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Summary

Hydrogen is an energy carrier with zero carbon eantJust like electricity, hydrogen can be
produced from all energy resources, such as bigméasd and solar energy, nuclear energy and
clean fossil fuefs It can be converted to power and heat with hifficiency and zero
emissions, especially when used in fuel cells.niprioves security of supply due to the
decoupling of demand and resources, allowing eacbdean member state to choose its own
energy sources. The possibility of taking the fronber position in the worldwide market for
hydrogen technologies provides new economic oppti#s and strengthens European
competitiveness. Despite these promising prospéhss,introduction of hydrogen into the
energy system does not happen autonomously. Stibstharriers have to be overcome,
ranging from economic and technological to instual barriers. The HyWays Roadmap and
Action Plan for hydrogen in Europe provide a sggt® overcome these barriers.

MS-visions

The vision on how hydrogen could be introducedhia ¢nergy system played a major role in
the HyWays project. Over 50 member state (MS) wuwoks were conducted with key
stakeholders, during which inputs for the modelsensollected. In addition, market scenarios
for hydrogen end-use applications, as providedheyHyWays partners, and outcomes of the
analysis were discussed, leading to further refamgrof the MS-visions. Each country outlined
its own preferences. As a result, it was conclutietl Europe will need a portfolio of hydrogen
energy chains. According to the stakeholders, hyeimoproduction in the early phase (up to
2020) will rely mainly on existing by-product, steanethane reforming and electrolysis (both
onsite) to satisfy early demand. As the energyesystvolves until 2050, stakeholders expect
the production portfolio to broaden, with centratizelectrolysis and thermo-chemistry from
renewable feedstocks (solar, wind, biomass) angf® or -lean sources (coal and natural gas
with CCS and nuclear).

Main challenges

The introduction of hydrogen into the energy systaces two major barriers:

* Cost reduction.The cost of hydrogen end-use applications, eslhed@ road transport,
need to be reduced considerably to become comeetii substantial increase in R&D
investments is needed together with well balandstlildution of deployment to ensure that
the economic break-even point is reached as sopasaible at minimum cumulative costs.

» Policy supportHydrogen is generally not on the agenda of thastnias responsible for the
reduction of greenhouse gasses and other pollytantsn ministries dealing with security
of supply. As a result, the required deploymentpsup schemes for hydrogen end-use
technologies and infrastructure build-up are lagkin

Main conclusions from the HyWays project

« Emission reductionf hydrogen is introduced into the energy systdre, ¢ost to reduce one
unit of CG, decreases by 4% in 2030 and 15% in 2050, implyfag hydrogen is a cost-
effective option for the reduction of GOA cash flow analysis shows however that a
substantial period of time is required to pay bé#uk initial investments (start-up costs).
Total well-to-wheel reduction of CGQGemissions will amount to 190 — 410 Mton per year i
2050% About 85% of the reduction in emissions is relaiedoad transport, reducing GO
emission from road transport by about 50% in 20BQ0rthermore, the introduction of
hydrogen in road transport contributes to a nokiteanprovement of air quality in the short
to medium term. This holds specifically for the iinpslluted areas such a city centres where
the sense of urgency is greatest.

! Using hydrogen production options equipped wittboa capture and storage (CCS) and state-of-thes#ritgint
emission reduction technology.
2 For the 10 countries analysed in HyWays.
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« Security of supplyLike electricity, hydrogen decouples energy demimach resources. The
resulting diversification of the energy system k#&ol a substantial improvement in security
of supply. The total oil consumption of road trams$pould be decreased by around 40% by
the year 2050 as compared to today if 80% of theveational vehicles were replaced by
hydrogen vehicles. Based on the long-term visiagngeveloped by the member states that
participated in the HyWays project, about 100 Mtofeoil is substituted due to the
introduction of hydrogen in transport. For the dirproduction of hydrogen, so excluding
hydrogen produced by means of electrolysis, ab8u¥i®e of coal and natural gas and 13
Mtoe of biomass will be needed in 2050. Accordingthese visions, about 45% of the
hydrogen is produced by means of electrolysis fremewable, sustainable and nuclear
energy. Equally important is the fact that seveathways exist that can produce hydrogen
at comparable price levels and in sufficient amsufthis range of production options
ensures a relatively stable hydrogen productiocepdt oil prices over $50 — $60 per barrel
equivalent, hydrogen does become cost competig\aefael.

e Sustainable use of fossil fuelsse of hydrogen for electricity production frons&il fuels in
large centralized plants will contribute to achieyia significant reduction of G@missions
if combined with CQ capture and storage processes.

e Contribution to targets for renewable energy ancergly savings.The introduction of
hydrogen into the energy system offers the oppdytuo increase the share of renewable
energy. Hydrogen could also act as a temporaryggnstorage option and might thus
facilitate the large-scale introduction of intert@itt resources such as wind energy. Further
research is needed to quantify the relevance sfftimction taking into account national and
regional aspectddydrogen produced from biomass allows for substhmificiency gains
compared to biofuels (and conventional fuels) whead in fuel cell and hybrid vehicles,
thus contributing to energy conservation goals. Hificiency gain over biofuels is
specifically important since the potential for biass is limited and strong competition exists
(e.g. power sector, feedstocks/synthetic mateffiads]).

« Impact on economic growth and employmdiie transition to hydrogen offers an economic
opportunity if Europe is able to strengthen itsippms as a car manufacturer and energy
equipment manufacturer. Substantial shifts in egmpknt are observed between sectors,
highlighting the need for education and trainingggemmes. The shift to the production of
dedicated propulsion systems will contribute to mteining high skilled labour in Europe
rather than outsourcing these to countries whdreulacosts are low. Assuming that the
import/export shares of vehicles in Europe remhendame, the overall impact on economic
growth will be slightly positive (around +0.01% peear). This situation changes
considerably if Europe is not able to maintairpidsition as major car manufacturer in which
case there will be a substantial negative impaatelfiare in Europe. The major benefit for
economic growth is a strong decrease in vulnetgbiif the economy to shocks and
structural high oil prices. Studies from the IEAdaBuropean Central Bank, for example,
indicate that the (temporary) impact on GDP growftiprices shocks or structural high oll
prices amounts to -0.2% to -0.4% of GDP growth.

« End-use applicationdn the time frame until 2050, the main markets Hgdrogen end-use
applications are passenger transport, light dutyiclkes and city busses. About half of the
transport sector is expected to make a fuel sbiftatds hydrogen. Heavy duty transport
(trucks) and long distance coaches are expecteditoh to alternative fuels (e.g. biofuels).
The penetration of hydrogen in the residential tmtlary sector is expected to be limited to
remote areas and specific niches where a hydradesiructure is already present.

* Cost of end-use applications and infrastructureldsuip. The costs per kilometre driven for
mass-produced cars are comparable to conventi@tatles, provided that the necessary
cost reductions are obtained. A substantial penbdime is needed before the initial
investments are paid back. Total cumulative invesiis for infrastructure build-up amount
to about € 60 billion for the period up to 2030idTis only about 1% of the societal costs for
meeting the 450 ppm GQ@arget in Europe.
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Main recommendations from the Action Plan

A technology-specific support frameworfior hydrogen needs to be designed and
implemented. Generic enabling frameworks to suppastainability will give hydrogen and
alternative options an advantage over conventitg@inologies. In order to bridge the cost
gap with alternative options, a technology-spedif@nework for hydrogen is needed. This
should comprise the following elements:

» Innovation The R&D budgets for hydrogen and its end-useiegipbns need to increase
to 80 M€/year.

» Market penetration A hydrogen specific deployment support framewodeds to be
developed, starting with equal total costs (€ct/ltan)the use of a hydrogen vehicle in
comparison to a conventional vehicle.

» No tax on hydrogen as a fudh the first phase of the introduction of hydrogeto the
energy system, hydrogen as a fuel needs to bexdd-t&ubstantial investments are
needed in infrastructure build-up. Tax-exemptioas play a crucial role in this initial
phase where underutilisation will have a strongatieg effect on profitability.

» Tax exemptions for hydrogen vehicles and creatfaady marketsThe additional costs
of the hydrogen vehicle have to be (partly) compe&t for by tax exemptions (or
subsidies). National and local governments neecrg¢ate early markets which tolerate
higher additional costs for the vehicle. Examples Bmited city centre access or
procurement of zero emission vehicles within gowegntal services.

Planning of infrastructure build-upin the early phase of the hydrogen transition,

underutilisation of the infrastructure is likely éacur. Careful planning is needed to ensure

that the infrastructure build-up in the early phas#él also fit the long term and
correspondingly higher demand.

Look for synergies with other optiong/hile preparing for the system change towards

hydrogen, investments will also be made in neant@ptions to optimise the current

(internal combustion engine) system for sustaiitgbilnvestments should be focussed on

options that provide synergies with future hydrogemoduction options and end-use

applications, such as®generation biomass-to-liquids (BTL from biomassifieation) and
hybrid vehicles (i.e. regenerative breaking, power management, laggans, codes &
standards).

Level playing fieldIin order to be able to compete with areas outsua®ie (US, Japan)

barriers within Europe have to be removed (harnatiie of regulations, codes and

standards) and incentives for deployment and R&[B@dnéat a minimum) to be at a

comparable level.

Monitoring frameworklIn order to minimise total cumulative costs tocatedghe break-even

point, a monitoring framework needs to be impleradntassuring an appropriate support

level and a good balance between R&D and deployment

Education and trainingTo facilitate the large employment shifts and pulalcceptance,

education and training programmes on hydrogen, delés and safety need to be set up and

implemented.

A European public-private partnershipr hydrogen and its end-use applications, e.ghén

form of a Joint Technology Initiative (JTI), is kéy achieving these objectives and should

be established by 2008.
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Table S.1 Summary of the deployment phases targets and netiong outlined in the
Roadmap and Action Plan

2010 2015 2020 2030 2050
Phases Pre-commercial HEP Snapshot 2020 H, & FC dominant technologies
I technology refinement @ materialisation of first impacts high impact
& market preparation « New hydrogen supply capacities partially = 80% of light duty vehicles & city
based on low carbon sources buses fuelled with CO, free
« improvement in local air quality hydrogen
* More than 5% of new car sales H, &FC « reaching more than 80% CO,
Technology Start of HyWays Snapshot 2030 reduction in passenger car
development commercialisation Hydrogen & FC are competitive e oy

In stationary end-use applications,

with focus on « Creation of new jobs and safeguarding i 5
cost reduction existing jobs (net employment effect of hydrogen is used in remote
200,000 — 300,000 labour years) locations and island grids

+ Shift towards carbon-free hydrogen supply.
« More than 20% of new car sales H, & FC

Targets LHPs facilitate initial fleet of Vehicles: Vehicles:

a few 1,000 vehicles by 2015 2.5 million of fleet 25 million of fleet

* PPP “Lighthouse Projects” Cost Cost

« Increase R&D budgets to 80 M€/year H,: 4 €/kg (50 €/barrel) H,: 3 €/kg (50 €/barrel)

« Financial support for large scale FC: 100 €/ kW FC: 50 €/ kW

demonstration projects Tank: 10 €/kWh Tank: 5 €/kWh
Required Develop H , specific support H, specific support framework Gradual switch from Incentives provided through
Polic framework « In place before 2015 at MS level hydrogen specific general support schemes for
y « Create / support early markets « Deployment supports, e.g. tax  support to generic sustainability
Support * Implement performance monitoring  incentives of 180 M€/year support of sustainability
Actions framework _ . _ « Public procurement (2020 —)
* Long term security for investing « Planning and execution of
stakeholders strategic development of

Education and training programmes  hydrogen infrastructure
Harmonisation of regulations codes
and standards

2010 2015 2020 2030 2050

A pdf-version of the Action Plan, the Member Statdsion Report, an executive summary, the
Roadmap and various background reports are avaifabbdownload avww.HyWays.de

3 The targets and actions for the time period upd®0 have been developed together with the Europgdnogen
and Fuel Cell Technology Platform (HFP), see (HFBQ52) and (HFP, 2007) and are used as starting fain
further targets and actions outlined in this Roadaraghthe HyWays Action Plan.
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1. Introduction to the Roadmap

This chapter briefly introduces the HyWays projdmt,outlining the aim and approach of the
project and sketching the context.

1.1 History and context

The success of the European Union is that it bringether diverse economies linking their

skills, knowledge and technologies and harnesses) ttor common purpose. The HyWays

project — the European Hydrogen Energy Roadmapan isxample of the power of collective

representative European research in the face othl#enges posed by the need for more
sustainable energy solutions in today’s world. phaiect explores and plans for the potential
that the integration of hydrogen technologies itht® energy system have to contribute to the
challenges of ensuring that Europe’s peoples antiaznies have a secure, environmentally
sustainable and economically competitive supplgrargy services for generations to come.

The integration of hydrogen into the energy systexa the potential to impact directly on the
key drivers of European energy policy. Improvedtays energy efficiency and emission
reductions mean that hydrogen has the potenti@doce local and global emissions promoting
environmental sustainability. Moreover hydrogentdes the economy to be flexible and rely
on a diverse range of primary energy sources angsgecurity of supply options are kept open;
in particular hydrogen can favour the use of higsteares of renewable sources in the energy
sector. The development of market leading hydragehnologies and the employment they
bring with them means that the integration of hggm can contribute significantly to on-going
European economic competitiveness.

In short, hydrogen technologies have the potemiaiffer enhanced sustainability benefits in
terms of cost-competitiveness, low well-to-tankbmar content, high energy efficiency and
flexible reliance on diverse primary energy researddowever, hydrogen is a very innovative
energy technology that is not compatible with afiseéng fuelling and propulsion systems.
Fuelling infrastructure and vehicle fleets will leato be built up in parallel from zero, requiring
diligent planning and governmental support.

1.2 Background and objectives

The inherent nature of an innovative technologyictvltan be disruptive, explains the need for
the European Hydrogen Energy Roadmap and an A&lan. The early studies of HyNet
gained impetus for more detailed work through thghH.evel Group and the Hydrogen and
Fuel Cell Technology Platform (HFP), culminatingain important milestone at European level
of a target of 10 to 20% sustainable hydrogen prtiolo by 2015 as set by the Implementation
Plan and backed by industry. The HyWays project set to produce a roadmap for Europe,
that clearly demonstrates the advantages and pnsbimsed by this very innovative energy
technology option, alongside the timings and exgrcbsts. An Action Plan accompanying the
Roadmap details the conditions, including measanektheir timelines, necessary to overcome
the initial barriers in order to facilitate the dipment of hydrogen technologies. The Action
Plan addresses politicians and policy makers attiamal and European level and is designed to
inform decision makers with respect to governmesit@lport during the initial phase.

The objective of HyWays, an integrated project woeled by research institutes, industry and
the European Commission under the 6th Frameworgr®nome, is to develop a validated and
well-accepted roadmap for the introduction of hyg@no in the energy system in Europe. The
HyWays project combines technology databases anmb-5dechno-/ economic analyses to
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evaluate selected stakeholder scenarios for futwstainable hydrogen energy systems.
Scenarios are based on member states (MS) visionsthe introduction of hydrogen
technologies with extensive interaction betweerersze and stakeholders involving over 50
workshops. For each country the theoretical ecoaoafitimum choice is calculated and
evaluated by the member states on an iteratives.bagnultinational approach covering, at that
time, 80% of the EU land area and over 70% of thgufation ensures a wide diversity in terms
of feedstocks, regional & infrastructure-relatedditions and preferences.

1.3 Methodology

The HyWays project compiles all pivotal technol@giand socio-economic aspects related to a
future hydrogen infrastructure build-up and progide number of scenarios under different
assumptions. It shows the consequences of thadinttion of hydrogen as a fuel and indicates
the financial effort necessary to reach the breadagoint.

The HyWays project differs from other road mappegercises as it integrates stakeholder
preferences, obtained from multiple member statekstmps, with extensive modelling in an
iterative way covering both technological and semionomic aspects, see Figure. IThis
approach enables qualitative data to be incorptiatea systematic and structured manner with
quantitative infrastructure analysis, thus addingnificantly to the common quantitative
modelling approach adopted by other roadmaps.

The stakeholder validation process, which takes @&micount country specific conditions, is a
key element of the road mapping process.

Visions & Assumptions
MS Hydrogen Energy Chains

» A

f Socio -Economic\ / Transition
Modelling Analysis

E3-Database Regions profiling
MARKAL || ISIS < > Key Changes and
V| [arkaL]sis] ey Changes and | |\{
PACE-T
<4 ) Infrastructure

COPERT Ill analysis

\ MOREHyYS J

wy =

\ [ EU Synthesis: Roadmap & Action Plan ] /

Figure 1.1 Schematic representation of the HyWays process

In the HyWays project the Roadmap is based prignami country-specific analyses of ten
member states (MS) (six in HyWays phase | and fouHyWays phase 1l). The countries
selected (Finland, France, Germany, Greece, ltiadyNetherlands, Norway, Poland, Spain and
the United Kingdom) ensure a large coverage, botland and population, and represent the
diversity and geographical spread of Europe, irsingathe confidence in the validity of the
synthesis at European level.
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1.4 Transition phases: from demonstration towards mass markets

In 2006, major stakeholders from automotive indusind the energy sector published a
common position paper on the next steps for theldement of a hydrogen infrastructure for
road transport in Europe. Hydrogen-based vehicllubis considered to happen in three
phases: (i) a currently ongoing phase focussingeohnology development and cost reduction
followed by (ii) a pre-commercial phase from 20XD dpproximately 2015 comprised of

technology refinement and market preparation aijdafter 2015 a commercialisation phase of
hydrogen vehicles which is expected to start witlo@atinuous ramp-up of production leading to
a mass market within ten years.

1.5 Milestones

The HFP Deployment Strategy published in 2005 pedocommercialization targets for the
transport sector in 2020. According to ttsmapshot 20205ales of 0.4 to 1.8 million vehicles
per year within the EU are considered to be asealgoal. The vehicle penetration scenarios
calculated in HyWays are in good agreement withHR€® Snapshot 2020Based on various
assumptions on future technology development ak agebn several levels of policy support,
these scenarios have been extrapolated to cres&@aapshot 203pand a further outlook to
2050.

1.6 Alternatives

Considering the interaction of hydrogen technolsgiéth competing / alternative options, in

terms of hydrogen from biomass, competing demarmdsxist. This holds true for stationary

applications, the food and chemical industriesndpartation and other biofuel applications.

Furthermore, technical synergies with biomass dqaidis processes exist. In the analysis, the
competing use of biomass for other energy usedéeas taken into account. However, due to
the aim and focus of the project, an in-depth asislpf the role of biomass, specifically for

non-transport related purposes, has not been peetbrTherefore the resulting indication is to

be considered as only qualitatively.

In a similar manner the development and deployroéudrive train technologies, i.e. a broader
portfolio including hybrids and battery electrichigles, can help to cut the costs of a large part
of the components used in fuel cell vehicles. & ldng term, hydrogen and fuel cell vehicles
provide one of the most promising options.

For the stationary use of hydrogen HyWays has sede$s use mainly in fuel cells for CHP
which can become a relevant option for remote supplelectricity and heat as well as in
complex energy infrastructures for use in statigregpliances and transport and combined with
energy storage. In terms of combined heat and p¢@#eP) and power production there is a
broad portfolio of competing technologies that halready been established and others that are
being established. Fuel cells promise higher efficies at comparable unit sizes. Fuel cells also
allow for small CHP units for residential use. Tieehnological synergies are likely to have
spill-over effects between different applicationsl @ectors.

1.7 Concurrent initiatives

During the course of the project HyWays has be¢ineam links and interaction with other EU
and non-EU activities and has communicated withousr HFP-bodies. The HLG Vision 2050
report provided long-term goals to HyWays. In tityWays has made inputs to the on-going
SET (Strategic Energy Technology)-Plan by EC ansl een liaising, through the HyWays-
IPHE Project, with the U.S. road mapping activitieing undertaken by the Department of
Energy, the National Renewable Energy Laboratod/Amonne Laboratory. HyWays has also
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maintained close cooperation and exchange of irdtom with the EC-funded projects
NaturalHy, StorHy, HyLights, Roads2HyCom and withSikgional initiatives such as
HyFrance, NorWays and the Dutch Transition Platfowfith NaturalHy joint analysis was
carried out on combined natural gas and hydrogensport and distribution pathways for
specific case studies.

HyWays has taken into account the EU 20% Renewsahézgy Target for 2020 which will lay
the foundation for increasing RES use for hydrogesduction, and the EU biofuel target of
10% by 2020, which can partly be met by biomaskyidrogen conversion.

In the transition to a hydrogen economy, the pupbcception of safety is a critical issue, as
with any other innovation. Although the public viean hydrogen is — besides some
misunderstandings — in general positive, an earlyd accident in the public environment could
change this quickly. As the new hydrogen appliceticover new operational domains, like
high pressures or cryogenic temperatures, the ssftdeand safe usage in industrial
environments might not be translated directly totteése cases. Therefore research especially
for a better understanding of all involved phenoajgrerformance of mitigation and simulation
technologies is required. Due to evident limitatiarf the HyWays project the issues regarding
safety were not included. Instead these aspectaddeessed by the European Network of
Excellence HySafe at least on a technical levekufficient information exchange between
HyWays and HySafe was arranged with the HyWaysdinator being a member of the HySafe
coordination committee.

1.8 Other HyWays reports

The HyWays project makes the case for a transttionydrogen, showing that with the right

policy actions, the introduction of these technasgcould have economic, social and

environmental benefits. This document summarizesteéchnical and socio-economic analyses

and examines the implications for research prasitnd future targets and concludes with a

summary of the Action Plan. A number of reportsenbeen published within the context of the

HyWays project:

« A Flyer on main results and key actions and reconuatons;

e An Executive Summary of the Roadmap and Action Plan

e The HyWays Roadmap — this report;

* An Action Plan;

A Member States’ Vision Report on the Introduct@rHydrogen in the European Energy
System;

* Various background reports.

These documents are available for download at yMays web site: www.HyWays.dé&or
further detailed information on the issues addmbsee HyWays please refer to the full
background reports on the website.
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2.  Hydrogen end-use applications

In this chapter, the deployment scenarios for hyenoend-use applications as well as expected
technological progress are described. Niche maakgtlications such as hydrogen powered
consumer electronics may play a role, specificallythe area of public acceptance, in the
introduction of hydrogen in the energy system,ase (HyWays, 2007a). In this chapter, only
early markets, as part of the main markets for teausport and stationary end-use applications
are described. The impact of niche market apptioaton total energy demand is only a fraction
of the total energy demand in road transport apddlidential and service sector and therefore
not taken into account in the scenarios of the ld@weent of total hydrogen demand. Industrial
hydrogen demand as a chemical product, e.g. forrafihing, oil production from non-
conventional resources, steel industry and biofpedsluction, was not considered by HyWays,
but may contribute in the medium term to an inocedaseed for clean hydrogen production
routes.

2.1 Hydrogen vehicles

At present hydrogen powered vehicles with PEM (Raly Electrolyte Membrane) fuel cell
drive trains and somewhat less with internal corfibansengines are being demonstrated in
ongoing projects worldwide. Different classes sashpassenger cars (small to luxury) as well
as delivery vans or public transport buses are ogepl in the relevant demonstration
programmes. Due to very high range requiremens @30 km and more, long distance trucks
and coaches are not considered within the curremiamned hydrogen vehicle research and
development programmes. For these typical operatiofiles of ‘long distance constant speed
travelling’, diesel engines can already be operatdoest efficiency modes, leaving not much
improvement for potential energy savings on a welvheel base. Hence for the scope of the
HyWays project only light duty vehicles (cars, coergial vehicles up to 3.5 tons) and public
transport buses have been considered as relevplitations. Niche applications such as local
operated trucks (e.g. garbage trucks) or scooteitetl with hydrogen can likely play a role in
urban transport but in general (national level, [ElEl) the impact of these niche applications
on energy consumption is negligible. This approafctocusing primarily on light duty vehicles
and public transport buses is in line with the WEREOstudy (EC, 2006).

While fuel cells are a key driver for the introdoct of hydrogen as a new vehicle fuel, all
hydrogen related technologies which have been sedlyn the CONCAWE/EUCAR/JRC
Well-to-Wheels Study (2006) have been consideredyiWways. Since economic optimisation
models such as MARKAL always choose the cheapédiico regardless consumer preferences
the technological choice as well as the distributsd small, middle and large sized cars had to
be given as exogenous border condition. Based aerdutrends in technology development
and activities of automobile manufacturers thetgdlown in Figure 2.1 for the different drive
train technologies has been used for modellingéiécle hydrogen demand over time.
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Figure 2.1 Distribution of various hydrogen fuelled vehicldsel cell vehicles and hydrogen
ICE vehicles (hybridised and pufe)

Concerning onboard-storage technologies both caepde as well as liquid hydrogen
technologies have been considered. In order tosassshicle-infrastructure interactions two
sensitivity scenarios — one without any restricsi@mnd one with a minimum bound of liquid
demand — have examined the economic impact of s$tesage technologies in the frame of the
infrastructure analysis (see section 3.3 and #ajvever, the ‘technological toolbox’ applied in
HyWays can be seen as robust since all feasibleoggd pathways are considered and even a
new onboard storage technology requires for examjtheer a liquid or compressed supply
regime.

2.2 Learning curves hydrogen vehicles

In order to reach the deployment targets ofShapshot 202&ndSnapshot 2030 is necessary

to analyse and forecast whether the related coptteacan be met at the required milestones.
Since the economical competitiveness, which isrdeteed to a large extent by the retail price
development, is strongly influencing the market gieation of fuel cell and hydrogen ICE
vehicles, a credible approach was required to agbesfuture price development beyond the
2030 time frame.

Baseline for the current cost data of key companenth as fuel cells or hydrogen storage
tanks is the well accepted CONCAWE/JRC/EUCAR WelWheels Study (2006). Since these
data are based on an initial commercialisation &ithual production volumes in the order of
100,000 units, the learning curve concept is adpt® model the further cost estimate of
hydrogen vehicles. A learning curve describes teldgical progress as a function of
accumulating experience with that specific techgglduite often, the technological progress
analysed within a learning curve is parameterised aost reduction due to an increase in the
accumulated production. Such an estimate is basehistorical statistics in the cumulative
output. The essential parameter to be estimatéaisrformalism is the so-called progress ratio
(PR). For example, a technology with a progreds @t0.8 will see that the unit price will be
reduced by 20 percent with each doubling of the wdative output. The progress ratio is
estimated from available historical data or cardéeved from the statistics on learning curves
of related technologies. It is important to notattlearning curves do not represent a physical

4 Based on current trends and strategic documents asithe HFP SRA (HFP, 2005b) & DS (HFP, 2005a), the
HyWays Consortium has elaborated a working hyposhesi the development of the distribution of fuell ce
vehicles and hydrogen ICE vehicles (hybridised ang)
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law. They are an empirical phenomenon with sigaificuncertainties surrounding both the

estimation of specific progress ratios and thetragpolation for long-term forecasts of the cost
reduction of technologies.

In order to minimise the uncertainties in the preeenarios for fuel cell and hydrogen
technologies in HyWays, the fuel cell and hydro¢@Ek powered cars are split into different
components with different progress ratios. Twoali#ht scenarios for the progress ratios were
selected (see Table 2.1) in order to specificalindie the uncertainties associated with fuel
cells and other key components.

Table 2.1 Progress ratios of hydrogen and fuel cell technglogmponents

Component Fast learning (low PR) Modest learningh(iPR)
10 years after 10 years after
market market

initial phase  entrance initial phase  entrance

Hydrogen Tank 0.85 0.85 0.98

Electric Motor & Controller 0.90

Li-lon Battery 0.90

FC System 0.80 0.90 0.82 0.92

H,-ICE™ 1.00 1.00

In the first ten years after market introductioa #R is the same for both scenarios, after 10 yearearning
effects are lower in the case of the modest legragenario.

The CONCAWE/JRC/EUCAR WTW-Study assumes the same ptimaiucost for gasoline and hydrogen
engines.

The progress ratios are based on the researclitiastiof the automotive partners in HyWays,
derived from different comparable technologiesking into account scientific publications
concerning the learning curve approach, especthlbge dealing with fuel cell technology
(Junginger and Faaij, 2003; Tsuchiya, 2002). Compgathe HyWays approach with current
research work of the IEA (IEA, 2005), it was foutitht in HyWays, both scenarios for
technological learning lead to lower cost for faell cars®

The calculation of the vehicle price is based andaksumptions in Table 2.1. Figure 2.2 shows
the projected price development for compact claskdgen-powered cars over the cumulated
total production volume. The prices for a cumulatproduction of 100,000 units reflect the
specifications from the CONCAWE/JRC/EUCAR study tioe year 2010.

5 Historical examples for PR: Ford Model T 0.85; mhvatitaics 0.82; laser diode 0.75 initially, 0.8@t&after.

® The methodology used in the IEA-study deviatemifthe HyWays approach. Despite the fact that inEfestudy
the progress ratios have lower values — implyireg tosts as a function of the cumulative numberetiicles build
reduce more quickly in the IEA study — the totastsoof the vehicles remain higher.
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Figure 2.2 Cost reduction of hydrogen cars (only the comp&gsccars are shown) for the two
progress ratio scenarios for 2010

It also needs to be stated that the learning ceomcept cannot be used for a backward
calculation down to the current number of up to ¥80icles per manufacturer deployed in the
actual demonstration projects world wide. For mhaglreasons a figure of 10,000 hydrogen
and fuel cell vehicles has been assumed as iptialilation, when the mass market rollout will
take place. The initial fleet of these 10,000 vidsiés expected to result from European funded
large scale demonstration projects to be initidgdhe proposed ‘Joint Technology Initiative’
(JTI) on fuel cells and hydrogen. A first implema&tndn plan (HFP, 2007) for this JTI has set a
target of at least some thousands vehicles to lopénation after the successful completion of
the large scale demonstration projects by 2015i&6ce confirming the approach of bridging
from today’s few demonstration vehicles towardstfiserial production by a public-private
partnership. The planned time frame of this pupligate-partnership until 2015 guarantees the
required planning security mainly for the indudtrstakeholders to undertake both the
development of two more vehicle generations tha& aecessary to meet the minimum
performance for mass-market rollout as well asiww@st in appropriate production facilities. As
a result the combination of research, developmedtdeployment support from both industry
and public bodies allows a relatively fast decreasproduction cost for fuel cells and key
hydrogen components that facilitates entrance rgi fiche markets. Subsequently, learning
effects further decrease the cost as displayeduré 2.2and pave the way for competitiveness
of hydrogen vehicles in mainstream markets.

2.3 Hydrogen penetration rates

HyWays has not performed a simulation, in a sehaethe penetration rate is a function of the
cost-effectiveness of the hydrogen technology. dihe of HyWays was to build a roadmap for

the introduction of hydrogen in the energy syst@uansequently, the penetration of hydrogen
applications was the starting point, not the resfilthe exercise. This back casting type of
approach is a common way in roadmap buildiBgised on the deployment scenarios, HyWays

" By using a back casting approach and taking hyalrodeployment as starting point, a number of corple
methodological problems could be avoided (spedifiagith respect of purchase behaviour) that argeneral part
of a simulation approach. If the policy frameworksmaken as a starting point, modelling its effeatild have to
be oversimplified by translating it into economiegacts only. The (limited rationality of) purchasehaviour and
oversimplification of policy framework would lead ta very large uncertainty in the development & th
penetration rates, ignoring the fact that the (bgen specific) policy framework specifically in tearly phase (so



>

Il 16

has explored the consequences of hydrogen enténi@genergy system with respect to,
economics, environmental benefits and employmentwalh as build up of a hydrogen
infrastructure and consequences for the energprse&s a final step, a policy framework to

enable the hydrogen transition was developed witpecific focus on how to initiate the
transition.

In this paragraph, a description is given of thengbmtion rates for hydrogen end-use
application for the transport sector and the regideand commercial sector. Firstly a brief

description of the main drivers that influence tleployment of hydrogen end-use applications
is given. Next, deployment scenarios for road fpansand stationary end-use applications are
given.

2.3.1 Deployment of hydrogen end-use applications

In general, the market share of a specific techgyottepends on its cost effectiveness. The cost-
effectiveness of hydrogen end-use applications dgeermined by both the fixed costs
(investment costs for the end-use application afrdstructure build-up) and the variable costs
(costs to produce one unit og)HEven though the development of energy pricesamasffect

on the variable costs, the cost-effectivenessimarily determined by the cost-reduction of the
end-use application as well as the costs for lwglaxf the hydrogen infrastructure. A higher oil
price has an impact not only on the gap betweerdhts of conventional fuel and hydrogen but
also on the portfolio of hydrogen production opsio@ost-effectiveness is however only one of
the factors that determines the deployment pace.

The non-cost related factors become important Bpalty after a particular threshold in cost-

effectiveness is reached. Several other factorsh s build-up of production capacity,

replacement rate (determined by the lifespan ofoption) as well as purchase behaviour,
determine the pace at which a new technology cter &me energy system. Sometimes, various
technologies co-exist within the same market arghghs take place only gradually. In other
cases, the conventional option is rapidly replasét the new option as soon as a threshold
level in costs or cost-effectiveness is reachedwsiy a kind of binary introduction behaviour.

In general, products which are subject to trendswsla more abrupt market introduction

behaviour in case a product with new features tsoduced. In case of such a “binary

introduction behaviour”, the direct effect of elgjgh oil prices on the deployment rate is

limited.

Since the cost reduction of the end-use applicaononsidered to be the key factor that

determines the cost-effectiveness of the introdactf hydrogen into the energy system, the

learning capability (expressed in terms of the preg ratio, see section 2.2) is taken as a
discrimination factor for the development of thepldgment scenarios for hydrogen end-use

applications. The impact of energy prices is inigagéd by means of a sensitivity analysis, see
section 3.4.4.

Significant barriers have to be overcome to endlyldrogen to reach the commercialisation
phase. The implementation of hydrogen-specific suppchemes in the early phase of the
transition is essential to overcome these barrgs, also the HyWays Action Plan (HyWays,
2007a). Large scale demonstration projects habe facilitated. Next, early markets have to be
created. The resulting deployment, together witiDR&upport, have to bring down the cost of
the hydrogen technology. Without the support of dicy framework, the deployment of

hydrogen technologies will be seriously hamperednaght not occur at all. Therefore, the
characteristics and intensity of the policy supdoamework for hydrogen are, next to the
learning capability, seen as the second discrinmgaiactor when deriving scenarios for the

initiating deployment) plays a crucial role. WithityWays, there has been a specific focus on theactexistics of
the policy framework in the early transition phasee (HyWays, 2007a).
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introduction of hydrogen in the energy system. fefooutline of the policy support scenarios is
given in the next paragraph.

2.3.2 Road transport

Since fuel cell and hydrogen ICE vehicles are stilthe development phase and large scale
research, development and deployment programmdée toerformed by the JTI are not yet
started, a precise forecast of the market develapmwiefuel cell and hydrogen ICE vehicles
cannot be made today. Instead, HyWays proposesad fsrir scenarios, determined by the two
factors of policy support and technical learningttfinally summarize the challenges of the JTI
regarding road transport as formulated by the Implatation Plan (HFP, 2007):

« Development of competitive hydrogen vehicles (penfance, reliability, cost)

e Build-up of industrial production capacities

« Establishment of a refuelling infrastructure

e Supporting elements for market deployment and imidisnvestments.

In the above-mentioned challenges, the developroéritiel cell components and hydrogen

storage technologies is crucial. Especially thendition from today’s production volumes

towards a pre-commercial fleet of some thousandclesh requires close collaboration and
feedback between research on fuel cell system coemts and fuel cell stacks as well as
electric drive system components on the one sidethe technical validation of integrated

systems under demonstration programmes on the sither In this context an assessment of
technical achievements and cost reductions needwrddration vehicles during the latter

phases of the JTI demonstration programmes (202016).

For a mass-market rollout around 2015 the achiexmerakthe following ‘quality gates’ has
been adopted from the Strategic Research Agend#,(l2B05b): Based on a successful
technology development and validation during thet fphase of large scale demonstrations
inaugurated by the JTI by 2009 and a consecutive year period of series development, the
market introduction could commence in 2013 in thgimistic case. More conservative
scenarios assume a delayed start of the JTI, aseelatively modest policy support and / or
slower technical progress than anticipated in theua planning (compared to the
Implementation Plan (HFP, 2007)). Then commercgsdiness of the fuel cell technology
would not be achieved before 2010. Hence, the psooé serial development could start by
2011 for example, leading to an earliest mass-mamdout by 2016, if assuming a more
conservative 5 year period for a full developmemie.

For the scenarios defined by ‘fast technical leaghand ‘high’ or ‘very high policy support’ it
has been assumed that mass production of hydragkfual cell vehicles will begin by 2013,
led by a group of 5 first movers which increaserthapacities each by a new plant of 100,000
units per year anticipating an increase in plaiization from 5% to 90% respectively in the
first three years.

In the more conservative scenarios (modest techteeaning) the hypothetic start of mass
production has been shifted to 2016 and the nurabérst movers reduced to 4 which will
ramp-up their plant utilization rate from 5% to 9@ithin a five year time frame (maximum
production capacity of each of the four plants @00, units per year). After reaching full
utilisation of the production capacities of thesfimovers after 3 (high/ very high policy support
in combination with fast learning) respectively &ays (modest learning in combination with
high or modest policy support) it was assumed thdwers are entering the market in a
similar way and the first movers are doubling thgipduction capacities. Based on these
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hypothetic quantitative scenarios an S-Cliwas calibrated for each scenario to the generic

production volumes and used to extrapolate pemnatrahares until 2050 as displayed in Figure
2.3.

The policy support framework

The rationale behind the scenario building parametépolicy support’ was to describe the

potential support from governments and the Euro&anmission without introducing a subset
of further parameters pretending pseudo-accuralg. differences between the policy support
levels are related to the type (general, technokygcific), timing as well as the intensity of

policy support framework.

The level of very high policy suppadrtrepresents a context with high deployment support
where public bodies act and create early markdtgstnassuming that the JTI for fuel cells and
hydrogen starts operation by 2008. Within tiery high policy supportscenario context,
policy instruments are implemented bef@aential barriers hamper the deployment and cost
reduction. The development of both costs and deptwy of hydrogen technologies are
carefully monitored. Additional R&D funds are madeailable in case the cost reduction
deviates from the optimal pathway, ensuring annogittibalance between learning by doing
(deployment) and learning by searching. As a resudt break-even point where hydrogen can
compete with conventional technologies is reachegnamum costs and highest pace.

Similar support but with some delay or lower effeetess is characterising thieigh policy
support’ scenarios. In the ‘very high policy support’ scémaan optimal timing as well as
support level with respect to the implementatiompalicy instruments is assumed. In the ‘high
policy support scenarios, policy instruments arglé@mented when or just after specific
technological and market barriers are encountdredtontrast, the specification omodest
policy support characterizes a policy system, where action ity omtiated after problems
become clearly visible. Subsequently little specéind targeted support actions for hydrogen
and fuel cells are introduced. Within threddest policy suppdrscenario, the focus is on policy
instruments that stimulate sustainability rathenth specific technology (such as hydrogen).
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Figure 2.3 Development of the penetration rate of hydrogenclehfor passenger transport

* The scenario ‘high policy support, fast learnitgis been chosen for target setting since it coestambitious but
realistic targets (see section 5.2).

—_—— =

From this perspective it is recommended to adjhst hydrogen substitution target of the
European Commission (EC, 2001) for 2020. Based tmn results of HyWays and the

& A modified Makeham Curve was used, applying a tiié of  (start year of mass production) while the other
parameters have been calculated according to d ftieapproach’ with the hypothetic absolute protime
volumes for each year and scenario
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‘Deployment Strategy’ (HFP, 2005a) of the Europé#ydrogen and Fuel Cell Technology
Platform which, in conjunction with theShapshot 2020(see section 1.5), developed, a
maximum penetration target for hydrogen and fuklpaessenger cars by 2020 in the range of 1
— 3% of the total passenger car fleet, correspgndiith sales of 0.4 — 1.8 million vehicles per
year, seems appropriate.

In addition to passenger cars these penetratiomesuare also applied for other light duty
vehicles and public transport buses (see sectibi). Zhe importance of each category can be
illustrated by the current fleet data (ACEA) for E& passenger cars 193 million, light
commercial vehicles 23 million, buses and coach&3 fhillion out of which a quarter are used
in public transport. The future demand for trantgayn follows theEnergy Trends 2030
scenario (EC, 2003a), see section 3.1.

2.3.3 Stationary end-use applications

In addition to using hydrogen as transport fueljrogen can be used as a medium for energy
storage to remedy the mismatch between energy dearach supply in a renewable electricity
system mainly based on intermittent resources asakind energy. Hydrogen produced locally
or centrally during periods of excess electricigngrovide back-up power via local CHP or
central power units in periods of limited supplg.the short term energy storage will play a
vital role in the implementation of large sharedooflly available renewable energy into island
energy systems and other stand-alone and weakigrations.

Hydrogen can be used as an energy carrier forrtfduption of heat and power in domestic and

commercial CHP units much the same way as natasaigused today. The drivers for future

large hydrogen deployment in the stationary anduesat sectors are:

» Achievement of a better energy mix and securitthefprimary energy supply.

* Reduction of greenhouse gas (@missions to meet the Kyoto and future post-Kyoto
commitments.

« Reduction of atmospheric pollutant emissions iraarand/or in heavily populated areas.

* Increase of the renewable sources share for hydnogeluction in the long term.

« Identification of the most efficient hydrogen chaiboth in terms of economy and energy
(resource utilisation).

* Promotion of industrial competitiveness in highhiealogy innovative sectors.

However, the use of hydrogen in domestic and coriale€HP is not as obvious as the use of
hydrogen for transport. Compared to the direct efselectricity or the direct production of
electricity from hydrocarbons, the production ofilggen for subsequent electricity production
introduces extra energy losses. It will be diffictd compensate these losses even if the heat
which is released during the production of eleittriat the end user is used efficiently.

Unlike transport applications for which biomassdmh$uels and C&free or —lean electricity
are the only sustainable alternatives to hydrogemy alternatives to hydrogen exist to supply
sustainable heat and power to the residential amdrercial sector. Alternatives are the use of
electricity produced centrally or locally from reveble resources, and the use of “renewable
heat” produced locally by means of solar collectarheat pumps, or supplied centrally through
a biomass fired district heating system. In additibe heat demand in houses and buildings can
largely be reduced through improved insulation.cikse of new housing development, heat
demand for space heating can even be avoided bfutdesign.

As the future role of stationary hydrogen has resrbassessed in the same detail and the same
level of consequence as for transport, no souneicémt or its market potential can be made
today. Instead, within HyWays a high and low pegitein scenario has been used to explore the
potential of domestic and commercial hydrogen CHIe scenarios are shown in Table 2.2.
The penetration rates are low compared to the paiwet rates for transport.
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In addition to the considerations above, reasonthie are:

e Islands and remote areas represent only a smallopéine energy demand in the member
states.

* Unless existing natural gas pipelines can be usetiyidrogen transport and distribution, a
dedicated hydrogen pipeline infrastructure is regglifor the supply of hydrogen to the
residential and commercial sector. Applications arainly limited to new districts as
replacement of the existing (low pressure) distrdrugrid is costly.

Table 2.2 Development of the penetration rates for stationargrogen end-use applications
in the residential and commercial sector

Total share in residential sector [%] 2010 2020 @03 2040 2050

High penetration - -1 4 8 10
Low penetration - 0.1 0.5 2 5
Total share in commercial sector [%0] 2010 2020 2030 2040 2050
High penetration - 0.3 1.3 2.7 3.3
Low penetration - >0 0.2 0.7 1.7

Hydrogen can also be seen as an energy carriee toseéd in combination with large scale
electricity production. To this end, large censall production plants can provide both
sustainable electricity and hydrogen, using fds&ls in a sustainable way through £fpture
and storage (CCS) and state-of-the-art pollutansson reduction technology, see also section
3.3.5.

2.4  Portfolio analysis

A major goal of the HyWays technical analysis waglentify the selection of hydrogen supply
chains (= pathways) to understand the variatiom fcountry to country as well as overlaps or
differences for Europe. The selection process wesraerstone of the vision development in
each of the 10 countries.

Although some countries have decided in favour ather specific pathways such as high-
temperature electrolysis from nuclear electricityd éheat (ES, FR), in-situ gasification of
hardcoal (PL) and solar thermal high temperatureversion (IT) some hydrogen pathways
were selected by a majority of the 10 countrieds Belection was used for in-depth hydrogen
pathways analyses the results of which have beerdersed into one single graph for the year
2030, see Figure 2.4. For clarification a set aluagptions has been collected in the textbox at
the end of this chapter.

The following most relevant conclusions have beewvd from this portfolio graph:

* Variations of specific WTW GHG emissions and hyanogupply costs between countries
(size of shaded boxes) are in an acceptable rdimgedifferences are based on variations in
assumptions for feedstocks and infrastructure.

« The specific pathways costs (0.018 — 0.024 €/km}He majority of the hydrogen energy
chains are in the order of the diesel and gasobference costs (0.020 — 0.022 €/km). The
U.S. DoE goal of 2 — 3 $/gge for hydrogen supply2y0/2015 (0.020 — 0.022 €/km) is
seen as overly optimistic even for 2030.

* Replacing ICEs by FCs will render the operationhgfirogen vehicles competitive with
untaxed gasoline/diesel cars irrespective of thdrdgen supply source. Assuming a 50%
advantage of FCs versus ICEs (GHG emissions artd)aso ICEs have a GHG advantage
over gasoline and diesel reference cars (excepteo8MR), but a cost advantage only if
hydrogen is exempted from tax.

« Sensitivity analysis shows that both rising oilces beyond 50 €/bbl and an internalization
of external costs (here 0.9 €/pkm) is to the achgmtof hydrogen. A failure of CCS (safe



>
21 IT

CO, storage) would shift the economic advantage tosvarther non-CCS pathways. In
general and specifically for the case of CCS failigee also section 3.4.3, further study is
needed in order to assess in more detail the fdigdrogen as an energy storage option for
intermittent resources.
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Figure 2.4 Portfolio analysis of hydrogen production pathwagsselected in the member state
workshops

Assumptionsfor portfolio presentation of hydrogen pathways analysis

The portfolio graph shows specific well-to-wheelissions on the-axis and specific well-to-wheel
costs on thex-axis. Although the specific hydrogen costs considgehicle fuel efficiency they
exclude additional vehicle costs for the hydrogehiele.

All fossil pathways consider carbon capture andagfe (CCS) except onsite SMR. For correct
comparison only pathways with compressed hydro@&H;) have been selected.

For reference gasoline/diesel ICEs and the U.S. Bp€&ost goal (FS) are included.

Bandwidths (= coloured boxes) represent variatao®ss all 10 countries. Shaded areas indi¢ate
uncertainty (additional costs (or failure) of CO&ldor intermittent renewable electricity storage).

Reference year is 2030, which has an impact orggr@ices and technology/cost learning. The on
exception is vehicle performance with referencea P840 (CONCAWE, EUCAR, JRC study).

y

All vehicles are hybridized (= Volkswagen Golf das> 2010), gasoline and diesel internal
combustion engines (ICE) for the reference and dgein fuel cells (FC, 2.6koiine equivaiehl 00 km)
for all other pathways (CONCAWE/EUCAR/JRC, 2006heTuse of FCs versus ICEs approximately
halves specific GHG emissions and costs.

Qil price for reference fuels: 50 €/bbl, exchangter€ 1 = 1.00 US$ (CONCAWE/EUCAR/JRC
2006). EU bandwidth used for fuel taxes on gasaime diesel fuels (2005, PL least, NL highest).

Except for some limited cases, dedicated hydrogedyztion from wind energy was not considergd
by HyWays. Bulk hydrogen storage is possibly regpliin order to compensate for intermittent wind
energy in large amounts, but is not taken into aoto the hydrogen pathways analysis.
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3. Infrastructure build-up and hydrogen production mix

In this chapter, the results for the build-up dfy@rogen infrastructure and hydrogen production
mix for Europe are presented. First, a brief desiom is given of the scenario assumptions and
policy framework. Next, various aspects of infrasture build-up, such as regional demand
development, fuelling station sizes and locatiores described. Finally, the production mix to
meet the hydrogen demand is presented.

3.1 Scenario context

In order to minimise discussions on key scenariapaters, the HyWays consortium decided
to base the analysis on a well accepted scenaichwias developed on behalf of the EC. The
development of energy demands is based orEtiergy Trends 2038cenario (EC, 2003a),
which was extrapolated to 2050. As the transpomatel given by th&nergy Trends 2030
scenario was considered to be unrealistically ltighas modified. For 2030, the demand for
passenger cars in HyWays is 20% lower than irEitergy Trends 2036cenarid. Also freight
demand was modified, resulting in a reduced denggoaith of +16% over the period 2000 —
2030.

In the first phase of the HyWays project, alsordtber low energy prices of tlignergy Trends
2030 scenariowvere used. In HyWays Phase I, an updated energg jprojection towards
higher energy prices was used based onMtB&d O-H study (EC, 2006), see Figure 3.1.
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Figure 3.1 Development of the energy prices in the HyWayslibasgcenario (EC, 2006)

It is assumed that both the natural gas and cazdpare (partially) coupled to the development
of the oil price. By means of a sensitivity analysihe impact of energy prices on final
outcomes is assessed. As part of the sensitivilysis, energy prices were varied as well as the
relative price differences. The price of biomassxpgected to increase slowly from about 5 €/GJ
in 2010 to about 8 €/GJ in 2030Upper and lower values for energy prices as useithe
sensitivity analysis are given in Table 3.1. Alongh those assumptions concerning primary
energy prices, the European electricity market &scdbed as a single market and
regional/national specificities are not taken iat@ount. It is assumed that markets do function

® In theEnergy Trends 2036cenario (EC, 2003a), the demand for passengefrmaeases by +23% in the period
2000 — 2030.
10 Al prices in §qg0
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optimally. This implies, for example, that elecitjcprices are determined by fuel costs and the
total costs of the power plant (construction codex;ommissioning costs, operational costs).
Impacts of market imperfections, such as (parti@pnopolistic or oligopolistic market
situations as well as hidden subsidies by govertsnane not taken into account.

Table 3.1 Lower and upper values for energy prices usedérstnsitivity analysis

2020 2050
Low High Low High
o]] [€/bbl] 26 81 54 217
Natural gas [€/boe] 22 68 38 204
Coal [€/boe] 8 30 8 86
Uranium [€/kq] 27 66 27 187

Besides on energy prices, further sensitivity esegdywere performed on the availability of CCS
and for an ambitious CCemission reduction target for 2050, see sectidi?3and 3.4.3. The
impact of deployment speed as well as technologitabress is dealt with by analysing
multiple scenarios, see section 2.2 and 2.3.

3.2 Assumptions for the policy framework

In the baseline scenario, a €@sduction target and a target for renewable enengy
implemented. For COemissions, a moderate emissions reduction tarfjeB586 for 2050
(compared to 1990) was implemented. Deliberatelgther conservative G@mission target
was chosen. Current EU ambition is to reduce graesd gas emissions by at least 50% over
the period 1990 — 2050 (G8 Summit, 2007). HoweWNdhe introduction of hydrogen already
would bring value added under these ‘mild’ constiione can expect that the value added is
even higher with more ambitious reduction targéts.a sensitivity case, a GQ@eduction
scenario of -80% has been analysed.

The targets for renewable electricity are in linehwhe EC ambitions for 2010 and 2020. After
2020, a minimum share of renewable electricity & ® 28% of the total electricity
consumption. For transport fuels, the EC targetdaminimum share of 10% of alternative
motor fuels has been implemented. Additionally ¢@msts for domestic energy resources have
been taken into account. The constraints are tdf@n accepted national or international
studies. Biomass potentials are based on (EEA,)20@8 wind energy, several studies show
long-term potentials between 600 — 3,000 GW for E(HWEA, 2006; Hoogwijk, 2004; DLR,
2004; Weindorf, 2006). No constraints for wind gyehave been implemented in the model,
but model results are checked subsequently foristeney and plausibility. One important
additional limitation is the assumption of limitstbrage capacities for GOCountry specific
potentials are based on (Martinus, 2005). It isieesl that for EU15, total nuclear capacity is
restricted to 130 GW.

3.3 Infrastructure analysis

The essence of the infrastructure analysis task twageate regional hydrogen demand and
supply build-up scenarios over time by considering available local resources as well as
national policies and stakeholder interests. Thgqse is to evaluate different infrastructure
options in economic terms and to derive recommémastfor introducing hydrogen as a

transportation fuel in the next decades. Unlike dbieer tasks, for the infrastructure analysis
special focus was put on the early phase of infragtre build-up until 2030.
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3.3.1 Pathway selection through member state workshops

The pathways analysed in the infrastructure armlgee based upon the portfolio of hydrogen
production pathways as selected by the stakeho#tetse various workshops at member state
level. Out of a common set of hydrogen producti@thpays, the stakeholders selected a
number of pathways which, to their opinion, wouitdblest in their current and future energy

system. Next, the selected pathways were furthigreigk in order to ensure that they match well
with the country specific conditions. A more compeasive description of the outcomes of the
pathway selection process can be found in (HyWag87). This report also includes an

overview of the production pathways selected penber state.

3.3.2 Regional demand development for road transport

The regional demand development and infrastrudbuitsl-up for road transport is classified

into three phases:

e Infrastructure Phase |: early start-up phase with very low hydrogen peatin
(demonstration phase). A few large-scale first ussmtres are situated accross Europe.
Technology options are selected case-by-case.

« Infrastructure Phase II: early commercialisation phase with three to sikyeuser centres
per country (10,000 — 500,000 hydrogen vehiclesvidle). Possibly also a network of
transit roads for commuters in and out of earlyr esaitres and between them (considered by
various deployment scenarios, focus on private aacsiptive fleets).

* Infrastructure Phase I11: full commercialisation phase characterised by e¢ktension of
existing user centres, the development of new lgehoregions and the installation of a
dense local and long-distance road network un8020

These phases are defined by the number of hydrogenon European roads rather than by
calendar years. A connection to the calendar yisagstablished through the hydrogen vehicle
market penetration curves introduced in section22.For the demand development and
infrastructure build-up, HyWays focussed on Phds@<€,000 vehicles, 2010 — 2015) and Il (3
sub-phases: 500,000 vehicles, 2015 — 2020, 4 millighicles 2020 — 2030 and 16 million
vehicles, 2025 — 2035).

In the first snapshot (Infrastructure Phase 1l,6812015), hydrogen use for local traffic and
stationary applications is restricted to the ‘eaidgr centres’. In each country, three to six areas
or agglomerations have been selected based onudigatjve evaluation of a list of regional
indicators, namely local pollution, cars per houdehsize of cars, possibility for stationary use,
availability of experts, existing demo-projects,vdarable hydrogen production portfolio
(renewable energy sources, by-product hydrogen)stomer base, regional political
commitment and stakeholder consensus. The earlycgseres identified by the stakeholders
are typically population centres, but also some kgsnsely populated areas and islands have
been considered.

For early long-distance traffic, a few ‘hydrogenrradors’ will be established which mainly
serve to connect the early user centres and toipeéaity commuting in their vicinity. In total,
about 25,000 km of early corridors (highways) vl required to connect the European user
centres and allow commuting within and linking widual countries. Early user centres and
early hydrogen corridors of the 10 HyWays countaesdepicted in Figure 3.2
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The transition phase (Phase Ill) will be charasettiby a demand growth by area and intensity
in the highly populated centres and further depleytrof new, less densely populated centres.
Besides population density in the regions and theiroundings, also purchasing power and
vehicle population are considered important for tegional demand development. New
hydrogen corridors will be required to link thesgions and a total length of about 70,000 km
may be envisaged. By the end of Phase Ill, appratdip 16 million hydrogen vehicles will be
on European roads and 85 — 100% of the populatibbihave local access to hydrogen fuelling
stations. Stationary use of hydrogen will be m@&sricted to dense areas and possibly remote
areas with stranded renewable energy sources.

3.3.3 Fuelling station sizes and locations

The hydrogen refuelling stations will be sited noge areas where hydrogen cars are primarily
driven. Therefore, the station locations will falldhe regional pattern of the hydrogen cars
deployment.

In a first phase (2010 — 2015) a limited numbe0j4sf small (single-dispenser)Idtations will

be set up to cover the early user centres. Thdywaive around 10,000 cars in total. In addition,
500 mostly small hydrogen stations are requirecbier the motorways linking the user centres
(hydrogen corridors). As the demand spreads s|yatiall reaches new regions (2015 — 2025)
the utilisation of previously built hydrogen statsowill increase and some will be upgraded to
more dispensers. New, bigger stations (up to 4dedisgrs) will also be built during this period.
At this time the number of hydrogen refuelling ®mas will grow to between 13,000 and
20,000, serving up to 10 million hydrogen vehicdesoss Europe. For the massive rollout of
hydrogen (post 2025), the same patterns as todayisentional refuelling network will
gradually be reached: large stations (up to 10egisers), high utilisation and extensive spatial
coverage.

It is foreseen that many hydrogen stations will gh@ced on already existing conventional
refuelling stations, because there the basic itrfreture is already in place and because
hydrogen retailers is expected to be linked to ytdpetrol retailing players. For a given region
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where the hydrogen demand starts to develop (Infietsire Phase I-II), there is no need to have
as many hydrogen refuelling stations as there anwantional refuelling stations today. It is
possible to maintain sufficient accessibility ftretcustomer with only 5 to 20% of today’s
number of stations. This will allow the highestig#incy for hydrogen retailing and, by
maximising station utilisation, will drive the hymlyen costs down. When economic conditions

are improved (massive rollout of hydrogen) spatiaerage may increase to reach today’s
number of fuelling stations.

In the early phases, the fuel retailer will thuyéndo choose on which conventional station a
hydrogen dispensing equipment will be placed. @atenclude economic potential (place the
hydrogen station on an already high sales statioedéch as many customers as possible and
optimise return on investment), space for addifi@e@ipment (choose a station where space is
available) and accessibility. Such large, high sad¢ations are usually found on cities’
arterial/ring roads and suburbs rather than in ¢hg centres; those stations could retail
hydrogen first. A network of motorway refuellingagons dispensing hydrogen with a distance
of 60 — 80 km between two adjacent stations waloabe required to link the areas where
hydrogen cars are used.

The hydrogen station locations will influence thechnical solution chosen for hydrogen

retailing:

e Stations in remote locations with a constant, srttabughput are best suited for onsite
production.

e Larger stations in rural areas, e.g. along mairomays, may also receive liquid hydrogen
by trucks.

» Large stations located at the city borders mayivedeguid hydrogen by trucks or gaseous
hydrogen from a pipeline.

» Motorway stations with a very seasonal demand atesuitable for onsite solutions due to
part load and peaking capacity issues.

3.3.4 Infrastructure build-up

The production and supply side for road transpas wainly analyzed using the MOREHyYS
model (Ball et al, 2007). Figure 3.3 shows the ager specific hydrogen costs (including
feedstock, production, transport and refuelling)d ahe cumulated investment in hydrogen
infrastructure aggregated for all ten countriestierbase case scenario.
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2 R g i
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Figure 3.3 Aggregated total hydrogen costs (base case scemdtfiocountry-specific feedstock
bounds and 20% LiHlemand at pump of filling station)
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The specific hydrogen costs in the first time shapsre high due to the required overcapacity
of the supply infrastructure and high technologyestments because of the early phase of
technology learning. However, the cash flow analysee section 4.1) shows that the total
economic impact of the first time snapshot is snwainpared to later phases due to the
comparatively little turnover. It can be concludedt a gradual build-up of the infrastructure
with an initial concentration on agreed user centedficiently diminishes the often cited
chicken-and-egg problem. In order to make hydrogenattractive fuel and facilitate its
deployment among the users, hydrogen supply alongaaly road network may be required,
but this also keeps the total initial investmenininastructure comparatively small.

Due to the fact that the transport and logisticeyafrogen for use as a chemical is a common
and widely spread business which has been in ftaceome decades most of the populated
areas as well as main transit roads can alreadedshed by some kind of hydrogen supply
network.

These supply networks are based on four differentepts. As of today all of them are in use
and also considered within the HyWays project. 8gbently these methods are described and
their general characteristics pointed out with egspo an infrastructure build-up.

1. Trailers with compressed gaseous hydrogen (bundtelb®, carrying between 3,700 Nm3
and 7,000 Nm3 of k). CGH, trailers are used for a flexible supply of smailanedium
CGH, demand.

2. Trailer/container with liquefied hydrogen (carryibgtween 40,000 | (equivalent to 31,500
Nm3) and 50,000I (equivalent to 39,000 Nm?) of HH, trailers/containers are used for a
flexible supply of a medium and large C&&hd LH, demand.

3. Pipelines with gaseous hydrogen (either hydrogeitleed gas or pure hydrogen). Pipelines
are used for the supply of a high and continuousashel of H.

4. Onsite supply/onsite hydrogen production (either rejorming or electrolysis). Onsite
production methods are used in areas with a lackewralised production and supply
scheme.

Long-term hydrogen costs of 0.11 — 0.16 €/kWh 3.6.4 €/kg) or 1.1 — 1.6 €/litre diesel
equivalent) can be achieved. In such a full comiatzation phase Hcosts at the filling
station in comparison to oil-based fuels seemsetmd relevant barrier for Has long as the
crude oil price stay beyond 50 $/bbl or 60 $/bldkg others, this depends on the countries
analysed, because a relevant variation of costb$erved between countries (depending on
availability of feedstock, stakeholder selection lgfdrogen pathways, car and population
density).

Assuming that 20% of all hydrogen demand will bdigaid form, initially hydrogen delivered
by LH, trucks has the highest share (more than 40%)-igeee 3.4. In later phases, the supply
of gaseous hydrogen will gradually be dominated gdigeline transport and distribution.
Pipelines for medium and large fuelling stationg/rhacome relevant once a significant market
penetration of hydrogen vehicles has been achiebatl,these are mostly used for local
distribution in highly populated areas and for &ggale interregional energy transport. Along
with the appearance of decentralised, regionalymiiah, CGH truck distribution is a solution
for the transition phase towards the use of pipslifOnsite supply methods at the fuelling
station from natural gas/biogas or electricity aomsidered over the whole period studied in
areas where there is too little demand for moréraksed schemes.
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Figure 3.4Hydrogen transport modes

In those less populated and remote areas, ongiiglysand LH transport remain the most
economic choice even in later phases. in densghylpted areas, practical problems such as
space requirements may hinder the application sit®nechnologies due to space limitations.
Very low initial utilisation leads to very high spéc investments for onsite supply schemes
compared to central plants with higher utilisation.

Therefore, more than half of the hydrogen requirey come from central production despite
the high contribution of transport costs, combimdgth inter-regional transport in all phases.
This proves that the consideration of larger regiand the interconnections between them will
be important when aiming at an economically optadisuild-up of hydrogen refuelling
infrastructure. Well planned and distributed sitiofj the production plants is essential to
minimise transport costs. If liquid hydrogen is wemanded at the pump (Figure 3.4, centre),
gaseous trailer transport and distribution in corabon with decentralised production units
may be favourable at the beginning. Liquid hydrogertransport option will become relevant at
later stages when demand rises. However this mapgehif existing free liquefier capacity
could be used.

To study the sensitivity to the fuelling statiommler and utilisation, a scenario with a moderate
fuelling station build-up has been analysed. Heveas assumed that the fuelling stations have a
higher initial utilisation and that less fuellintaBons be required to satisfy the user, resulting
less dispersed and cheaper infrastructure. In awdenario, liquid hydrogen delivery may play
a relevant role already at the early stages (Figuteright).

3.3.5 Combined production of hydrogen and electricity

Next to the option to produce hydrogen throughtelsty with electrolysers, other direct links
between hydrogen and electricity production ingberer sector exist. A rapid build-up of wind
power but also photovoltaic and solar thermal pos¥ectricity generating capacity is expected.
Despite clear advantages (renewable-€€g), the inherent characteristics of wind- aatis
generated electricity as an intermittent sourcel lama challenges with load levelling when
capacity grows. Here, hydrogen could become orteeokolutions, as it offers the opportunity
to store and transport the energy. The relevandeydfogen for energy storage needs to be
analysed in further detail.

Use of hydrogen for electric energy production frimssil fuels in large centralized plants will
positively contribute to achieve important redusticof CQ emissions if combined with GO
capture and storage processes. Such plants, sese F&5, will also help to increase
diversification of resources since a variety ofsfbfeedstocks, including resources such as coal
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and waste that otherwise cause major impacts orrkigonment, as well as biomass can be
used as fuel.
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Figure 3.5Combined production of hydrogen and electricity

Nowadays different processes (steam reforming,tlaeitmal reforming, partial oxidation) are

available and their technologies are commerciaiyure for hydrogen production from natural

gas. These processes have to be combined withc@gure and storage (CCS). A power plant
that combines electricity and hydrogen productiam de more efficient in comparison to

retrofitted CQ separation systems.

Conceptually these plants could be designed toatetinly hydrogen, only electricity through
combined cycle plants or a mix of both. They offeway to use fossil fuels without paying
tribute to climate change. At the same time enstgply security is improved, as a result of the
diversification of (fossil) feedstock options.

The main risk lies in the potential failure of pemment underground storage of £Qhis
requires that special attention be paid to dematesgconomic and technical feasibility of such
processes and the availability of sites to sequesteally all CO, produced. CCS technologies
extends the time available to develop a full anchbie solution for a sustainable power and
fuel provision.

The use of hydrogen in electricity production viitbaden the sectors where such a carrier can
be used in a sustainable way. It will provide tippartunity to utilise the advantages offered by
hydrogen as demonstrated in the transport seatabliag the power sector to diversify its
feedstocks with very low CQemissions.

3.4 Hydrogen production mix

In this section, the hydrogen production mix isadéed. First, results are given based on the
visions developed by the 10 member states that panrtesipated in HyWays. Next, a sensitivity
analysis is carried out to identify the effect aykparameters. All results presented in this
paragraph are based on the scenario ‘high polippau, high technological learning’. The
production mix refers to the demand for both tramsand stationary end-use applications.
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3.4.1 MS-visions

The hydrogen production mix is based on the ingatserated by over 50 workshops conducted
in the 10 member states that participated in HyWéaysa first step, the stakeholders have
selected the hydrogen energy chains that in thginiean could play a major role in their
country, see also (HyWays, 2007). In this selecpioocess, both stakeholder preferences and
country specific conditions, such as availabilifyr@sources and the potential to sequestey CO
as well as the characteristics of the current amaré energy system, were taken into account.
The stakeholders were given the ability to set mum and maximum shares for (some of) the
hydrogen energy chaifSAs a result, a rather diversified hydrogen proucimix has been
found for the 10 member states, see Figure 3.&ctefg the inhomogeneous conditions in
Europe quite well. In Figure 3.6, the resulting togen production mix is given. Interactions
with other parts of the energy system with respeatonstraints in resource availability (e.g.
biomass) and the restriction on total capacity wél@ar energy have been taken into account,
see also section 3.1.
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Figure 3.6 Hydrogen production mix for the 10 HyWays countbased on the visions
developed in the MS workshops

Natural gas, biomass and wind energy based pathiayes been selected by all member states
participating in HyWays. Nuclear energy based paysvwere selected in France, Finland,
Spain, Poland and the UK. For Finland, France aodvily, coal (and lignite) based hydrogen
pathways were excluded.

HyWays has considered hydrogen produced from bothand offshore wind enerdg.Given
the constraints imposed by the member state visonthe development of a future hydrogen
system in their country, the share of renewablewe®s in the production mix is about 1/3 by
2050. Natural gas, coal mainly equipped with CC8 aiter 2030) nuclear energy based
pathways play a significant role in the hydrogeoduiction mix.

1 The MARKAL model that is used to calculate the fogien production mix is a so-called optimisationdeicthat
determines the least-cost solution. In case of owsitaints, such as limitation in resource avdilgbiare
implemented, the energy chain with lowest cost aliffain the full market share.

Even though all production options that produdectecity (including wind energy) are connected ttee
electricity grid, ‘grid electricity’ as such is amcept that is non-existent in the models. A changelectricity
demand, i.e. due to the introduction of electritigsed hydrogen production pathways, causes a eharthe
power sector. In case of an increase in electradynand, the model responds by building additicaplcity in
the power sector. The impact on emissions fromritreduction of hydrogen into the energy systerthirefore
determined by the emissions origination from thditimhal capacity in the power sector needed to tntiee
additional demand. The characteristics of the &t capacity may deviate strongly from the averag
characteristics of the power sector at that paintime. Calculation of the impact of hydrogen basedthe
average characteristics of the power sector (deictricity) is therefore misleading.

12
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Figure 3.7 Least-cost solution for the hydrogen production faithe 10 HyWays countries
based on the hydrogen pathways selected by thehsiglers

As a next step, the least-cost solution was caledldased on the pathways selected by the
member states but ignoring the minimum and maxirsbares that were set by the stakeholders
on some of the pathways, though taking into accoanstraints on resources (see section 3.1).
The results are shown in Figure 3.7. A sensitigitalysis on energy prices did show that the
share of coal vs. natural gas is very sensitivehtanges in the relative price of these energy
carriers. Therefore, the natural gas and coal basgdways are not shown separately. In
comparison to Figure 3.6, the share of renewalpldhé hydrogen production mix in 2050 is
substantially higher and the share of nuclear gnrgubstantially lower. Wind energy enters
somewhat later in the production mix but reachbgyher share in 2050. This can be explained
by the fact that first the price of wind electnctias to drop sufficiently, due to technological
learning, before the technology becomes cost cdtiyeeais a source for hydrogen production.
As soon as it reaches this phase, the market si@sased rapidly.

3.4.2 -80% CO; reduction target

The results shown in section 3.4.1 are based o®2e@ission reduction target of -35% over
the period 1990 — 2050, see also section 3.2. Withé sensitivity analysis, also the impact of a
-80% reduction target is explored, see Figure B/Ben compared to Figure 3.7, the share of
natural gas + coal and nuclear energy based pathina3050 is about the same. However, in
this scenario, there is a strong competition fontdss. Most of the biomass resources are used
in parts of the energy system which have limiteschdo(renewable) alternatives. Examples are
the use of feedstocks in industry and the neeavitzls to biofuels for the part of the transport
sector that does not change to hydrogen, such as ity trucks and long distant coaches.
After 2040, the hydrogen production pathways based wind electricity become cost
competitive and take over the role of biomass. Bef940, the reduced availability of biomass
for hydrogen production is compensated for by ameiase in the share of ‘coal + natural gas’
based pathways.
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Figure 3.8 Hydrogen production mix for the 10 HyWays countata -80% C@-emission
reduction scenario

3.4.3 Failure of CCS

Carbon capture and storage (CCS) is a key techndtwdydrogen production pathways based
on fossil fuels. The technology has not yet proiercapability at very large scale. Given the
significant role it does play in a nhumber of thersarios, the impact of a failure of CCS is
investigated as part of the sensitivity analysispétential failure of CCS not only has an
influence on the hydrogen production pathways|sb anfluences the power sector to a large
extent. Since a CQemission constraint of -35% has to be met by 2@8,share of nuclear
energy and biomass in the power sector increasesrede whilst the share of fossil fuel
decreases considerably. Given the constraintstahimmass availability and total capacity of
nuclear enerdy, this strongly influences the contribution of real and biomass based
pathways for the production of hydrogen.
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Figure 3.9 Hydrogen production mix in a scenario where failofeCCS is assumed

13t is assumed that the total nuclear capacityniited. In a number of scenarios, such as “failof€CS” and “
80% CQ emission reduction”, the demand for low carbondpation technologies in the power sector is very
high. The model results show that in this caselaangower is utilised (close) to its full poteitia the power
sector and is not to hardly available in order ®etrthe additional electricity demand due to theoguction of
hydrogen (via electrolysis based pathways).
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In Figure 3.9, the hydrogen production mix in ca$ea failure of CCS is shown. Since most
biomass resources and the nuclear capacity arisedtilby the power sector, hydrogen
production from wind energy does become the prefewption. Due to the GOemission
reduction constraint, fossil fuel based pathwalysthis case without CCS - do play a marginal
role. The total amount of wind capacity needed ¢ézinthe hydrogen demand is very large. Also
in the power sector, wind energy is applied. Fairbgen production, about 220 GWe of wind
energy is needed in this scenario. This is subiatamiut within the range that is considered
potentially feasible for 2050 (EWEA, 2006; Hoogwik004; DLR, 2004; Weindorf, 2006). It
should be noted that we are dealing here with y ereme case. In reality, one can expect that
in an extreme scenario like this, the baseline ldgweent will be influenced significantly (e.g.
decrease in energy demand or an increase in nu@eacity®). The sensitivity analysis shows
that in case of a failure of CCS, the energy systamstill meet the reduction target, but only
by utilising potentials of carbon free sourcestsomaximum.

3.4.4 Impact of energy prices

In the baseline scenario, the oil price does irsea about 110 $/bbl in 2050, see sectiort3.1.
In a sensitivity analysis, the oil price was vari€tenewable energy based pathways then
become competitive after 2030, suppressing thel fosd based pathways. For both 2030 and
2050, the hydrogen production mix strongly resesithe production mix as found for the case
where a failure of CCS was assumed, see sectioB. Zgain, nuclear energy and biomass are
used to almost their full potential in other paststhe energy system. Due to the high energy
prices, wind energy has become cost competitivee lagdrogen production option by 2030, i.e.
before the hydrogen demand starts increasing sgdining a dominant market share in the
long term hydrogen production mix. In the case efyMow energy prices for fossil fuels, the
hydrogen production mix is dominated by fossil foased hydrogen production pathways, with
renewables slowly growing in the long term. Sewiiti analysis has been carried out on
different future electricity mixes for Europe. Depling on the way electricity will be produced
the level of competitiveness of hydrogen may vémyan established hydrogen energy market
intermittent renewable energy overcapacity candssl o produce hydrogen.

3.5 Impact on CO, emissions

The impact of hydrogen on GQemission is determined by both the penetratioe @it
hydrogen end-use applications, see section 2.3ttenday hydrogen is produced, see section
3.3.5.

Road transport

Within road transport, passenger cars, light duthisles and city buses gradually shift to
hydrogen. In the scenarios with high learning, al&i#6 of the demand in road transport in
2050 is covered by hydrogen transport optionsFgere 3.10. The emissions shown in Figure
3.10 include emissions during the production predes hydrogen as well as petrol and diesel.
In the baseline scenario, the demand for transpumeases substantially (EC, 2003a),
explaining the increase in GGmissions until 2020. It needs to be emphasised e
development of the CQOemission in the baseline scenario strongly depamdshe scenario
assumptions. Specifically the development of thepce and CQ emission reduction targets
and targets for (minimum shares) of alternativeanbiels are key parameters, see also section
3.1 and 3.2. By 2050, total G@missions are 10% below the emission level in 1i@9the
baseline scenario. As a result of the introductbmydrogen, total C®emissions from road
transport for the 10 member states analysed in HgWiecrease impressively by about 350
Mton by 2050 (‘high learning scenario’), reducingiissions by 55% — 60% compared to the

¥ Total increase of nuclear capacity is restricted.
15 Prices of natural gas and coal are assumed touysed to the oil price.
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baseline scenario. This is about twice as highhasverall CQ emission reduction constraint.

In the scenario with modest policy support and rsbdiearning, total C@emission in 2050
decrease by slightly over 30%.

Mton CO;

900

Baseline (-35% CO2)

Modest policy support,
modest learning

= High policy support,
high learning

400 Very high support,

high learning
300 -

200 \ \ \ ‘
2000 2010 2020 2030 2040 2050

Figure 3.10 Development of total CQOemission for road transport for the 10 memberestat
analysed in HyWay$

Stationary end-use applications

For stationary end-use applications, two penetmasoenarios are assumed, see 2.3.3. In
stationary end-use applications, hydrogen can glegievant role in niche markets and remote
areas. The penetration in the remaining part ofésglential and tertiary sector is slow, a.o. due
to the very low replacement rate of the existinfrasiructure. The total impact on €O
emissions as a result of the introduction of hydromn stationary end-use applications amounts
to 25 — 50 Mton per year in 2050.

3.6 Impacts on non-CO, emissions

The large deployment of the use of hydrogen intthasport sector (cars, light duty vehicles
and city buses) has a significant impact on theicgdn of atmospheric pollutant emissions.
Emission reduction of pollutants is one of the ndhiners for the first introduction of hydrogen
in such market. A detailed description of the mdtilogy used to quantify the impact on non-
CO, emissions is given in (Mattucci, 2007).

In the baseline scenario, local pollutant emissimrgsgenerally decreasing due to more severe
legislations on exhaust emissions of vehicles. Twaw EURO legislations (V and VI) have
been added for cars and light duty vehicles to idenghat more stringent requirements on
vehicle emissions can be imposed by the Europeamn@ssion. Legislation reduces the
acceptable levels on pollutant emissions (EURO WRB VI) and imposes limitations in fuel
consumption (EURO VI) as result of voluntary agreets between car manufacturers and the
EC, Kyoto protocol and post-Kyoto initiatives to ureract climate changes. The new
regulations are assumed to be in place by 201®8h8 respectively. No pollutant emissions
have been considered for hydrogen internal comiustiCE) vehicles due to the lack of
information on the specific emissions of Nfbtom these vehicles. This latter assumption is not
critical, considering that for road transport thaimshare will be taken by fuel cell vehicles,
whose emissions are zero. Moreover, by means cffgpdevices (catalysts) N@missions for
hydrogen fuelled ICE vehicles can be minimised.

8 The baseline figures for road transport (light &egvy duty vehicles) are based on the EC-skmigrgy Trends
2030(EC, 2003a) with some modifications on the grovete, see section 3.1.
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The impact of an introduction of hydrogen in romdnsport has been assessed for three
domains; urban, extra-urban and highway. Theregpecifically the impact in heavily polluted

areas is taken into account, since highest corat@rirand therefore highest impact on health
occurs in densely populated areas, such as the unes. Projections of emission levels are

made for all pollutants (CO, NOPM, VOC, etc.) as well as for fuel consumptionl &0, and
other greenhouse gas emissions at the point of use.

NOx emissions
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Figure 3.11 Impact on NQemissions as a result of the introduction of hgémin road
transport

An indication of the environmental effects of hygen deployment for each of the 10 member
states is given in Figure 3.11, which shows thal N, emissions for the high policy support

scenario. Similar trends are found for other paltis. The data are normalised with respect to
the baseline and show similar trend for all the ipenstates with a reduction of more than 70%
by 2050. The results are averaged per countryo€al level, higher reductions can be achieved

if also non-technical measures, such as limitatibeity centre access for non-zero emission
vehicles, are taken into account.
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4.  Economic impacts

In this chapter, the economic effects of the intigithn of hydrogen into the energy system are
presented. First, results of a cash flow analysj@ésented, followed by an analysis of impacts
on employment and a section on cost-effectivenédg/drogen as a CQOemission reduction
option. The chapter concludes with a descriptiothefimpact on economic growth.

4.1 Cash flow analysis - additional costs and savings through hydrogen

Hydrogen production and supply as well as hydrogehicles will in early phases be
substantially more expensive than conventionalsfaeld vehicles they replace. On the other
hand, conventional transportation fuels are vensiige to increasing fossil fuel prices, which
hydrogen is primarily not, and moreover hydrogehieles consume less fuel. Furthermore, due
to technology learning, the costs of fuel cell wdds will gradually decrease to a level
comparable to conventional vehicles (see secti@p Zherefore the initial additional costs for
hydrogen infrastructure and vehicles are expeaiddrh into savings. This is investigated and
confirmed by a cash flow analysis comparing thee@sps for hydrogen production and supply
and vehicles with the savings gained from replacmventional fuel and conventional vehicles
over time. The penetration and infrastructure sges@&xplained in section 3.3 are the basis for
the cash flow analysis, as well as the assumptiah ¢ach hydrogen vehicle substitutes a
conventional vehicle.

Fuel Cash Flow : "Conventional fuel costs MINUS H, fuel costs"
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— Scenario "Modest policy support, modest learning"”, WETO oilprice*
Scenario "High policy support, fast learning"”, WETO* oilprice + 20$/bbl

Figure 4.1 Fuel cash flow (total costs of hydrogen for an easing vehicle fleet versus costs
saved on conventional transportation futls)

Figure 4.1 shows the cumulative fuel cash flowdbrhydrogen used as transportation fuel in
comparison to the use of conventional fuel (theo 2ere represents the cash flow for using
conventional fuel). Two extreme scenarios are shame with modest policy support modest
learning, and WETO oil prices, and one with higliggosupport, fast learning, and higher oil

prices (WETO + 20 $/bbl), see also Figure 3.1. €e@dreme scenarios give the bandwidth for

17 Assumptions on the development of the oil pri@egiven in section 3.1.
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the other calculated scenarios. Depending on pei@trscenario and oil price development, the
break-even is reached between 2025 and 2035 arzbge will be reimbursed between 2030
and 2040. At the point where the curves are hotadq@2025/2033), the hydrogen fuel costs per
km break even with conventional fuel. At the pairitere the values turn positive (2028/2040),
the initial additional costs for hydrogen have béatanced and from this point on, hydrogen
leads to savings. Furthermore it can be seen lieahigh specific hydrogen costs in the early
phase do not cause high economic losses; in fagbéhiod after 2020 is the most costly with
still significantly higher costs for hydrogen théom conventional fuels despite the already high
vehicle penetration.

Fleet Cash Flow : "Conventional vehicle costs MINUS H, vehicle costs"
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Figure 4.2 Fleet cash flow (total costs of hydrogen vehiotesah increasing vehicle fleet
versus costs saved on conventional vehicles)

Figure 4.2 shows the cumulative fleet cash flowdlbthydrogen vehicles in comparison to the
use of conventional vehicles for two extreme saesathe zero line represents the cash flow
for using conventional vehicles). Both curves aasda on the scenario with high policy support
and fast technology learning. As a result, hydrogehicles break even with conventional
vehicles by 2036 (red line). The green curve shime@scash flow under the assumption that the
price of a hydrogen vehicle is € 1,000 higher ttiat of a conventional vehicle. Arguments for
such a difference may be the willingness of the tespay more for a clean and silent vehicle or
subsidy measures argued by an internalisation el costs. The analysis of external cost
studies in the transport sector leads to the fotigveonclusions: external costs of the transport
sector could be relevant, but the uncertaintiesutiboe level of external costs are high.
However, hydrogen drive systems have the potetgia¢duce the external cost in the field of
climate change and local air pollution (particlB&),, SQ). Furthermore, hydrogen fuel cell
cars will remarkably reduce transport noise in nrbeeas. Based on the average cost figure of
external costs for an average vehicle (see FigiBE the internalisation of external cost will
lead to a cost advantage of € 1,000 to € 1,50byperogen vehicle compared to a conventional
vehicle.
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Figure 4.3 External cost for passenger vehicles in EU15 (Dsdarces: Nash et al., (2003),
Maibach et al., (2004 and 2007a, 2007b), DOT (199MPI (2007); data has been
processed to 2005 Euros by average price indicelseachange rates 2005)

Only a very limited number of willingness-to-payudites for hydrogen vehicles exist. The
results of such studies have to be treated vemfuér because empirical results show that a
relevant discrepancy between willingness-to-paylysea and real market decisions exist.
Nevertheless, based on the study from J.D. PowerAasociates (2003) a consumer is willing
to pay approximately 600 $ more for a fuel cellieghthan for a conventional car.

Similarly, today users are willing to pay more &diesel car than for a gasoline car, and some
countries already grant € 1,200 or more for cleamemore efficient vehicles. With this
affirmation, hydrogen cars may break even with emional cars already by 2023 and the
additional costs will be reimbursed as soon asd302

Total Cash Flow : Fuel + Fleet cash flow "Business as usual costs MINUS H, scenario costs"
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Figure 4.4 Total cash flow (fuel and fleet cash fldfv)

18 Assumptions on the development of the oil prieegiven in section 3.1.
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The total cash flow being the sum of fuel and fleesh flow for two extreme scenarios is
shown in Figure 4.4. Depending on the frameworkirbgen and vehicles will break even with
conventional fuel and vehicles between 2025 anb2TBe savings through hydrogen after
reaching the break-even point can be enormousnasds the oil price remains above 50 $/bbl
for densely populated countries and 60 — 70 $/bbldss populated countries, see also Figure
3.1

A slow market penetration of hydrogen vehicles (exicholicy support, modest learning) is
unacceptable both from a fuel infrastructure viempddue to the long period of plant
underutilisation, no investors will be interestenfjd the vehicle manufacturer side (too slow
pay-back of R&D costs). Higher oil prices lead moreased conventional fuel costs and earlier
break-even and back payment of the fdel infrastructure expenses. A higheg tehicle
penetration rate (through policy support) reducegative cash flow and advances break-even
and back payment both for hydrogen infrastructuré eehicles. A surcharge of € 1,000 per
hydrogen vehicle accepted by the user or a sulisitlys to diminish the negative fleet cash
flow strongly.

4.2 Employment effects

The structure of the investments necessary fouskeof hydrogen as an energy vector is clearly
dominated by the expenditure on hydrogen vehidee the cash flow results in section 4.1). If

a hydrogen vehicle is imported, it is very likehat not only the hydrogen drive system will be

imported but the whole vehicle instead. Therefbiedtructure of the domestic vehicle industry

turned out to be one of the key factors for the leympent analysis, but also for GDP (see

section 4.3). A comprehensive description of thalymis on employment effects can be found

in (Wietschel et al., 2007).

Three import/export scenarios have been analyssth Ecenario describes a possible future for
the competitiveness of hydrogen technologies predwathin the EU. The so-called ‘Structural
Identity Scenario’ is based on the assumptiontti@international competitiveness of domestic
hydrogen technologies is mainly influenced by téslayjompetitiveness of industrial sectors
producing goods which are very similar to hydrogechnologies. For example, if a country
makes and exports conventional cars, this coustiikély to do so in the future as well for
hydrogen vehicles. These assumptions are weak $edaday's domestic industry based on
conventional technologies does not automaticallgygoabout a leading position for hydrogen
technologies in the future. For example, if a couhias the current manufacturing capacity to
develop conventional internal combustion enginés tltoes not necessarily entail a relevant
industry for stack production in the future as teabgical differences between the products are
eminent.

The ‘Pessimistic Scenario’ shows what could happether world regions achieve a leading

position and Europe needs to import a larger sbihydrogen vehicles. In this scenario it was
assumed that all hydrogen vehicle technology véliraported (see Figure 4.5). In contrast, the
‘Optimistic Scenario’ assumes that major effortdl we undertaken which result in increased
EU exports in hydrogen vehicles and technologies.
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Figure 4.5Net employment effects for the ten HyWays countries

Figure 4.5 shows the employment development foitdhecountries analysed. Small gains can
be achieved if the import/export shares fos tdchnologies are similar to conventional
technologies. This result is mainly influenced blpawer automation and standardisation level
for hydrogen technologies in the start-up phasevéver, the same level of competitiveness as
for conventional technologies must be reached oridwoarkets first. When looking upon the
results of the lead market analysis, this will behallenging task.

The largest direct effects on employment resultingm the transition to an economy
incorporating hydrogen energy are seen for theraotive industry, and to a lesser extend for
the process and equipment industry. Countries moguwith high car production intensity will
need to face the following dilemma. On one hand, lmsses (up to 0.7% in 2030 for the
Pessimistic Scenario) could be drastic if thesentraas were to lose market shares due to late
market entry. On the other hand, uncertaintiesrodgg the market success of Ears remain
and the potential risk of losing several billionr&udue to investments in premature H
infrastructure and Hcar development. Specifically France, Germany,rsphe UK and Italy
are vulnerable for this dilemma situation. Simitanclusions can be drawn for the process and
equipment industry. Mainly Germany, Italy and Fraiace affected here.

Compared with large automotive countries, the enooaisks of a hydrogen economy are
much smaller for the Netherlands, Norway, FinlaRd)and, and Greece, but also promise
significant increases in employment if the rightitgy should be pursued.

Replacing conventional vehicles by FCVs induceseetogsal employment shift away from
traditional automobile manufacturing among othecs the fabricated metal, electrical,
machinery and rubber/plastic sectors. Preparinghferexpected mass production makes early
political action essential taking the required gradbuild-up of manufacturing capacity and
hence a skilled labour force into consideration.
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4.3 Impacts on economic growth

HyWays has identified that the overall impact ooremic growth (GDP) as a result of the
introduction of hydrogen into the energy systeml Wi small. The most important factors
determining the impact on economic growth are ieinges in the expenditures for transport
services (in case of road transport) and changtienergy bill (hydrogen fuelled micro-CHP
in the residential and tertiary sector) and imgogbort shares in Europe, see also section 4.2.
The analysis within HyWays shows that, hydrogen-esel applications do become cost-
competitive in time, implying that e.g. a househakkds to spend less money for transport
needs. These (small) savings can be spent on athigities, leading to small positive impacts
on economic growth. The development of cost redactf the drive train of the hydrogen
vehicle has, by far, the strongest impact on exjpares. Besides the fact that net changes in
expenditure patterns are small, also the fact iydrogen is introduced in only part of the
energy system explains the relative small GDP ingpac

Assuming no changes in the import/export sharekfwope, see also section 4.2, small positive
effects on GDP are found for most countries analysithin HyWays (Jokisch et al., 2007).
As a result of the introduction of hydrogen, GDP 2050 is on average 0.3% higher,
corresponding to an average increase in GDP grofvetbout 0.01% per year. In a worst-case
scenario, where hydrogen end-use applications tloeazh a full cost-competitive stage, the
negative impact on economic growth is very small.

The total cumulative costs to reach the break-ga@nt are in time compensated by the gains
when the hydrogen technology becomes cost-comeiii comparison to both the reference
technology as well as competing options, see astian 4.1. For the economic impact, the fact
that hydrogen technologies become cost-competisitbe key factor. Whether the additional

costs are covered directly by the end-user or @otly through financial schemes is of no

consequence with respect to the impacts on GDRjdao that the transaction costs for the
support schemes can be ignored. In the end sobatyto pay to overcome the initial cost
hurdle. Total cumulative costs are independenhefwtay they are financed. Also in the case of
a governmental support scheme, society / the eadwidl in the end have to pay for the total

cumulative costs. A detailed outline of policy mshents for the support of hydrogen is given
in the HyWays Action Plan (HyWays, 2007a).

Even though impacts on GDP growth are small, hyelno introduced in a sector that is
vulnerable to price shocks and high oil priceshéitgh hydrogen itself is decoupled from the
influence of high oil prices that poses a likelynbfit, this aspect is not incorporated in the
calculation of impact on GDP due to the nature fld models used. Given the current
vulnerability of conventional transport to oil peishocks, this effect may even outweigh the
economic benefits of the long-term reduction ofteder transport due to the introduction of
hydrogen. Transport is a key factor in ensuringneaaic stability. If alternatives to oil are not
introduced at sufficient pace, economic growth msayiously be hampered. Studies indicate
that due to price shocks of about 5 —10 $/bbl, Gjp&wvth of oil-importing countries may
(temporarily) be reduced by 0.2% — 0.4% per $e@MF, 2006; IEA, 2004; Greene, 2005).
Structural high oil prices are likely to have imggaon GDP in the same order of magnitude.

The analysis performed by HyWays shows that theohpn GDP growth is small for all cases.
The slight decrease in GDP growth in a worst-casaario is by no means comparable to the
potential threat of major disruptions in oil prideis therefore concluded that hydrogen can play
a key role in ensuring economic stability in trengport sector.

%1n comparison to a baseline without hydrogen.
20 percentage point.
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4.4 Cost effectiveness of CO, emission reduction

In the baseline scenario, the marginal abatemestEtancrease to over 100 €/ton of €
order to meet the -35% G@mission reduction goal. As a result of the intittbn of hydrogen
into the energy system, the marginal abatement atestrease by 15% — 30%, see Figure 4.6.
This means that, in time, hydrogen does becomestettective emission reduction option,
lowering the costs of meeting future €@mission reduction targets. Comparable results are
found for a -80% C@reduction target implementation by 2050.
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Figure 4.6 Development of the marginal abatement costs (MACEO, reduction for the
whole energy system

The actual benefits with respect to emission raednas underestimated, since only the benefits
with respect to reduction of G@missions are taken into account. The introduatidmydrogen

also reduces emissions of other pollutants (CO,, N/, VOC, etc.), see section 3.6. The
economic benefits may be substantial since theyraccdensely populated areas with highest
pollution level. Further research on this topicessommended. It is not possible to predict using
marginal abatement costs when the initial costsiegeo make hydrogen cost effective will be
reimbursed. This question can be answered by nedamsash flow analysis, see section 4.1.

21 The costs (£€) to reduce one additional unit (@ GO,.
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5. Implications for research

5.1 Research priorities

For a smooth and successful introduction of hydnagéo the energy system, increased R&D
efforts will be required, particularly in the preramercial phase up to 2015. A multinational
approach covering a wide diversity in terms of fdedks, regional constraints and
infrastructure related preferences and conditioitishave to be considered. Hence, the R&D
focus should be to overcome current obstacles, inockase the speed of technological
development, in the period until hydrogen beconmesmercially viable. A summary of the key
targets and priorities as well as their timingiigeg in Table 5.1.

Table 5.1 Summary of R&D targets and priorities

Timeline R&D targets R&D priorities

- 2010 Introduce early applications for hydrogerrocus on demos
& FC in premium niche markets, to — Component technology development
stimulate the market, improve public — Cost reduction
acceptance, and gain experience (EC, - ‘Lighthouse projects’
2003b)

2010—2015 Same as abovexX 2010), but increased Focus on pre-commercial applications
focus on commercial issues and public - System integration
acceptance — Market preparation

— Continued cost reduction
Development of international regulation,
codes and standards

2015> HFP Snapshot 2020 Focus on commercialization
— Hy 4 €/kg (@ 50 €/bbl) - Switch from modified conventional
- FC: 100 €/kW vehicles to purpose-built vehicles
- Tank: 10 €/kWh - Verify hydrogen safety and reliability
HyWaysSnapshot 2030 — Build consumer confidence
- Hy 3 €/kg (@ 50 $/ bbl) Mass market maturing
- FC: 50 €/kW

- Tank: 5 €/kWh
H, technology is fully competitive by 2030
H, technology is fully sustainable by 2050

Hydrogen technology components will need to be Wpeas, tested through large-scale
demonstration projects and integrated in relevaetgy systems to a fully commercial level,
while creating a market demand.

Focussed R&D will be essential to overcome curbamtiers and reach key targets described in
the HyWays Roadmap and in key documents such d@dRRelmplementation Plan. Concerning
hydrogen and fuel cell vehicles, key result is thecessity of further cost reductions of
hydrogen drive trains. This task can only be ftatidid with significant R&D funding,
accompanied by well balanced deployment activitiesrder to ensure a fast feed-back loop
from demonstration to R&D.

From a macro-economical point of view, a key isisu® bring down the hydrogen vehicle cost
to the levels shown for an accumulated productioh0g000 units (see starting value of Figure
2.3). A prerequisite is the successful deploymérat Buropean fleet of some thousand vehicles
within the next 8 — 10 years through a public-piévgpartnership, such as the JTI, and
subsequently measures such as public procuremgimiag as well as fleet applications. This
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task has been identified by the European HydrogehFael Cell Technology Platform and is
fully supported by the HyWays analysis.

Important R&D areas considered for mobile and aitatiy hydrogen and fuel cell applications
as well as for the required infrastructure are:
1. Obtain significant cost reduction of the H, drive train
- Improvement of PEM fuel cells (bi-polar plate, meame, catalyst)
— Periphery components (air supply, humidificationalves, power and control
electronics)
— Onboard storage (optimisation of currently demanstt compressed and liquid storage
systems, new technologies such as cryo-compressgwmical metal hydrides)
— Hydrogen ICE integration (including fuel cell APddahybridisation)
— System optimization (trade-off between the singlebsystems to get highest
performance at lowest cost)
2. Obtain significant cost reduction of the hydrogen production chains
- Electrolysers, biomass gasification systems, CC#elsas standard components and
instruments such as compressors, valves, sensors et
3. System integration for hydrogen systems
Integration of main components (drive train, onldostorage) and auxiliary equipment
(safety equipment, valves, electronics) for hydroansport applications
- Integration of main components (FC and onsite ggjrand auxiliary equipment (safety
equipment, valves, electronics) for stationary bgein applications
- Integration of renewables and hydrogen in ‘islandermote’ systems, specifically
integration aspects (power conversion and poweditoning) and storage (hydrides,
porous adsorbents, compression)
— Use of current low pressure grid for transport wfephydrogen
4. Assure safe and reliable hydrogen applications
— Close current gaps in development of harmonizedlatigns, codes and standards for
hydrogen
— Build consumer confidence in hydrogen end use
5. Comply with long-term sustainability requirements
— Hydrogen produced from renewable energy sourcesjlféuel with CCS or nuclear
pathways, i.e. without COemissions and with a closed fuel cycle (generatdn
reactors)

Priorities for socio-economic research

Another important area of R&D in the next stagebyafrogen introduction is socio-economics.

Sound planning is needed to continue the work whashbeen initiated by HyWays. HyWays'’s

analysis has proven to be supportive in the folhgareas:

« To foster mutual learning between and among varieusls of stakeholders: member state
and country representatives, industry and the relseemmunity as well as other regional
stakeholders.

* To engage in the parallel use of technical, infrestral, ecological and socio-economic
simulation and modelling tools which before haverarebeen applied simultaneously to
cover various aspects of one topical area (nesdwfid methodological approach, definition
of clear interfaces and disciplined cooperation agniostitute partners).

* To involve industry in socio-economic modelling aodearn about the use of the methods
for providing answers to questions on researctrigas for industry and potential of future
markets.

The toolbox as developed in HyWays and the outcoshesild be made available to a wide
group of interested countries and EU Member Stdibs. positive learning within HyWays-

IPHE which benchmarks the European against the &E modelling results should

encourage to extend the international benchmarkingrds further World regions in the next
phase.
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A key finding is that hydrogen is not yet sufficignhigh on the agenda of policy makers.
These policy makers do play a crucial role in thecpss of developing and implementing the
required policy incentives that enable hydrogersitaoothly enter the energy system under
sound economic conditions. Demonstration projees play a crucial role in raising the
awareness of policy makers. In addition, it is whost importance to inform the policy makers
about the prospects of hydrogen, the initial besrtbat have to be overcome as well as on the
type, characteristics and support level of thegydiiamework.

In the end, the tight HyWays budget turned out ¢oabclear deficiency which affected the
opportunity for sufficient discussions between stakders. These discussions were intended to
provide valuable opportunities for mutual learnaigyoss barriers in industry and specifically
between participating member states. Hence thehiereent of member states and countries
should be fostered with a sense for urgency of ifgge to build on the harmonised HyWays
European Roadmap.

Another specific R&D area is the impact of nonC&fects on the opportunities for hydrogen

energy. Internalisation of external costs, theratgon and synergies of hydrogen and the
power sector (load management), the short-ternvamte of local pollution abatement and

other general and difficult to quantify advantagefs hydrogen, such as adequacy for

decentralised energy supply schemes resulting pmawed level of financing of projects, need

to be studied in more detail. Furthermore it isoreamended that more analysis on the role and
place of hydrogen technologies be carried out watfard to their alternatives, e.g. biofuel and
non-fuel cell electric vehicles, taking into accouoational and regional aspects.

Finally, public awareness and acceptability of loggm in the public should be assessed and
fostered more intensively by further R&D studies/dlving experts from marketing. The power
of this topic should not be underestimated and imecan integral part of the other more techno-
economic R&D topics. The results could then furthreiconsidered e.g. by the JTI.

5.2 Future targets

When claiming a public-private research, developgmand deployment programme for

hydrogen vehicles and related refuelling stationthe order of 2.5 billion € in total over a 10

years time frame, sufficient proof for reaching theployment goals as well as a monitoring

tool for interim milestones are required (HFP, 200/e HyWays Roadmap highlights two
important milestones on the way to the successfmingercialisation of hydrogen and fuel cell
applications in transport:

« Snapshot 202@anslates to the ‘take-off’ point of the S-cuwbere production volumes are
increasing substantially and breaking the level(aif least) 100,000 units per year and
manufacturer due to almost competitive productiast of fuel cell systems;

* Snapshot 203@anslates to the growth phase. Hydrogen and feiélapplications are now
fully competitive and hence lead to a booming markkere the growth rates reach their
maximum.

When comparing these targets with the four scesdnoo market penetration (see Figure 2.3)
one realises that only the scenarios which comfaiaelearning with high or very high policy

support can meet the targets of 8reapshot 2020f the technical progress will be slower than
actually planned but policy support could be sustdion high level, it is likely that the ‘take-

off point of the market penetration will be posteal by approximately five years. This

requires a close monitoring of the next large-scimonstration and deployment projects in
terms of their economical as well as technical grenbince. While the EC has already
recognised this important task and establishedHbkeights project in order to develop a

Monitoring and Assessment Framework, it is necgdsaimplement these monitoring activities
as firm element of the JTI programme activities.
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The analysis of the learning cost curves for thvedhscenarios with respect of the specific

system cost of the fuel cell drive train are shawirigure 5.1. below. A similar analysis was
also carried out for liquid and compressed stosygéem and hydrogen ICE hybrid drive trains.

600 €/ kW
— very high policy support, fast learning
500 €/ KW 1 — high policy support, modest learning
— modest support, modest learning

2
X 400 €/ kW
3 \
@
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5 \
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0 €/ kW

2010 2015 2020 2025 2030 2035 2040 2045 2050 2055
Figure 5.1 Learning cost curve analysis for fuel cell drivaitr systems (excluding storage)

For the course of target setting two consideratitmge been taken into account. First of all, the
socio-economic as well as technical assumptionalghme ambitious but still achievable under
optimistic real world conditions. In addition, caatgets should be related to optimistic volumes
and market conditions that match at least the nbagmiof an optimistic but still possible
scenario. Hence the HyWays consortium has chosersékond highest market penetration
scenario ‘high policy support, fast learning’ asg& setting scenario since it can fulfil the
requirement of being ambitious but still realistic.the case of th&napshot 202¢the fuel cell
system cost targets of the Deployment Strategytlam®trategic Research Agenda of 100 €/kW
are confirmed as displayed in the table below.

Table 5.2 HyWays cost targets for fuel cell and hydrogenaersystems

‘Snapshot 2020’ ‘Snapshot 2030’
(HFP DS & SRA)
Fuel cell power train 100 €/kW 50 €/kW
H, storage system 10 €/kWh* 5 €/kWh

* Based on SRA: tank cost10 times conventional (€ 125) @ 4.28g> 8.9 €/kWh

A comparison with the targets of the DoE Roadmaguideto the first impression of relatively

weak cost targets for 2020 and 2030. However, thasgets do not imply any scale-up

calculations to assumed mass production figuresdilgct both the technical progress as well
as optimistic sales volumes in the order of attld@,000 units sold for the EU by 2020.

Consequently the approach of the integration ofnieg effects into the cost targets also
simplifies the monitoring and resolves disputessensitive scale-up parameters which can
dilute the strength of economical targets relatechaiss production already in an early phase.

The cash flow analysis (see section 4.1) showslithded additional investment in the 2020 to
2030 time frame could be borne by the industria poblic stakeholders. When meeting the
cost targets of thBnapshot 203thydrogen and fuel cell vehicles will become fullympetitive
and the cost for the fuel cell drive train will nbe higher than for a conventional diesel
powertrain. This translates to a retail price afompact class fuel cell vehicle which was the
reference clad$of the CONCAWE/EUCAR/JRC Study in the order of t2023 k€ by 2030.

22 The CONCAWE/EUCAR/JRC Study has chosen a VW GolfMo@lel 2002 as reference vehicle; the retail price
includes 16% VAT but no further taxes.
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For a compact class vehicle, it was assessed the aell of 80 kW was required in order to
meet the driving performance of the reference claesrelating to the specific cost targets
displayed in Table 5.2. Based on the same assunsptioeSnapshot 202@ads to a retail price
range of 23 — 26 k€.

In Table 5.3, a summary of the deployment phasegets and main actions based on the
Roadmap and Action Plan is provided. The targetsamtions for the time-period up to 2020
have been developed together with European Hydragdri-uel Cell Technology Platform, see
HFP, 2005a) and (HF, 2007), and have served aingtgoint for the development of further
targets and actions as outlined in the HyWays Rag@dand Action Plan. The learning curve
concept has also been applied to the productiohntdogies. Based on this and other
assumptions such as energy price development aricctenetration of hydrogen vehicles the
infrastructure analysis (see section 3.3) and tmh dlow analysis (section 4.1) show that
hydrogen fuel costs at the pump of around 4 €/kint2020 and 3 €/kg Hin 2030 can possibly
be reached. Also, the figures above lead to aamspetitiveness with conventional vehicles if
the oil price stays beyond 50 €/bbl in the fuel cwgncialisation phase of hydrogen (see section
4.1). However, strong interdependency between tlaeolgen fuel cost targets, the targets of
hydrogen propulsion system, and oil price needetdalen into account. E.g. higher hydrogen
fuel costs will be acceptable if the oil price sseell beyond 50 $/bbl or if the hydrogen
propulsion system would reach lower costs thantélcbnology development targets in Table
5.2. Also other target figures will result if extatities are included (see section 4.1). In such a
case higher costs of the hydrogen drive systemoartd/drogen at the pump will become
acceptable. Due to this dependency on the oil ptieetarget figures given in Table 5.3 have to
be treated indicatively.



Table 5.3 Summary of the deployment phases, targets andantiong® outlined in the Roadmap and Action Plan

Phases
cities partially
ales H, &FC
Start of HyWays Snapshot 2030
commercialisa ’Hydrogen & FC are competitive
« Creation of new jobs and safeguarding
existing jobs (net employment effect of
200,000 — 300,000 labour years)
.........................................  Shift towards carbon-free hydrogen suppl
* More than 20% of new car sales H, & FC
Targets Vehicles:
25 million of fleet
Cost
H,: 3 €/kg (50 €/barrel)
FC: 50 €/ kW
Tank: 5 €/kwh
Required Gradual switch from Incentives p
Poli cy hydrogen specific general sup
support to generic sustainabili
Support support of sustainability
Actions (2020 —)

g programmes
ulations codes

2 The targets and actions for the time period Up0@0 have been developed together with the Eurodgdrogen and Fuel Cell Technology Platform (HERE (HFP, 2005a)
and (HFP, 2007) and are used as starting poirfuftrer targets and actions outlined in this Rogalarad the HyWays Action Plan.
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6. Summary of the Action Plan

The HyWays Action Plan, that is developed basedhim Roadmap, gives concrete actions
needed to be taken in order to enable hydrogenvewcome smoothly the initial barriers

identified. In this chapter, a summary of the HyWa\ction Plan is given (HyWays, 2007a).

The full version of the Action Plan can be downledadromwww.HyWays.de

HyWays has outlined that as a result of the intotida of hydrogen into the energy system,
substantial emission reduction can be achieved oosd effective way. At the same time,
security of supply is improved and new economic aspmities are created. Despite the
advantages, initial barriers prevent hydrogen tterethe energy system at sufficient pace in
case no further policy incentives are provided.

Immediate action is needed to decrease the vuliigrabf the economy to shocks and/or

structural high oil prices as well as to ensurd tha full potential offered by hydrogen as an
emission reduction option is utilised. Yet, hydnoge not high enough on the agenda of policy
makers. As a result, the required deployment supporet lacking. The interests of ministries
which sooner or later have to deal directly or redily with the consequences of the
introduction of hydrogen need to be aligned upfrdriis prevents delay as the technology
progresses through the various transition phasésebeeaching the full commercialisation

phase.

Large-scale demonstration projects can play a ké&yin convincing the policy makers that a
hydrogen support framework needs to be implememtéd highest priority. This might
however take several years. Large-scale demormstrgtiojects are being prepared now. A
public private-partnership, such as a Joint Tedulinitiative (JTI), can bridge the period
until the required support scheme is operationaihi/such a public-private partnership, R&D
and deployment support go hand in hand.

The main challenge lies in bringing down the costiydrogen end-use applications and in the
build-up of a hydrogen infrastructure. Cost redutsi can be obtained through both R&D
(technological progress) and deployment (econorofescale). A monitoring framework is
needed to ensure that support levels are apprepaad ensuring that both R&D and
deployment support are in balance in order to reetpoint where hydrogen is competitive at
minimum (cumulative) costs and as early as possible

A European hydrogen specific support frameworleisded

In the first phase, incentives need to be provitkedugh a hydrogen specific support scheme.

As competitiveness improves, the hydrogen spesifigport scheme can gradually be replaced

by general schemes that support sustainability.

* Innovation supportAt a European level, the R&D budgets for hydrogeoduction and its
end-use applications need to increase to 80 M§exar.

« Deployment supportAt member state level, a hydrogen specific deplaymsupport
framework needs to be implemented. Total costsad@oyment support scheme are in the
order of 180 M€ per year. A starting point is taelise the total costs (€ct/km) for road
transport through financial measures such as tentives.

« No tax on hydrogenSubstantial investments are needed for infrastracbuild-up. Tax-
exemptions for hydrogen as a fuel play a crucidk rm this initial phase where
underutilisation of infrastructure will have a stgpnegative effect on profitability.

« Early market developmeniEarly markets need to be created utilising theaathges offered
by hydrogen applications. Examples are city ceatreess regulations or procurement of
zero emission vehicles within governmental services
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Education and training;To facilitate the large employment shifts, edumatand training
programmes on hydrogen and fuel cells need to beisand implemented. In addition,
policy makers need to be informed in order to emghat they do understand why in the
initial phase of the introduction of hydrogen ike energy system an additional hydrogen
specific support scheme is needed on top of summremes for renewable energy and
sustainable transport.

Level playing field;In order to be able to compete with areas outsigi®fie (US, Japan)
barriers within Europe have to be removed (harnatite of regulations, codes and
standards) and incentives for deployment and R&@dnéat a minimum) to be at a
comparable level.
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