will survive if &litaxes are not designed to promote the EU enangy
environmental goals.

These results make clear that the conventionalomisof natural gas as the dominant feedstock fordgeh
production in the initial phase of hydrogen transitmust be reconsidered in the light of the highieand



natural gas prices. They also show that the highthxes in Europe may give Europe a special |epaite

in the transition to hydrogen and battery electrtitomotive transport. Finally, they show that ip&ssible to
build a new hydrogen and battery infrastructurdnatit locking the EU-budget into a new multige nenasil
subsidy obligation as has been the case with th@n@m Agricultural Policy. Hydrogen can become
competitive in all of Europe if the lowest fuel &sxare raised towards the levels of the highestfahey are
applied more on Well-to-Wheel rather than only akrto-Wheel basis, which will be an unavoidable tax
design issue when hydrogen is introduced.
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