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Figure 4.3 External cost for passenger vehicles in EUIS5 (Data sources: Nash et al. (2003),
Maibach et al., (2004 and 2007a, 2007b), DOT (1997), VTPI (2007); data has been
processed to 2005 Euros by average price indices and exchange rates 2005

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

Similarly, today users are willing to pay more for a diesel car than for a gasoline car, and some
countries already grant € 1,200 or more for cleaner or more efficient vehicles. With this
affirmation, hydrogen cars may break even with conventional cars already by 2023 and the
additional costs will be reimbursed as soon as by 2030.
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Figure 4.4 Total cash flow (fuel and fleet cash flow))"®
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'8 Assumptions on the development of the oil price are given in section 3.1.
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The total cash flow being the sum of fuel and fleet cash flow for two extreme scenarios is
shown in Figure 4.4. Depending on the framework, hydrogen and vehicles will break even with
conventional fuel and vehicles between 2025 and 2035. The savings through hydrogen after
reaching the break-even point can be enormous as long as the oil price remains above 50 $/bbl

for densely populated countries and 60 — 70 $/bbl for less populated countries, see also Figure
3.1.

A slow market penetration of hydrogen vehicles (modest policy support, modest learning) is
unacceptable both from a fuel infrastructure viewpoint (due to the long period of plant
underutilisation, no investors will be interested) and the vehicle manufacturer side (too slow
pay-back of R&D costs). Higher oil prices lead to increased conventional fuel costs and earlier
break-even and back payment of the H, fuel infrastructure expenses. A higher H, vehicle
penetration rate (through policy support) reduces negative cash flow and advances break-even
and back payment both for hydrogen infrastructure and vehicles. A surcharge of € 1,000 per
hydrogen vehicle accepted by the user or a subsidy helps to diminish the negative fleet cash
flow strongly.

4.2 Employment effects

The structure of the investments necessary for the use of hydrogen as an energy vector is clearly
dominated by the expenditure on hydrogen vehicles (see the cash flow results in section 4.1). If
a hydrogen vehicle is imported, it is very likely that not only the hydrogen drive system will be
imported but the whole vehicle instead. Therefore the structure of the domestic vehicle industry
turned out to be one of the key factors for the employment analysis, but also for GDP (see
section 4.3). A comprehensive description of the analysis on employment effects can be found
in (Wietschel et al., 2007).

Three import/export scenarios have been analysed. Each scenario describes a possible future for
the competitiveness of hydrogen technologies produced within the EU. The so-called ‘Structural
Identity Scenario’ is based on the assumption that the international competitiveness of domestic
hydrogen technologies is mainly influenced by today's competitiveness of industrial sectors
producing goods which are very similar to hydrogen technologies. For example, if a country
makes and exports conventional cars, this country is likely to do so in the future as well for
hydrogen vehicles. These assumptions are weak because today's domestic industry based on
conventional technologies does not automatically bring about a leading position for hydrogen
technologies in the future. For example, if a country has the current manufacturing capacity to
develop conventional internal combustion engines this does not necessarily entail a relevant
industry for stack production in the future as technological differences between the products are
eminent.

The ‘Pessimistic Scenario’ shows what could happen if other world regions achieve a leading
position and Europe needs to import a larger share of hydrogen vehicles. In this scenario it was
assumed that all hydrogen vehicle technology will be imported (see Figure 4.5). In contrast, the
‘Optimistic Scenario’ assumes that major efforts will be undertaken which result in in-creased
EU exports in hydrogen vehicles and technologies.
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Figure 4.5 Net employment effects for the ten HyWays countries

Figure 4.5 shows the employment development for the ten countries analysed. Small gains can
be achieved if the import/export shares for H, technologies are similar to conventional
technologies. This result is mainly influenced by a lower automation and standardisation level
for hydrogen technologies in the start-up phase. However, the same level of competitiveness as
for conventional technologies must be reached on world markets first. When looking upon the
results of the lead market analysis, this will be a challenging task.

The largest direct effects on employment resulting from the transition to an economy
incorporating hydrogen energy are seen for the automotive industry, and to a lesser extend for
the process and equipment industry. Countries in Europe with high car production intensity will
need to face the following dilemma. On one hand, job losses (up to 0.7% in 2030 for the
Pessimistic Scenario) could be drastic if these countries were to lose market shares due to late
market entry. On the other hand, uncertainties regarding the market success of H, cars remain
and the potential risk of losing several billion Euro due to investments in premature H,
infrastructure and H, car development. Specifically France, Germany, Spain, the UK and Italy
are vulnerable for this dilemma situation. Similar conclusions can be drawn for the process and
equipment industry. Mainly Germany, Italy and France are affected here.

Compared with large automotive countries, the economic risks of a hydrogen economy are
much smaller for the Netherlands, Norway, Finland, Poland, and Greece, but also promise
significant increases in employment if the right strategy should be pursued.

Replacing conventional vehicles by FCVs induces a sectoral employment shift away from
traditional automobile manufacturing among others to the fabricated metal, electrical,
machinery and rubber/plastic sectors. Preparing for the expected mass production makes early
political action essential taking the required gradual build-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 on economic growth (GDP) as a result of the
introduction of hydrogen into the energy system will be small. The most important factors
determining the impact on economic growth are net changes in the expenditures for transport
services (in case of road transport) and changes in the energy bill (hydrogen fuelled micro-CHP
in the residential and tertiary sector) and import/export shares in Europe, see also section 4.2.
The analysis within HyWays shows that, hydrogen end-use applications do become cost-
competitive in time, implying that e.g. a household needs to spend less money for transport
needs. These (small) savings can be spent on other activities, leading to small positive impacts
on economic growth. The development of cost reduction of the drive train of the hydrogen
vehicle has, by far, the strongest impact on expenditures. Besides the fact that net changes in
expenditure patterns are small, also the fact that hydrogen is introduced in only part of the
energy system explains the relative small GDP impacts.

Assuming no changes in the import/export shares for Europe, see also section 4.2, small positive
effects on GDP are found for most countries analysed within HyWays (Jokisch et al., 2007)."
As a result of the introduction of hydrogen, GDP in 2050 is on average 0.3% higher,
corresponding to an average increase in GDP growth of about 0.01% per year. In a worst-case
scenario, where hydrogen end-use applications do not reach a full cost-competitive stage, the
negative impact on economic growth is very small.

The total cumulative costs to reach the break-even point are in time compensated by the gains
when the hydrogen technology becomes cost-competitive in comparison to both the reference
technology as well as competing options, see also section 4.1. For the economic impact, the fact
that hydrogen technologies become cost-competitive is the key factor. Whether the additional
costs are covered directly by the end-user or indirectly through financial schemes is of no
consequence with respect to the impacts on GDP, provided that the transaction costs for the
support schemes can be ignored. In the end society has to pay to overcome the initial cost
hurdle. Total cumulative costs are independent of the way they are financed. Also in the case of
a governmental support scheme, society / the end-user will in the end have to pay for the total
cumulative costs. A detailed outline of policy instruments for the support of hydrogen is given
in the HyWays Action Plan (HyWays, 2007a).

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

The analysis performed by HyWays shows that the impact on GDP growth is small for all cases.
The slight decrease in GDP growth in a worst-case scenario is by no means comparable to the
potential threat of major disruptions in oil price. It is therefore concluded that hydrogen can play
a key role in ensuring economic stability in the transport sector.

' In 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 abatement costs®! increase to over 100 €/ton of CO, in
order to meet the -35% CO, emission reduction goal. As a result of the introduction of hydrogen
into the energy system, the marginal abatement costs decrease by 15% — 30%, see Figure 4.6.
This means that, in time, hydrogen does become a cost-effective emission reduction option,
lowering the costs of meeting future CO, emission reduction targets. Comparable results are

found for a -80% CO, reduction target implementation by 2050.
s
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Figure 4.6 Development of the marginal abatement costs (MAC) for CO; reduction for the
whole energy system

The actual benefits with respect to emission reduction is underestimated, since only the benefits
with respect to reduction of CO;, emissions are taken into account. The introduction of hydrogen
also reduces emissions of other pollutants (CO, NO,, PM, VOC, etc.), see section 3.6. The
economic benefits may be substantial since they occur in densely populated areas with highest
pollution level. Further research on this topic is recommended. It is not possible to predict using
marginal abatement costs when the initial costs needed to make hydrogen cost effective will be
reimbursed. This question can be answered by means of a cash flow analysis, see section 4.1.

2! The costs (€) to reduce one additional unit (ton) of CO,.
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5. Implications for research

5.1 Research priorities

For a smooth and successful introduction of hydrogen into the energy system, increased R&D
efforts will be required, particularly in the pre-commercial phase up to 2015. A multinational
approach covering a wide diversity in terms of feedstocks, regional constraints and
infrastructure related preferences and conditions will have to be considered. Hence, the R&D
focus should be to overcome current obstacles, and increase the speed of technological
development, in the period until hydrogen becomes commercially viable. A summary of the key
targets and priorities as well as their timing is given 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 hydrogen = Focus 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 above (= 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
— H,: 4 €/kg (@ 50 €/bbl) — Switch from modified conventional
— FC: 100 €kW vehicles to purpose-built vehicles
— Tank: 10 €/kWh — Verify hydrogen safety and reliability
HyWays Snapshot 2030: — Build consumer confidence
— H,: 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 developed, tested through large-scale
demonstration projects and integrated in relevant energy systems to a fully commercial level,
while creating a market demand.

Focussed R&D will be essential to overcome current barriers and reach key targets described in
the HyWays Roadmap and in key documents such as the HFP Implementation Plan. Concerning
hydrogen and fuel cell vehicles, key result is the necessity of further cost reductions of
hydrogen drive trains. This task can only be facilitated with significant R&D funding,
accompanied by well balanced deployment activities in order to ensure a fast feed-back loop
from demonstration to R&D.

From a macro-economical point of view, a key issue is to bring down the hydrogen vehicle cost
to the levels shown for an accumulated production of 10,000 units (see starting value of Figure
2.3). A prerequisite is the successful deployment of a European fleet of some thousand vehicles
within the next 8 — 10 years through a public-private partnership, such as the JTI, and
subsequently measures such as public procurement regimes as well as fleet applications. This
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task has been identified by the European Hydrogen and Fuel Cell Technology Platform and is
fully supported by the HyWays analysis.

Important R&D areas considered for mobile and stationary 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, membrane, catalyst)
— Periphery components (air supply, humidification, valves, power and control
electronics)
— Onboard storage (optimisation of currently demonstrated compressed and liquid storage
systems, new technologies such as cryo-compressed or chemical metal hydrides)
— Hydrogen ICE integration (including fuel cell APU and hybridisation)
— System optimization (trade-off between the single subsystems to get highest
performance at lowest cost)
2. Obtain significant cost reduction of the hydrogen production chains
— Electrolysers, biomass gasification systems, CCS as well as standard components and
instruments such as compressors, valves, sensors etc.
3. System integration for hydrogen systems
— Integration of main components (drive train, onboard storage) and auxiliary equipment
(safety equipment, valves, electronics) for hydrogen transport applications
— Integration of main components (FC and onsite storage) and auxiliary equipment (safety
equipment, valves, electronics) for stationary hydrogen applications
— Integration of renewables and hydrogen in ‘island / remote’ systems, specifically
integration aspects (power conversion and power conditioning) and storage (hydrides,
porous adsorbents, compression)
— Use of current low pressure grid for transport of pure hydrogen
4. Assure safe and reliable hydrogen applications
— Close current gaps in development of harmonized regulations, codes and standards for
hydrogen
— Build consumer confidence in hydrogen end use
5. Comply with long-term sustainability requirements
— Hydrogen produced from renewable energy sources, fossil fuel with CCS or nuclear
pathways, i.e. without CO, emissions and with a closed fuel cycle (generation IV
reactors)

Priorities for socio-economic research

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

Sound planning is needed to continue the work which has been initiated by HyWays. HyWays’s

analysis has proven to be supportive in the following areas:

oo To foster mutual learning between and among various levels of stakeholders: member state
and country representatives, industry and the research community as well as other regional
stakeholders.

o To engage in the parallel use of technical, infrastructural, ecological and socio-economic
simulation and modelling tools which before have never been applied simultaneously to
cover various aspects of one topical area (need of sound methodological approach, definition
of clear interfaces and disciplined cooperation among institute partners) and

oo To involve industry in socio-economic modelling and to learn about the use of the methods
for providing answers to questions on research priorities for industry and potential of future
markets.

The toolbox as developed in HyWays and the outcomes should be made available to a wide
group of interested countries and EU Member States. The positive learning within HyWays-
IPHE which benchmarks the European against the U.S. DoE modelling results should
encourage to extend the international benchmarking towards further World regions in the next
phase.
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A key finding is that hydrogen is not yet sufficiently high on the agenda of policy makers.
These policy makers do play a crucial role in the process of developing and implementing the
required policy incentives that enable hydrogen to smoothly enter the energy system under
sound economic conditions. Demonstration projects can play a crucial role in raising the
awareness of policy makers. In addition, it is of utmost importance to inform the policy makers
about the prospects of hydrogen, the initial barriers that have to be overcome as well as on the
type, characteristics and support level of the policy framework.

In the end, the tight HyWays budget turned out to be a clear deficiency which affected the
opportunity for sufficient discussions between stakeholders. These discussions were intended to
provide valuable opportunities for mutual learning across barriers in industry and specifically
between participating member states. Hence the involvement of member states and countries
should be fostered with a sense for urgency of this issue to build on the harmonised HyWays
European Roadmap.

Another specific R&D area is the impact of non-CO, effects on the opportunities for hydrogen
energy. Internalisation of external costs, the interaction and synergies of hydrogen and the
power sector (load management), the short-term relevance of local pollution abatement and
other general and difficult to quantify advantages of hydrogen, such as adequacy for
decentralised energy supply schemes resulting in improved level of financing of projects, need
to be studied in more detail. Furthermore it is recommended that more analysis on the role and
place of hydrogen technologies be carried out with regard to their alternatives, e.g. biofuel and
non-fuel cell electric vehicles, taking into account national and regional aspects.

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

5.2 Future targets

When claiming a public-private research, development and deployment programme for

hydrogen vehicles and related refuelling stations in the order of 2.5 billion Euro in total over a

10 years time frame, sufficient proof for reaching the deployment goals as well as a monitoring

tool for interim milestones are required (HFP, 2007). The HyWays Roadmap highlights two

important milestones on the way to the successful commercialisation of hydrogen and fuel cell
applications in transport:

oo Snapshot 2020 translates to the ‘take-off” point of the S-curve where production volumes are
increasing substantially and breaking the level of (at least) 100,000 units per year and
manufacturer due to almost competitive production cost of fuel cell systems;

oo Snapshot 2030 translates to the growth phase. Hydrogen and fuel cell applications are now
fully competitive and hence lead to a booming market where the growth rates reach their
maximum.

When comparing these targets with the four scenarios for market penetration (see Figure 2.3)
one realises that only the scenarios which combine fast learning with high or very high policy
support can meet the targets of the Snapshot 2020. 1If the technical progress will be slower than
actually planned but policy support could be sustained on high level, it is likely that the ‘take-
off” point of the market penetration will be postponed by approximately five years. This
requires a close monitoring of the next large-scale demonstration and deployment projects in
terms of their economical as well as technical performance. While the EC has already
recognised this important task and established the HyLights project in order to develop a
Monitoring and Assessment Framework, it is necessary to implement these monitoring activities
as firm element of the JTI programme activities.
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The analysis of the learning cost curves for the three scenarios with respect of the specific
system cost of the fuel cell drive train are shown in Figure 5.1. below. A similar analysis was
also carried out for liquid and compressed storage system and hydrogen ICE hybrid drive trains.

600 €/ kW

—— very high policy support, fast learning

500 €/ kW — high policy support, modest learning
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Figure 5.1 Learning cost curve analysis for fuel cell drive train systems (excluding storage)

For the course of target setting two considerations have been taken into account. First of all, the
socio-economic as well as technical assumptions should be ambitious but still achievable under
optimistic real world conditions. In addition, cost targets should be related to optimistic volumes
and market conditions that match at least the magnitude of an optimistic but still possible
scenario. Hence the HyWays consortium has chosen the second highest market penetration
scenario ‘high policy support, fast learning’ as target setting scenario since it can fulfil the
requirement of being ambitious but still realistic. In the case of the Snapshot 2020 the fuel cell
system cost targets of the Deployment Strategy and the Strategic Research Agenda of 100 €/kW
are confirmed as displayed in the table below.

Table 5.2 HyWays cost targets for fuel cell and hydrogen storage systems

‘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 cost > 10 times conventional (€ 125) @ 4.2 kg > > 8.9 €/kWh

A comparison with the targets of the DoE Roadmap leads to the first impression of relatively
weak cost targets for 2020 and 2030. However, these targets do not imply any scale-up
calculations to assumed mass production figures but reflect both the technical progress as well
as optimistic sales volumes in the order of at least 400,000 units sold for the EU by 2020.
Consequently the approach of the integration of learning effects into the cost targets also
simplifies the monitoring and resolves disputes on sensitive scale-up parameters which can
dilute the strength of economical targets related to mass production already in an early phase.

The cash flow analysis (see section 4.1) shows that limited additional investment in the 2020 to
2030 time frame could be borne by the industrial and public stakeholders. When meeting the
cost targets of the Snapshot 2030, hydrogen and fuel cell vehicles will become fully competitive
and the cost for the fuel cell drive train will not be higher than for a conventional diesel
powertrain. This translates to a retail price of a compact class fuel cell vehicle which was the
reference class” of the CONCAWE/EUCAR/JRC Study in the order of 20 to 23 k€ by 2030.

22 The CONCAWE/EUCAR/JRC Study has chosen a VW Golf 1.6 Model 2002 as reference vehicle; the retail price
includes 16% VAT but no further taxes.



>

Il 46

For a compact class vehicle, it was assessed that a fuel cell of 80 kW was required in order to
meet the driving performance of the reference class, correlating to the specific cost targets

displayed in Table 5.2. Based on the same assumptions, the Snapshot 2020 leads to a retail price
range of 23 — 26 k€.

In Table 5.3, a summary of the deployment phases, targets and main actions based on the
Roadmap and Action Plan is provided. The targets and actions for the time-period up to 2020
have been developed together with European Hydrogen and Fuel Cell Technology Platform, see
HFP, 2005a) and (HF,2007), and have served as starting point for the development of further
targets and actions as outlined in the HyWays Roadmap and Action Plan. The learning curve
concept has also been applied to the production technologies. Based on this and other
assumptions such as energy price development and market penetration of hydrogen vehicles the
infrastructure analysis (see section 3.3) and the cash flow analysis (section 4.1) show that
hydrogen fuel costs at the pump of around 4 €/kg H, in 2020 and 3 €/kg H, in 2030 can possibly
be reached. Also, the figures above lead to a cost-competitiveness with conventional vehicles if
the oil price stays beyond 50 €/bbl in the fuel commercialisation phase of hydrogen (see section
4.1). However, strong interdependency between the hydrogen fuel cost targets, the targets of
hydrogen propulsion system, and oil price need to be taken into account. E.g. higher hydrogen
fuel costs will be acceptable if the oil price rises well beyond 50 $/bbl or if the hydrogen
propulsion system would reach lower costs than the technology development targets in Table
5.2. Also other target figures will result if externalities are included (see section 4.1). In such a
case higher costs of the hydrogen drive system and/or hydrogen at the pump will become
acceptable. Due to this dependency on the oil price, the target 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
preparation
ales H, &FC
Start of HyWays Snapshot 2030
’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
ojects” Cost
ets to 80 M€/year H,: 3 €/kg (50 €/barrel)
FC: 50 €/ kw
Tank: 5 €/kWh
Required Gradual switch from Incentives
Polic hydrogen specific general sup
Icy support to generic sustainabili
Support itori i support of sustainability
) (2020 —)
Actions investing
programmes
lations codes
N
\l
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) HyWays

and (HFP, 2007) and are used as starting poirfuftrer targets and actions outlined in this Rogalarad the HyWays Action Plan.
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