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Abstract

This report describes the result of a study on the rollout of fuel cell electric vehicles (FCEV) and
a corresponding hydrogen refuelling infrastructure in the Netherlands. The study has focused on
the rollout in the period following the large-scale demonstration phase, when the new cars be-
come commercially available and show up in car dealers’ showrooms.

A model has been developed that simulates deployment of FCEVs and refuelling infrastructure
in spatial and temporal domains. In this model rollout results from consumers buying cars. The
number of consumers that buy an FCEV depends on conditions that affect the attractiveness of
this option for consumers. These conditions are determined by settings representing investment
behaviour and strategies of car industry and fuel suppliers. Furthermore the number of consum-
ers buying an FCEV is a function of the willingness of consumers to adapt their current refuel-
ling behaviour to local availability of hydrogen, and the expectations of consumers regarding
the overall utility of the new cars.

On the whole, rollout simulations suggest that by 2050 up to 35-40% of all cars in the Nether-
lands could be hydrogen-powered FCEVs under the condition that technical performance of
FCEVs proves to be comparable to conventional cars and sufficient incentives are introduced.

Cost analysis and greenhouse gas emission analysis of rollout scenarios have been carried out
for a hydrogen delivery pathway based on central production of hydrogen and transport of liquid
hydrogen to refuelling stations. This study concludes that hydrogen is affordable, viable and of-
fers good prospects for large emission reductions in road transport. The costs involved are sig-
nificant, but not insurmountable. This is illustrated by the finding that the cost gaps that need to
be bridged during rollout can be covered with a levy of about € 80 per car sold on average, or
about 0.5 €ct/litre of fuel for a period of about 25-30 years. The cumulative cost gap is of the
order of 1 to 2 billion euro and needs to be bridged in a period of about 3 decades. This amount
can decrease by up to 50%, if consumers are willing to pay € 500 more for an FCEV compared
to the reference car.
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Summary

S.1. Main Conclusions and Messages

This report describes the result of a study on the rollout of fuel cell electric vehicles (FCEV) and
a corresponding hydrogen refuelling infrastructure in the Netherlands. The study focuses on the
rollout in the period following the large-scale demonstration phase, when the new cars become
commercially available and show up in car dealers’ showrooms.

Based on rollout simulations this study concludes that by 2050 about 35-40% of all cars in the
Netherlands could be hydrogen powered FCEVs if technical performance of FCEVs proves to
be comparable to conventional cars and sufficient incentives are introduced.

Cost analysis and greenhouse gas emission analysis of rollout scenarios show that hydrogen is
affordable, viable and offers good prospects for large emission reductions in road transport.
Cost involved are significant, but are not insurmountable. This is illustrated by the finding that
the cost gaps that need to be bridged during rollout can be covered with a levy of about € 80 per
car sold on average, or about 0.5 €ct/litre of fuel. The cumulative cost gap is of the order of 1 to
2 billion euro and needs to be bridged in a period of about 3 decades. This amount can decrease
by up to 50% if consumers would be willing to pay € 500 more for an FCEV compared to the
reference car.

S.2. Battery and Fuel Cell Electric Mobility

Although the focus of this study is on hydrogen-powered fuel cell vehicles, it is worth noticing
that these are electric vehicles. Batteries and fuel cells are considered as complementary tech-
nologies. Batteries, are typically suitable for city cars and small cars which are only used for lo-
cal trips and commuting. In these cases limited range and recharging times in the order of hours
is usually not a problem. Fuels cells using hydrogen as fuel, enable electric cars with long range
and short refuelling time. This makes them suitable for larger cars used regularly for longer
trips.

S.3. Fuel Cell Electric Cars and Corresponding Hydrogen Refuelling
Infrastructure

Introduction and rollout of FCEVs is not just about cars. It also needs development of a corre-
sponding hydrogen refuelling infrastructure. As significant high risk investments are involved,
rollout of both requires a well coordinated process. Policymakers, car industry and fuel suppli-
ers are key players in this process. Together, they create the conditions necessary to convince
consumers to buy FCEVs. A rollout model has been developed which captures the main interac-
tions between these interested parties. The model is able to simulate spatial deployment of
FCEVs and refuelling infrastructure on an annual basis.

S.4. Rollout Simulation Model

Figure S.1 illustrates the model approach. In the model, rollout occurs as a result of consumers
buying cars. The number of consumers that buy a FCEV is modelled as a function of conditions
that affect the attractiveness of the option for consumers, i.e. availability of hydrogen, both lo-
cally and countrywide, and the availability of different FCEV modes. These conditions are de-
termined by settings representing investment behaviour and strategies of car industry and fuel
suppliers. Furthermore the number of consumers buying a FCEV is a function of the willingness
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of consumers to adapt their current refuelling behaviour to local availability of hydrogen, and
the expectations of consumers regarding overall utility of the new cars. The model attempts to
simulate realistic rollout by using relevant empirical data and correlations as input. It includes,
e.g.
o Realistic replacement schemes for cars.
o Statistical data on the (Dutch) car market to relate available FCEV models to fractions of
consumers addressed by these models.
o Survey results on current refuelling behaviour of motorists.
Data on successful rollout of natural gas vehicles and matching refuelling infrastructure.

/ Non-FCEV fleet in a zip code a. \

0. Start/ new
situation

(infra& cars > H, Annual re_placer_nent of non-FCEVs b.
attractiveness) -> Potential for increase of FCEV fleet
Local availability of hydrogen c.
3. Allocating H 1. New H, cars
refuelling units. - H, demand Countrywide availability of hydrogen
per zip code

Hydrogen car model availability

2.Increased H,
demand > New
refuelling units
needed

Expected utility H,/FCEV
-> Increase of FCEV fleet <

Figure S.1 THRIVE ALLOCATE: Model schematics

S.5. Rollout Simulation Results

Three base case scenarios for rollout have been defined. The coherent sets of assumptions con-
stituting these scenarios are thought to represent the effect of policy settings with ‘Low’, ‘Me-
dium’ and ‘High’ ambition level. Simulation results (Figure S.2) show that rollout of hydrogen
and FCEVs takes time and requires perseverance; even in the ‘High’ scenario it takes well over
a decade before penetration becomes significant. Overall, rollout simulations suggest that by
2050 about 35-40% of all cars could be hydrogen-powered FCEVs if technical performance of
FCEVs proves to be comparable to conventional cars and sufficient incentives are introduced.
Stricter requirements of fuel suppliers regarding development of the utilisation rate of refuelling
infrastructure, and delay in deployment of additional FCEV models by the car industry affect
penetration negatively. Penetration may increase significantly under the following conditions:
o Extension of the initial station network.
¢ Anincrease of the replacement rate of cars through also introducing FCEVs as company cars
via the car lease market.
e Willingness of consumers to adapt their refuelling behaviour to initial limited hydrogen
availability, i.e. to drive further than they usually do to refuel, or make a small detour.

Scenarios which include these positive factors suggest that penetration may easily reach more
than 50% by 2050.
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Figure S.2 Base case scenario results and sensitivities for car fleet penetrations of FCEVs

S.6. Cost Analysis of Refuelling Infrastructure Rollout

Cost analysis of rollout scenarios is carried out for two perspectives:
o The first perspective considers rollout of the refuelling infrastructure as a single big project.
e The second perspective looks at (average) individual refuelling stations

Results of the first approach show that during the whole rollout simulated, an average hydrogen
price in the range of 4.5 to 5.9 €/kg (untaxed) is sufficient to cover all costs, and to break even
at the end of the lifetime of all investments done up to 2050. This includes the cost of hydrogen
production and delivery to the stations. In this study, the contribution of station forecourt cost is
about 1.3 €/kg, which holds for a situation of full utilisation. Additional cost of up to 1.4 €/kg
(from 4.5 to 5.9 €/kg) result from the overall level of station underutilisation in the scenarios
simulated. The total average cost level is considerably lower than the current hydrogen equiva-
lent price of gasoline which is the price that results in equal specific fuel cost (€/km) for gaso-
line and hydrogen. The hydrogen equivalent price of gasoline is assessed at about 10 €/kg based
on a price of gasoline excluding VAT, but including excise duty. These results shows that hy-
drogen is viable and offers good prospects for a sound business case.

Seen from the perspective of single refuelling units, costs look quite different. Due to high un-
derutilisation of first stations, the initial cost of hydrogen are up to 5 times higher than the cost
of hydrogen resulting from the overall analysis (Figure S.3). Initial cost exceed the “allowable’
hydrogen cost equivalent to the price of gasoline. Passing on the high cost to the consumer
would render hydrogen unattractive. In addition, early investors perceive much higher cost and
a higher risk factor than late investors, which benefit from decreasing cost of equipment and
improvement of utilisation. So, while long-term prospects are good, the start-up period faces a
serious hurdle that needs to be overcome through financial and other support mechanisms, and
through coordinated action.
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Figure S.3 Cost of dispensed hydrogen from a single investor or refuelling unit perspective

S.7. Cost Analysis of FCEV Rollout

A learning curve methodology has been used to develop cost projections for FCEVs. Literature
data on FCEV drive train components have been used as input for the analysis. Results are pre-
sented in Figure S.4. At the start of the rollout the cost of the FCEV drive train is assessed at
about € 27,000. This is equivalent to a D-segment car price without purchase tax and VAT of
roughly € 42,000, and compares well with recent claims of car manufacturers about a price of
USD 50,000 for a hydrogen sedan in 2015. The costs of the FCEV drive train rapidly decrease
to about € 10,000 by 2020. Afterwards, cost decrease more gradually and finally become com-
parable to the costs of the reference drive train between 2030 and 2040.

FCEV net price = € 42,000

30.000
~ —FCEYV, high scenario
@
@ —HEV
(=]
© 20.000
c
g
° FCEV cost gap
=
©
3 10.000
O
2

2020 2030 2040 2050

Year

Figure S.4 Cost Development of a 80 kW FCEV drive train for the ‘High’ scenario case

S.8. Overall Cost Analysis

Translation of higher cost per FCEV and per unit of hydrogen to total cost gaps that need to be

bridged, shows the following:

e The infrastructure cost gap is small compared to the cost gap resulting from FCEVs, and
amounts to about 5% of the combined cost gap.

e Annual cost gaps that need to be bridged vary from year to year (Figure S.5). For the ‘High’
scenario the average annual cost gap has been assessed at 50 M€ for about 25-30 years. The
maximum annual cost gap is 90 M€ and occurs 15 years after the start of the rollout.

e The cumulative cost gap is of the order of 1 to 2 billion euro and needs to be bridged in a pe-
riod of about 3 decades. This amount can decrease by up to 50% if consumers would be will-
ing to pay € 500 more for an FCEV compared to the reference car.

e One way to ensure level playing field with regard to fuel cost per kilometre, is to provide an
excise duty exemption for a certain period of time. This results in missed excise duty reve-
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nues for the government which can be considered as an ‘indirect’ refuelling infrastructure
cost gap. Missed revenues from excise duties add up to 1.0 to 3.2 billion euro by 2050 for the
base case rollout scenarios. Although significant, this appears to be considerably less than
the current annual excise duty revenues from transport fuels. Also, it appears to be only 1%
to 3% of the cumulative amount of missing excise duty revenues resulting from selling less
fuel due to anticipated improvements in fuel efficiency of reference cars. The latter amount
is assessed at about 90-100 ME.

o A way to finance support needed to bridge the cost gaps could be a levy on cars, fuels, or
both. Covering cost gaps on an annual basis would result in a levy of maximum 150 €/car
sold, or about 1 €ct/litre of fuel. During the rollout the levy would, on average, be about € 80
per car sold and 0.5 €ct/litre of fuel, until the cost gap reaches zero.

100 2000

75 1 1500 4

50 4

25 |\

2020 2030 2040 2050 2020 2030 2040 2050

1000 4

Total cost gap [min €]

500 1

Cumulative cost gap [min €]

Year in which cost gap occurs Year
| Scenario Low Medium High

Figure S.5 Overall annual and cumulative cost gaps for ‘Low’,”Medium’ and “‘High” scenario

S.9. Greenhouse Gas Emission Analysis of Rollout Scenarios

FCEV are zero emission vehicles, which means that locally there are no emissions. Further-
more, analysis shows that FCEVs offer significant potential for CO, emission reduction on a
well-to-wheels basis (Figure S.6). This even holds if hydrogen is produced from natural gas and
the option is compared to a reference case with a fuel blend which includes 30% biofuels. Spe-
cific emission reductions vary from 15% up to 80%, depending on the carbon intensity of the
fuel displaced, and whether or not hydrogen production is combined with CCS.

For the rollout scenarios considered, this translates to a reduction of up to 30-40% for the entire
car fleet in 2050 compared to a scenario based on optimisation of incumbent technology only.
Reaching the higher values requires application of capture and storage of CO,. However, if this
appears not possible, similar results can be obtained if by 2050 hydrogen is produced largely
from renewable sources.
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S.10. Cost Effectiveness Rollout Scenarios

Relating the number of FCEVs by 2050 to the amount of money necessary to bridge the cost
gaps provides an indication of cost effectiveness. In this way, it appears that the “‘High’ scenario
is up to 2 times more cost effective than the “Medium’ scenario and up to 4 times more cost ef-
fective than the ‘Low’ scenario in making progress on these important policy domains. Hence,
from the point of view of cost effectiveness, money used to bridge the cost gaps is better spent
to enable the ‘High’ than the ‘Medium’ or ‘Low’ scenario.
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1. Introduction

1.1 Background and Objective

Global warming is believed to become unsafe above a level of 2°C. In order to stay below an
increase of 2°C, atmospheric concentration of CO, should stabilise at 450 ppm by the end of this
century. It is stated in [IEA-RETD; 2010] that ‘to achieve this goal, greenhouse gas emissions
of the industrialised world need to be reduced by at least 80% in 2050 compared to 1990 levels’.
For Europe the European Environmental Agency has estimated that, if the present growth of
greenhouse gas (GHG) emissions from the transport sector is extrapolated to 2050, by that time
the transport sector greenhouse gas emissions will exceed the total emission target for Europe
(see Figure 1.1). It is clear from this that drastic GHG reductions will be required from the
transport sector in order for it to play its role in reaching long term sustainability targets.’

120%
= EU-27 all sectors
s o \,\oﬁ
e
]
g 60%
e
s 60%
2
$
S 40% . -
3] Annual growth rate: 1.4% p.a.
N (average 2000-2005) l/,_,_/—'-"’/
S 20% 80%
“ |
Source [IEA-RETD; 2010] 95%
0% T T T T T ]
1990 2000 2010 2020 2030 2040 2050

Figure 1.1 Comparison of projected GHG emissions from the European Transport sector with
overall GHG emission targets for 2050

It is already questionable whether the target of average 95 gCO,/km of cars sold in 2020 can be
met by only optimising internal combustion engine vehicles (ICEVs) and hybridising these to
Hybrid-Electric Vehicles (HEVs) [Roland Berger; 2010]. An increase in the share of biofuels in
conventional fuels could lead to a further reduction of CO, fleet emissions. But supply con-
straints and demand from other applications, like e.g. marine, aviation, power plants and chemi-
cal industry, may lead to limited availability of biofuels for passenger cars. Therefore, the pas-
senger car sector requires alternatives, which do not rely on the use of fossil fuels or biofuels.
Electric Vehicles based on batteries (BEVs) and fuel cells (FCEVs)® are such alternatives. These
vehicles offer the long term prospect of complete zero emission mobility.

Figure 1.2 shows an industry view on the role of the latter technologies in the road transport sec-
tor. Batteries and fuel cells are not really seen as competitors, but more as complementary tech-
nologies. Batteries, typically, are suitable for city cars and small cars which are only used for
local trips and commuting in which limited range and recharging times of the order of hours is
not a problem. Fuels cells using hydrogen as fuel, enable electric cars with long range and short
refuelling time, and are suitable for larger cars used regularly for longer trips. Because of this,

1 In this report only H, powered FCEVs are considered, and not H,-powered ICEV or FCEV powered by a different

fuel. In this report also H, powered FCEVs are also indicated by ‘hydrogen car’, ‘hydrogen vehicle’ or ‘HV’.
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hydrogen and fuel cells are considered to be an option for a larger part of the car market than
batteries. Also, larger cars and car driving long distances are responsible for the majority of
GHG emission of cars. FCEVs, therefore, are an important option for achieving zero emission
mobility.

Fuel Cell

City Intra-urban Highway-cycle . Highway
Figure 1.2 Industry vision on role of batteries and fuel cells in road vehicles

FCEVs steadily develop towards commercialisation. Various car manufacturers have started to
deliver small series of cars to a select group of customers and some already have announced the
introduction of their first fully-commercial FCEV between 2012 and 2015 [Toyota; 2010]
[Hyundai; 2010]. However, the introduction of FCEVs is not just about cars. It also needs the
development of a public hydrogen refuelling infrastructure. As significant investments are in-
volved with high risks, the rollout of both requires a well coordinated process.

The need for a coordinated rollout has been addressed by the European hydrogen roadmap pro-
ject HyWays (HyWays, 2008). In this project, however, FCEV penetration and refuelling infra-
structure development have been treated separately. In a ‘top-down’ approach a FCEV penetra-
tion curve for Europe was constructed based on estimates for size and number of initial FCEV
production facilities and the ramp-up of production capacity. Required hydrogen refuelling ca-
pacity was calculated based on number of cars produced, and was allocated more or less arbi-
trarily in a clustered way. As a consequence, many of the scenarios considered for refuelling in-
frastructure development, require unrealistically high local FCEV fleet penetrations to meet the
overall average European penetration curve.

In the current study, THRIVE?, this issue is resolved by developing a ‘bottom-up’ approach in
which rollout is driven by local consumers, and in which deployment of FCEVs and refuelling
infrastructure is considered in an interdependent way. Furthermore, whereas HyWays focused
on Europe, this study takes a closer look at the Netherlands, trying to answer the questions ‘how
could a rollout of a FCEV fleet and corresponding hydrogen refuelling infrastructure look
like?’, “how much will such a rollout cost?’, and ‘what are the benefits in terms of GHG emis-
sion reduction?’

1.2 Approach

THRIVE focuses on the rollout of fuel cell electric passenger cars and a corresponding hydro-
gen refuelling infrastructure in the Netherlands from the moment the cars become commercially
available. It addresses the chicken-and-egg dilemma with which the deployment of FCEVs and

2 THRIVE is the acronym for Towards a Hydrogen Refuelling Infrastructure for VEhicles
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H; infrastructure is faced from the consumer’s perspective. Figure 1.3 illustrates the general ap-
proach. The core of the project is formed by a model - THRIVE ALLOCATE - for simulation of
rollout. The model requires modelled input, among other things for FCEV and refuelling infra-
structure deployment strategies of car industry and fuel suppliers, respectively, and for fractions
of motorists prone to switch to a FCEV as a function of the variety of car models offered and
availability of hydrogen at refuelling stations. The model and its input are described in Chapter
2. Base case scenarios that have been considered, and results of rollout simulation can be found
in Chapter 3.

An important starting point in developing the simulation model is the assumption that successful
rollout will only take place if the total cost of ownership (TCO) for FCEVs are comparable to
the TCO of the established reference car; i.e. if there is no significant cost difference between
FCEVs and hydrogen on the one hand, and the conventional competitors on the other hand.
Starting from this assumption it is decided not to integrate cost analysis in the simulation model;
in other words, the simulation assumes that during rollout there is a level playing field in TCO
for FCEV and its competitors. Using the results of the simulations - development of FCEV fleet
and refuelling infrastructure as a function of time - the consequences of the level playing field
assumption are determined with models for analysis of refuelling infrastructure costs and FCEV
costs. As hydrogen and fuel cells will initially be more expensive than the reference technolo-
gies, this analysis gives an indication of the cost gap that needs to be bridged to realise the roll-
out scenario considered. Results of these analyses are presented in Chapter 4.

Also the potential impact of FCEVs on GHG emissions from the passenger car fleet is post-
processed in a separate tool. Details and results are discussed in Chapter 5. Finally, Chapter 6
provides an overview of policy measures available to support introduction and implementation
of FCEVs and corresponding refuelling infrastructure. In addition, it provides an example of
how identified cost gaps could translate into policy measures.

INPUT MODEL

e oy = : Start/New .
: Situation Hz Units

Allocation J

Assumption: Level Playing Field

ANALYSIS

Projections Well-to-Wheels

Figure 1.3 Schematic overview of the THRIVE project approach
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2.  Rollout of Hydrogen Cars and Refuelling Infrastructure

The introduction and large-scale implementation of FCEVs and the corresponding hydrogen re-
fuelling infrastructure mainly involves four interested parties, as depicted by Figure 2.1. Ulti-
mately, the transition will only take place if consumers buy the cars. Whether or not consumers
will buy innovative cars which use alternative fuels, mainly depends on the price and character-
istics of the cars (brand, model, reliability, safety, range, etc) and the availability, both locally
and countrywide, and price of the fuel [Mooij; 2004]. It is up to governments, car industry and
fuel suppliers to create the conditions that satisfy the needs of consumers. For meaningful simu-
lation of rollout, the interactions between the interested parties, and the way they influence the
conditions, should be captured in a realistic way.

o Policy makers need to introduce incentives, e.g. stricter emission limits, to create a need for
new and clean technologies. Furthermore, they play a vital role in creating a level playing
field for FCEVs and hydrogen. With proper (long-term) incentives in place they can stimu-
late industries to commercialise and consumers to switch to FCEVs. Furthermore they can
act as coordinating force between actors to set standards, regulations® and to balance efforts.

e Car industry is responsible for offering a range of practical, reliable and cost-competitive
FCEV models that attract as many consumers as possible. Furthermore they need to establish
a network of garages with trained personnel for FCEV maintenance.

o Hydrogen suppliers need to establish a refuelling infrastructure with enough coverage, where
refuelling is easy and safe, and where hydrogen is available at a cost competitive level.

o Consumers, in the end, choose whether to buy a FCEV or not. In this study we assume that
the)f1 will only start to consider FCEVs once the option is cost-competitive to their perspec-
tive”.

THRIVE takes all main actors into account and considers technological options, practical issues
as well as the economical and environmental impact.

Technology Practical issues

Consumer

Economics Environment

Figure 2.1 Illustration of the actors and issues involved in rollout of FCEVs and matching H,
refuelling infrastructure

2.1  THRIVE ALLOCATE - The Model and its Principles

THRIVE ALLOCATE is a dynamic Matlab® based model to simulate the interdependent roll-
out of FCEVs and hydrogen refuelling infrastructure on zip code level and annual basis, for any
defined timeframe. In principal, the model is a generic model that can be made region- or coun-
try-specific by using region- or country-specific input data. Rollout is modelled as the result of
consumers buying cars. The model, however, does not consider individual consumers. It is not
an Agent Based Model. Instead, the model considers a group of consumers (living in a zip
code), and determines which fraction of this group will switch to a FCEV when buying a new

More information on permitting procedures can be found in [Backhaus, Bunzeck; 2010b]

4 More information on consumer behaviour can be found in [Backhaus, Bunzeck; 2010a] and [Mooij; 2004].
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car, based on average consumer ‘behaviour’. This behaviour is modelled by using real-world

data as much as possible. The simulation model is schematically shown in Figure 2.2:

e Step 0. An initial hydrogen refuelling network, possibly resulting from demonstration pro-
jects, and initial FCEV model availability serve as starting points. As long as there are no re-
fuelling stations, or no cars, nothing will happen.

e Step 1. calculates the number of conventional non-hydrogen cars which are replaced by
FCEVs in a particular year. The calculation is done per zip code. Starting point is the number
of conventional cars in a zip code. By applying a replacement rate, the number of conven-
tional cars is determined that will be replaced by a new car in the year that is being consid-
ered’. Subsequently, this number of cars is multiplied by four coefficients with values rang-
ing from zero to one to determine how many of these new cars will be fuel cell cars. The first
three coefficients represent the fraction of motorists which are prone to switch to a FCEV
based on local and countrywide availability of hydrogen, and the variety of FCEV models
offered. The last coefficient, called the ‘Expected Utility Coefficient’, represents the last step
in the purchase process in which the consumer has to make the final decision between vari-
ous options. Which option provides the best utility from his/her perspective? This can be the
hydrogen-powered FCEV, with which he or she is not yet familiar, or a well-known internal
combustion engine-based car (ICEV or HEV) powered by an incumbent fuel.

e Step 2. It is assumed that hydrogen will be integrated in existing refuelling stations, at least
in the initial phase, to create awareness among the public that it is just another fuel. Further-
more, it is assumed that integration take places by installation of standardised hydrogen refu-
elling units (HRU) and that expansion of capacity takes place by adding new HRUs. Step 2
of the model evaluates the number of new HRUs necessary to meet the growing countrywide
demand.

e Step 3. In the third step the new HRUs are optimally allocated. To this end the model calcu-
lates for each zip code a score representing the amount of customers the HRU would attract
if it would be placed in the zip code considered. The score includes the amount of new fuel
cell cars that will arise in the HRU catchment area in the next year as a result of the HRU
(i.e. the change in local availability it involves), and takes into account competition of al-
ready installed HRUs. The model allocates a new unit to the zip code with the highest score,
and repeats the calculation until all units are allocated. This creates a new situation (Step 0.)
which serves as starting point for a new iteration.

/ Non-FCEV fleet in a zip code a. \

Annual replacement of non-FCEVs b.
-> Potential for increase of FCEV fleet

0. Start/ new
situation
(infra & cars > H,
attractiveness)

Local availability of hydrogen c.
1.New H, cars

- H, demand
per zip code

Hydrogen car model availability
2.Increased H, '
demand > New Expected utility Ho/FCEV
refuelling units -> Increase of FCEV fleet <

needed

3. Allocating H,
refuelling units

Countrywide availability of hydrogen

Figure 2.2 THRIVE ALLOCATE: Model schematics

The model can simulate different scenarios by varying the parameter settings that represent fuel
suppliers’ hydrogen refuelling infrastructure deployment strategies, car industries’ FCEV de-
ployment strategy, and consumers’ refuelling behaviour characteristics and willingness to pur-
chase innovative cars. These parameters are discussed in the following section.

> Note: Once a consumer switches from a non-hydrogen car to a hydrogen car, it is assumed that he sticks to his

choice. Therefore only non-hydrogen cars have to be considered for replacement with new hydrogen cars.
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2.2 Overview of Model Input and Parameters

This paragraph describes required model input and available parameters to model behaviour and
strategies of the main actors involved in the rollout of hydrogen and FCEVs. In addition, some
general input data is required which is not specifically related to any of the main actors.

2.21 General Input Data

Current Number of Passenger Cars per Zip Code

The spatial resolution considered in the rollout simulation model is the zip code level®. Data on
the current number of cars per zip code are obtained from the Dutch Central Bureau of Statistics
[CBS; 2008a]. Summing up the car fleet in each zip code results in the total car fleet in the
Netherlands.

Drive Times between Zip Codes

Perception of local availability of hydrogen is related to the distance to the nearest hydrogen re-
fuelling stations and the number of stations available. In the model refuelling stations are lo-
cated in zip codes. To be able to determine the local availability of hydrogen the distance be-
tween the zip code where people live and the zip codes with hydrogen refuelling stations must
be known. The model measures distance in minutes, i.e. in drive time, and not kilometres. The
data used in this study represent drive times between centres of the built-up area within the zip
code areas [Postcode.nl; 2008].

Current Refuelling Station (RS) Network

To maximise the chance for hydrogen and FCEVs to become a success, the option should match
the current habits and routines of consumers as much as possible [Bunzeck et al.; 2010]. There-
fore, the study assumes integration of hydrogen in existing refuelling stations rather than build-
ing separate new hydrogen refuelling stations. Consequently, data on the current RS network,
which consists of about 4300 stations, is used as input for rollout simulation. Data used includes
zip code address, type of location (e.g. highway, urban transient, rural), dispensed fuel volume,
fuel brand, fuels available at the station and whether or not there is space for expansion at the
station [Catalist; 2008].

222 Government Policy Related Input and Parameters

A number of policy actions are implicit in the simulation. The simulation of rollout itself al-
ready assumes that there is a certain necessity to develop and deploy FCEVs. Policy measures
play an important role in creating such a necessity. Furthermore, by neglecting cost in the simu-
lation, it is assumed that policy measures are in place to assure FCEVs can compete with con-
ventional cars. Parameters that can be used to model government policy more explicitly are:

Annual Car Replacement Rate
The annual maximum market potential for additional FCEVs is the total amount of cars sold
each year. In the model, the maximum potential for additional FCEVs is calculated by multiply-

This study focuses on the Netherlands. Zip codes in the Netherlands are specified by four digits and two letters,
e.g. 1755 LE. The digits refer to a district. The letters refer to roads and streets within the district. The model only
uses the digits, so the district level. Currently, the Netherlands is divided in more than 4000 four digit zip code ar-
eas. With a total land surface area of almost 34,000 km?, the surface area of a zip code on average is about 8,5
km?. However, in cities and densely populated area, zip code surface areas are much smaller, whereas in rural ar-
eas they can be much larger.
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ing the conventional car fleet” with the annual replacement rate. In this study, the latter parame-
ter is defined as the ratio between cars sales in a certain year and the total car fleet size at the
start of that year. The ratio between sales and fleet size fluctuates, but tends to decrease, repre-
senting an increase in durability of cars. In the last 5 years of the period examined (through
2008), the ratio is almost constant at 1/15 [BOVAG, 2009]. This value is used as default in the
model.

Development of the Number of Passenger Cars

The model offers the possibility to include a scenario for overall growth of the car fleet. In the
current study, projections on development of car ownership have been included from a scenario
study for the Netherlands up to 2040 [Hoen; 2006]. Data for a relatively ‘green’ scenario, called
‘Strong Europe’ have been used. In this scenario the car fleet grows from 7,5 million cars in
2010 to 9,7 million cars in 2040. In the roll-out model, at the start of the calculations for each
new year, the car fleet in zip codes areas is first adjusted to the growing total car fleet assuming
equal relative growth in all zip codes.

2.2.3 Consumer Related Input and Parameters

Refuelling Behaviour and Local Availability of Hydrogen

As part of the THRIVE study, a survey was held among about 3000 Dutch motorists to deter-
mine their current refuelling behaviour and the requirements they have regarding countrywide
availability of alternative fuels [Bunzeck et al.; 2010]. To model the current refuelling behav-
iour, motorists were asked about the distance, measured in minutes drive time, between their
home address and the station they predominantly use to refuel their car. The basic result of the
survey is shown in Table 2.1.

Table 2.1 TNS-NIPO survey data on drive time

Drive time between Number of respondents Reversed cumulative share
home and RS of respondents
[min] [%]
0-5 1730 100
5-10 765 42
10-15 231 16
15-20 103 8
20-30 89 5
>30 52 2

" In order to take into account competition with BEVs, in this study the conventional car fleet is first reduced by

10% in 2015. This number increases gradually to 20% in 2050. It is assumed that at the start of the transition, fuel
cells are not yet and option for the smallest cars. For these cars batteries are the preferred option. Currently, this
car segment amounts to about 10% of the total car fleet. For 2050, it is assumed that batteries will be a full option
for 40% of the cars (current share of A- and B-segment cars in new car sales), but 50% of the car buyers in these
car segment chooses a car with high range for longer trips, i.e. FCEV or ICEV.

ECN-E--11-005 21



9 100% <R

2 ] \\ O TNS-NIPO data

§ 75% 1+ \ —Usual

g AN - -Eager

s 50% + N

5 ] N

5 25% + \\\

S | -

L 00/0_""|""\\\\T\-\§|—| |'CR
0 10 20 30 40

Drive time from home to RS [min]

Figure 2.3 “‘Drive Time Function’; solid line - best fit of data points -, represents current
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To construct the so-called ‘Drive Time Function’ as displayed in Figure 2.3, the data are cumu-
lated starting at the longest drive time and approximated by a best fit. The cumulated data in
Table 2.1 indicate that only 2% of the motorists refuel at a station situated more than 30 minutes
away from where they live. Five percent of the motorists refuel at a station situated more than
20 minutes from where they live, etc. At the same time, the latter means that 95% of the motor-
ists refuel at a station situated within a drive time of 20 minutes from where they live. Likewise,
the data show that 84% of the motorists refuel at a station within a drive time of 10 minutes
from where they live. Clearly, the majority of motorists refuel very close to where they live.

The Drive Time Function is used in two ways:
1. First it is used to determine the effective number of zip codes where hydrogen is available.

The concept of effective number of zip codes is illustrated in Figure 2.4. Motorists do not
only see refuelling stations in the zip code where they live, but also in surrounding zip codes.
Together, these zip codes form a so-called zip code region (the grey area in Figure 2.4).
However, if hydrogen is available at stations in this region (yellow squares in Figure 2.4),
they will not all contribute equally to consumers’ perception of hydrogen availability. Sta-
tions with hydrogen situated closer to the zip code where the consumer lives will contribute
more to the perception of availability than stations further away. The Drive Time Function is
used to assign weighing factors to (zip codes with) hydrogen refuelling stations in a zip code
region®. Summation of all weighing factors in the region yields the effective number of zip
codes where hydrogen is available. Subsequently, the correlation shown in Figure 2.5 is used
to determine the local availability coefficient, i.e. the fraction of motorists that perceive hy-
drogen as being (sufficiently) available locally®. This correlation is derived for an average
Dutch zip code region.

8

9

22

Although in reality there may be a number of refuelling stations present in a zip code, it is assumed that the pres-
ence of only one refuelling station with hydrogen is enough to assign the full weight to a zip code.

For example: If hydrogen is available in the zip code where a consumer lives, the zip code weighing factor is 1. If,
in addition, hydrogen is also available at a refuelling station in a zip code on 5 minutes drive time distance, this zip
code would get a weighing factor of 0.59. Thus, the considered consumer would perceive an effective number of
zip codes with hydrogen equal to 1.59. This corresponds to a local availability coefficient for the considered zip
code of 0.52, meaning that in this case about half of all motorists in the zip code perceive hydrogen to be locally
available.
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2. The Drive Time Function is also used in the calculation of a score representing a measure for
the potential number of customers in the HRU allocation step of the simulation model. The
principle of central zip code and zip code region is the same, but in this case it is (a zip code
with) a new HRU looking at potential customers instead of potential FCEV buyers looking at
(zip codes with) hydrogen refuelling stations. In this calculation the weighing factors of zip
codes, derived from the Drive Time Function, are combined with the number of FCEVs in
the zip code concerned.

Countrywide Availability of Hydrogen

The survey on refuelling behaviour of Dutch motorists [Bunzeck et al.; 2010] was also used to
model the need for countrywide availability of hydrogen. People were asked whether country-
wide availability’® is important to them and if so, at how many out of each ten stations the alter-
native fuel** should be available. The interpretation of results takes into account that people
mostly use the national trunk roads*? when travelling from one part of the country to another
part of the country, i.e. when travelling through the country, people mainly see the refuelling
stations located at the highways and other state roads. Thus, only availability of hydrogen at
these stations contribute to countrywide availability™. Figure 2.6 shows the fraction of motorists
which do not consider countrywide availability as an obstacle. This fraction is also called the
countrywide or global availability coefficient, as a function of availability of hydrogen in zip

10" In this report also referred to as general or global availability, or GA

1 The survey mentioned “alternative clean fuels’, the use of which requires cars with a specifically adapted engine.
Hydrogen was mentioned as one of the options, but the survey did not specifically focus on hydrogen

12 National trunk roads in the Netherlands are indicated by A-numbers and the numbers N1-N99, where A-roads are
highways (separated lanes for each direction without traffic lights) and N roads are other state roads (lanes for
both directions are usually not physically separated and there can be traffic lights and normal junctions on the
road).

13 Stations along the main roads involve about 300 stations of a total of almost 4300 stations in the Netherlands.
These stations are situated in about 215 different zip codes, and dispense more than 15% of the total car fuel.

ECN-E--11-005 23



codes with a station along a main road. Interestingly, 38% of the surveyed people do not con-
sider countrywide availability as being important to them at all.
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Figure 2.6  General/Countrywide availability function

Expected Utility of hydrogen and FCEVs.

The ‘Expected Utility Coefficient’ takes account of the fact that many people will be reluctant
to buy a new product in the initial period after introduction. Due to lack of sufficient practical
experience, people do not yet regard the technology as reliable enough. So, even if the availabil-
ity of hydrogen is sufficient, and there is a car model available to their liking, people may not
buy a FCEV. The new vehicles have not yet reached a sufficient acceptance level. All things
considered, they still decide to go for the option with which they are more familiar. This study
assumes that initially there is a fifty-fifty chance that people buy a FCEV, once the other condi-
tions have been fulfilled. With increasing sales, the fraction of motorists that drive cars with the
new technology reaches a general acceptance level. In general, the majority follows when pene-
tration reaches a level of 10-15%, and the technology has become more commonplace. This
study assumes that as soon as 10% of the overall passenger car fleet is FCEVs, they have be-
come so visible on the roads that people start to favour them. This has been modelled by a linear
increase of the fuel competition coefficient from 0.5 to 1 in a period of 15 years, after penetra-
tion has reached 10%.

2.2.4 Fuel Supplier Related Input and Parameters

Capacity of Hydrogen Refuelling Units (HRUs)

Demand profiles of three conventional refuelling stations have been analysed to determine the
real-world capacity of a fuel dispenser. A standard hydrogen refuelling unit as considered in this
study includes two dispensers. Because it takes a bit more time to refuel a FCEV than an
ICEV*, the capacity of two conventional dispensers is scaled down accordingly to obtain the
HRU capacity. The capacity of an HRU is defined as 800 FCEVs, which means that the annual
amount of refuelling transactions at one HRU is equivalent to the annual amount of refuelling
transactions of a fleet of 800 FCEVs™. More information is available in Appendix C.

Initial Hydrogen Refuelling Station Network (Seeding Scenarios)

If no hydrogen refuelling stations are available, the local and countrywide availability will be
zero, and as a consequence, nothing will happen. Hence, the model requires input about an ini-
tial hydrogen refuelling station network, i.e. zip codes where hydrogen is available, to start a
simulation. The initial network may, for example, result from large-scale demonstration pro-

4 Total refuelling of a conventional car takes about five minutes, of which one minute is the actual refuelling and
four minutes is spent on driving up to the refuelling unit, handling the equipment, paying, and driving off again.
Refuelling a FCEV will take about three minutes, leading to a total refuelling time of about seven minutes.

5 Assuming an annual mileage of 15,000 km and a range between two refuelling transactions of 450 km.
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jects. Any seeding scenario can be defined ranging from a single station to availability of hy-
drogen at all stations right from the start. Stations can be seeded in the first year, but also in
consecutive years. Starting from the initial network, the model simulates growth of the FCEV
fleet and hydrogen refuelling infrastructure, which spreads steadily.

Hydrogen Refuelling Infrastructure Utilisation

Each fuel supplier strives for optimisation of the utilisation of his assets to be able to spread
costs over a maximum amount of fuel sold. But as it takes time for hydrogen demand to de-
velop, refuelling infrastructure will initially be underutilised. The hydrogen refuelling infra-
structure utilisation function defines the overall average utilisation of the hydrogen refuelling
infrastructure as a function of the number of HRU installed. Seen from the perspective of fuel
suppliers, this function defines what level of utilisation must be reached before fuel suppliers
are willing to invest in new HRUs. Real world data on the development of CNG refuelling in-
frastructures of cars have been used to calibrate this function. By varying the function different
scenarios can be simulated.

Allocation Strategy

Not all stations are equally suitable for integration of hydrogen. For example, to integrate hy-
drogen, space for expansion must be available at the station. Also, stations that currently are al-
lowed to sell LPG will be better candidates than stations where this is not allowed, as LPG sta-
tions already comply with very strict regulations regarding external safety distances™. To be
able to account for differences in suitability of existing refuelling stations for integration of hy-
drogen, the model offers the possibility to allow allocation of new HRUs only in zip codes
where stations are situated that meet certain characteristics. The characteristics that must be met,
and thus the set of zip codes where allocation is allowed, can be changed in every year of the
imulation. So, it is possible to include scenarios for the allocation of HRUSs. In this study, a
fixed three-phase scheme is used. The first phase, from 2015 to 2025, allows allocation in all zip
codes with refuelling stations that currently have LPG, and are situated along a main road, or
dispense an amount of fuel at least equal to twice the average amount of fuel dispensed by a
Dutch refuelling station’’. In the second phase, from 2025 to 2035, the same criteria are used,
but also zip codes with stations of at least average size (fuel volume) are included®. Finally,
phase three allows allocation in all zip codes with currently a conventional refuelling station.
This phase starts in 2035 and holds till the end of the simulation.

2.2.5 Car Industry Related Input and Parameters

Hydrogen Car Model Availability

The variety of FCEV models available, and the rate at which these models become available
will affect rollout. The hydrogen car model availability function describes how many FCEV
models are introduced by the car industry as a function of time. The amount of models is con-
verted to a fraction of motorists that are attracted by the available choice of FCEV models in the
showrooms, using statistics on Dutch car sales. These statistics show that on average about 50
different brands sell about 300 different car models. However, this includes a lot of minor
brands and models. About 20 brands and 100 models make up for 90% of the sales. This study,
therefore, assumes that a total of 20 brands and 100 models may cover the whole market and
that on average each model addresses 1% of the market. These numbers are used to define car
deployment scenarios which are further explained in Section 3.1.2.

16 A safety study with regard to integration of the HRU considered in this project in existing station is carried out by
project partner TNO [Maaijer, 2010]. A summary of findings and results is presented in Appendix D.

7" This subset comprises about 10% of all stations, which together sell more than 25% of all fuel

8 This subset comprises about 30% of all stations, which together sell more than 50% of all fuel
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3. Rollout Scenarios and Results

3.1 THRIVE Scenarios

By varying the assumptions regarding the initial refuelling station network, the refuelling infra-
structure utilisation and the FCEV model availability, three different base case scenarios have
been developed. The assumptions are discussed in more detail in the following paragraphs. The
scenarios consist of coherent sets of assumptions reflecting the interdependence of the parties
concerned, and the need for coordinated action. For example, reluctant behaviour of car manu-
facturers in introducing FCEVs is not likely to convince fuel suppliers to invest in an extensive
initial network and rapid expansion of the network. Hence, a careful FCEV deployment strategy
of the car industry will be accompanied by a careful hydrogen station deployment strategy of
the fuel suppliers. As illustrated by Figure 3.1, the strategies considered are labelled ‘Careful’,
‘Reactive’ and ‘Proactive’. The strategies are thought to reflect differences in level of policy
ambition. The latter may result e.g. from differences in the ‘level playing field’ that is created,
differences in strictness and outlook of emission regulation for conventional cars, and differ-
ences in consistency and connection of policy measures regarding cars, refuelling infrastructure
and fuel. In this study, however, these issues are not further quantified.

Scenario/ Low Medium High
Policy ambition level 9
Fuel supplier strategy Careful Reactive Proactive
Carindustry strategy Careful Reactive Proactive
Attractiveness for Low Medium High
consumers
Figure 3.1 Hlustration of industry strategies in the three base scenarios and the effect on the
attractiveness of FCEVSs for consumers
3.1.1 Fuel Supplier Strategies

Different fuel supplier strategies are modelled by varying the initial hydrogen refuelling station
network and the development of the hydrogen refuelling infrastructure utilisation.

Initial hydrogen refuelling station network

The hydrogen refuelling station seeding schemes that are considered in the base case scenarios
are summarized in Table 3.1. In the ‘Careful’ scenario an initial network of 17 stations in differ-
ent zip codes is defined in 2015. In the ‘Reactive’ scenario an additional 44 stations are seeded,
of which half is introduced in 2017 and the other half is introduced in 2019. In the ‘Proactive’
scenario, these additional stations are introduced in 2016 and 2017, respectively, and another 44
stations are introduced in 2019. So, in the latter scenario in total 105 stations are seeded in dif-
ferent zip codes. The first 17 refuelling stations are situated in or near major and capital cities'®.
The specific zip codes are selected based on presence of existing stations that best meet the fol-
lowing criteria:

¥ The major and capitol cities are: Amsterdam; Haarlem; Den Haag; Rotterdam; Utrecht; Vlissingen; Breda; Den
Bosch; Eindhoven; Maastricht; Arnhem; Enschede; Zwolle; Lelystad; Leeuwarden; Assen, and Groningen.
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o Fuel volume: This is an indication of attractiveness of a location to customers.
e Space available for expansion: Initially, hydrogen will not replace existing facilities. It will
be an addition. Hydrogen probably also involves more aboveground equipment than current
fuels. Hence, integration of hydrogen requires free space.
o Auvailability of LPG: From a safety perspective it is more likely that hydrogen can be inte-
grated in a station with LPG, than in a station where LPG is not allowed, as LPG requires
large external safety distances.
e Location along an access road to the highway, close to densely populated areas: This type of
station can serve both local and ‘highway’ customers.

The second batch of 22 seeds consists of major-brand highway stations with LPG, space for ex-
pansion and more than twice the average fuel volume. The third batch of 22 seeds is based on
the same assumptions as the second batch except for the fuel volume. It includes stations with
fuel volume equal to and up to twice the average. The fourth batch of 44 seeds consists of all
other highway stations with LPG, space for expansion and more than the average fuel volume.

Table 3.1

Initial refuelling station network (‘Seeding Scenarios’)

Strategy

Careful

Reactive

Proactive

Number of seeds and
year of placement

Map shows distribu-
tion of seeds on mu-
nicipality level; zip
codes are much
smaller

17 seeds in major & capi-
tal cities in 2015

17 seeds in 2015 +
22 seeds in 2017 +
22 seeds in 2019

17 seeds in 2015 +

22 seeds in 2016 +

22 seeds in 2017 +
44 seeds in 201_9

Hydrogen Refuelling Infrastructure Utilisation
Figure 3.2 shows the hydrogen refuelling infrastructure utilisation functions that are considered
in the base case scenarios. The function is explained in Section 2.2.4.

Average RU uilisation

100%

75%

50%

25%

0% +

1000 1500

H, OR CNGrefuelling units

2000

Figure 3.2 Fuel supplier strategies for development of overall average hydrogen refuelling
infrastructure utilisation
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The stricter the fuel suppliers are with regard to required increase of utilisation, the more time it
will take before new refuelling units are installed and the slower the fuel availability will in-
crease. Hence, the market for FCEVs cannot develop quickly either. However, if fuel suppliers
are convinced to receive a positive return on their investments, they might relax their utilisation
requirements, expand their refuelling networks faster and consequently create a higher market
potential for FCEVs. Data on the successful development of a CNG car fleet and the number of
CNG refuelling stations in Pakistan and Argentina are used to define the base case scenarios
[IANGV; 2009], [Yeh; 2007], [Raza; 2008]** %",

3.1.2 Car Industry Strategies

Three different FCEV deployment scenarios are modelled by defining different FCEV model
introduction schemes. Dutch car market statistics show that on average about 100 car models
deployed by 20 brands make up for approximately 90% of the annual car sales in the Nether-
lands [autoweek.nl; 2008]. This study, therefore, assumes that a total of 20 brands and 100
models may cover the whole market - a FCEV available for everyone - and that on average each
model addresses 1% of the market. In all scenarios it is assumed that the 20 brands enter the
FCEV market in the period 2015-2030. The first 6 brands enter the market in 2015 with 1 model
each. This is followed by 2 brands in 2018%, another 6 in 2024, and the last 6 in 2030. In the
‘Reactive’ scenario, every 5 years an additional model is introduced® until all 20 brands have
introduced 5 models each. In this scenario the first 6 brands have introduced all models by 2035
and the last 6 brands have introduced all models by 2050. In the “Careful’ scenario the introduc-
tion of new models is delayed until 2025. In the ‘Proactive’ scenario, the introduction is accel-
erated by repeatedly introducing 2 additional models instead of 1, starting in 2030. In this case
all models are introduced by 2040. Data points thus generated are fitted, and the function ob-
tained is used as input for the simulations. The functions are shown in Figure 3.3.

2 Data on number of CNG cars and number of CNG refuelling stations are used. Maximum station utilisation is de-

termined as the point where the ratio of number of cars and number of stations becomes constant. Unfortunately,
no data are available about the size of the stations, so assumptions are made The ‘Careful’ scenario is based on
data for Pakistan assuming that during the initial phase of development each station comprises on average 1.5 re-
fuelling units, i.e. 3 fuel dispensers. The ‘Reactive’ and ‘Proactive’ scenarios are based on data for Argentina as-
suming each station comprises on average 1 and 1.5 refuelling units, respectively, i.e. 2 and 3 fuel dispensers. If in
reality, refuelling stations on average comprise more dispensers, than the curves would move further to the right.
Development of the Dutch LPG market has also been looked into, but this case was not considered representative
[Backhaus, Bunzeck; 2010a]. Currently, there are about 2000 station with LPG and about 230,000 LPG cars. This
corresponds with about 2000 refuelling units (each unit has two dispensers) with an overall average utilisation of
about 25-30%

The total of 8 frontrunners is based on the group of car industries that have signed a Letter of Intent to coordinate
commercialization and market introduction of FCEV which is anticipated from 2015 onwards. The Lol was signed
on the 8™ of September 2009 by Daimler, Ford, GM/Opel, Honda, Toyota, Hyundai, Kia and Renault/Nissan.

The 5 year cycle reflects current industry practices regarding renewal of car models. The introduction schemes of
additional models is more or less comparable with current practices regarding the introduction of hybrids.
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Figure 3.3 Car industry strategies for FCEV model deployment

3.2 Base Case Scenario Results

This paragraph presents the rollout simulation results for the base case scenarios. Figure 3.4
shows the results with regard to car fleet penetration. Large differences are observed between
the scenarios. In 2050, penetration levels are in the order of 5% for the lowest case, and amount
to about 35% in the “High’ scenario®. Despite the large differences, results also indicate that in
all cases it takes at least a decade before penetration becomes significant. Even in the ‘High’
scenario car fleet penetration of FCEVs does not reach more than 3% by 2030.
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Figure 3.4 Base case scenario results and sensitivities for car fleet penetrations of FCEVs

2% The base case scenarios basically assume introduction of FCEVs via the private car market in which people own a
car for the full lifetime of the car before replacing it. In practice, most people replace their car sooner which leads
to more opportunities for introduction of FCEVs. The introduction also increases if FCEVs are introduced via the
car lease market, e.g. as lease cars for companies. On average car lease contracts run for 4 year. The cars then go
to the private second-hand market and are replaced by a new car. A separate modelling study on the effect of early
replacement of cars due to wrecking and technical break-down, and introduction via the business car lease market
showed that this effect can be mimicked by increasing the replacement rate in the rollout simulation. Simulation
results indicate (see Appendix A for details) that these real-world replacement mechanisms can lead to an increase
in car fleet penetration of up to 10% in the case of the ‘High’ scenario
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Figure 3.5 shows corresponding car sales figures. These figures indicate that the numbers neces-
sary to reach the simulated levels of penetration are quite realistic and may in the ‘High’ sce-
nario even be considered challenging given the disruptive nature of the innovation. In the ‘High’
scenario, FCEV sales amount to about 15,000 units per year in 2025, 10 years after introduction.
This compares well with current sales of hybrid-electric vehicles like the Toyota Prius, which
was introduced in the Netherlands 10 years ago®. Although in the case of hybrids first a single
hybrid model was introduced, whereas the simulation assumes simultaneous introduction of 6
FCEV models, the hybrids have the big advantage that they are not hindered by limited avail-
ability of an unconventional refuelling infrastructure. To reach the penetration level of about 3%
in 2030, sales must have increased to more than 60,000 units per year by then, which is about
10% of all vehicles sold. In terms of hybrids this means that sales have to quadruple from 2010
to 2015.
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Figure 3.5 Relative HV sales derived from the base case scenario results

In addition to the base case scenarios, Figure 3.4 also shows some results of simulations which
illustrate the effect of variations in assumptions within the “High’ scenario. The lower dashed
line represents a case which combines the ‘High’ scenario settings with a ‘Careful’ FCEV de-
ployment scheme. In this case ‘Careful’ is not a deliberate strategy, but may for example be the
result of unexpected technical setbacks causing a delay in introduction of FCEVs. The simula-
tion leads to almost 10% lower penetration, which is a reduction of about 25% compared to the
‘High’ scenario.

The upper dashed curve shows a much more successful rollout. This curve is the result of a
simulation combining the ‘High’ scenario settings with refuelling behaviour of motorists which
represents willingness to drive to refuelling stations situated further down on their daily routes,
or even to make a detour for a hydrogen refuelling station. The ‘Drive Time Function’ used for
this simulation is shown inFigure 2.3. The function is obtained by combining the survey results
on current refuelling behaviour, with results from another survey about willingness to make a
detour for alternative clean and green fuels [Amelsfoort; 2007]. Due to the willingness to drive a
bit further to refuel, the so-called ‘eager’ consumers perceive better local fuel availability. In
their perception, the effective number of local refuelling stations where hydrogen is available
increases”, although the real number of refuelling stations does not change. As a result, the po-

% Cumulative sales of Toyota Prius, and Honda Civic in 2008 amounted to about 12,500 units. Cumulative sales of
Prius, Civic and Honda Insight in 2009, amounted to about 16,500 units. Actual hybrid sales may be a bit lower as
the numbers include normal ICE-versions of the Civic. On the other hand, the numbers do not include minor
brands offering hybrids, like Lexus. Sales of hybrid-electric cars amounted to 16,000.units in 2010.

% The simulation model uses effective number of zip codes as explained in §2.2.3
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tential market increases and rollout will develop more rapidly. The simulation indicates that the
effect is potentially quite large. Results show doubling of penetration in 2030 to about 5%. Fi-
nally, penetration reaches more than 50% in 2050, which is an increase by about 40% compared
to the “High’ scenario. Of course, the big question is whether people will change their behaviour
voluntarily, and if not, which incentives are necessary to get them to change the refuelling be-
haviour they are used to, and they are comfortable with.

If changing the consumer appears to be difficult, one might decide to extend the initial network
to boost rollout. A simulation with an increase from 105 to more than 350 initial stations shows
an increase in penetration of 7% in 2050 compared to the “‘High’ scenario. Further details on the
effect of changes in parameter settings in relation to the ‘High’ scenario can be found in Appen-
dix A. Overall simulation results suggest that by 2050 about 35-40% of all cars could be hydro-
gen-powered FCEVs if technical performance of FCEVs proves to be comparable to conven-
tional cars and sufficient incentives are introduced. This might increase to more than 50% if
consumers are willing to adapt their refuelling behaviour to the initially limited availability of
hydrogen.

Low Scenario N High Scenario
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Figure 3.6 Maps of the Netherlands with simulation results for 2020, 2035 and 2050

Note: Green-shaded areas represent FCEV penetration increasing with colour intensity. Squares represent HRUS in-
creasing in number with colour intensity going from yellow to dark red. Left: Simulation results for the low
scenario. Right: Simulation results for the high scenario.

Figure 3.6 shows how rollout takes place in the spatial domain. The figure presents rollout
simulation results of the ‘Low’ and ‘High’ scenario. The maps clearly illustrate that despite
countrywide seeding, rollout first takes place in and around the most densely populated areas
before spreading to the less densely populated areas. The least densely populated areas in the
Netherlands are in the North-Eastern and South-Western part of the country, as most clearly il-
lustrated by the 2050 map of the ‘High’ scenario. The results of the ‘Low’ scenario show that
even by the year 2050, the rollout is limited to the most densely populated areas, i.e. the Rand-
stad area in the Western part of the country and the large cities in the Southern part of the coun-
try, close to Belgium. In 2035, development of rollout in the *High” scenario is already further
than the 2050 situation in the ‘Low’ scenario, and clearly shows the development of corridors
within the country as well as to neighbouring countries Belgium and Germany?’. By 2050,
FCEVs are present in almost every part of the country.

21 The corridors to Germany and Belgium are just the result of having large cities at these places. This study does not
take into account the situation in the neighbouring countries. However, the simulated corridors fit very well with
the densely populated areas around Antwerp in Belgium (South of the Netherlands) and the Ruhr area, East -
South-East of the Netherlands in Germany.
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4.  Economic Analysis of Rollout Scenarios

This chapter presents results of the economic analysis of the rollout simulations. First, simula-
tion results on number of installed HRU are used to evaluate specific cost of hydrogen refuel-
ling infrastructure and the cost of hydrogen at the pump. Secondly, simulation results on number
of FCEVs are used to develop cost projection for FCEVs using a learning curve methodology.
Finally, cost differences with the reference technologies are multiplied by the total amount of
hydrogen and FCEVs sold to obtain an estimate of the cost gap which has been bridged implic-
itly in the simulations. This estimate is an indication of the level of support necessary to enable
the scenarios in practice.

4.1 Cost of Hydrogen Refuelling Infrastructure

4.1.1 Hydrogen Refuelling Unit: Concept and Cost

Integration of hydrogen in existing refuelling stations is seen as the best way to link up as much
as possible to current refuelling routines and to show the public that hydrogen is just another
fuel, if necessary precautionary measures are taken. This study looks at a delivery pathway
based on centrally liquefied hydrogen. This pathway is considered to be most practical option in
the case of integration of hydrogen in existing stations, in particular regarding required foot-
print. Table 4.1 gives an overview of the pros and cons of a liquid hydrogen delivery pathway.

Table 4.1 Pros and cons of a liquid hydrogen delivery pathway
Pros Cons

Relatively small station footprint e Energy use liquefaction
Relatively low local electricity use due to use e Cryogenic equipment relatively expensive
of pump instead of compressor
e Transition flexibility; scalable capacity o Boil off management at low demands
o Flexibility towards variations in demand
o Possibility to provide many different on-board
storage systems with hydrogen
e High quality; low level impurities
e L ogistics comparable to current system

In this concept, liquefiers are located in the proximity of central hydrogen production plants.
Liquid hydrogen tanker-trucks are filled at a liquid hydrogen terminal and driven to refuelling
stations where they unload part or all of their load onto the refuelling stations’ liquid hydrogen
storage tank. These logistics are similar to the logistics for current liquid fuels, including LPG
and LNG. At the station, liquid hydrogen is pumped and vaporized to the required dispensing
pressure. The compressed hydrogen is then stored in a high-pressure cascade storage system (up
to 875 bar), ready for dispensing to on-board vehicle tanks. Figure 4.1 shows a process flow
diagram of the hydrogen refuelling unit considered. The diagram shows that in addition to cryo-
genic storage, cryogenic pump, vaporizer and cascade storage system, the HRU also comprises
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a system for management of hydrogen boil-off*®, a cooling unit to enable fast filling at high-
pressure”®, and two dispensers for dispensing of hydrogen at 350 and 700 bar.

Boil-off Buffer
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Figure 4.1 Process Flow Diagram of a standardised modular hydrogen refuelling unit

Table 4.2 summarizes the HRU characteristics used in the economic analysis. Cost and cost pro-
jections of HRUs and individual HRU components have been considered. HRU equipment
cost® at the start of the rollout are assessed at € 950,000 per unit. Other, non-equipment cost®*
are assessed at 30% of the HRU equipment cost. The equipment cost go down with increasing
amount of units installed and are assumed to finally reduce to about € 700,000 per unit®2. A
gradual decrease in HRU investment cost from the initial level to the final level has been mod-
elled using a learning curve methodology, as illustrated by Figure 4.2. The methodology is ap-
plied to the individual components of the HRU, but can be approximated by a overall cost de-
crease of 3% for each doubling of the number of HRUs installed™.

Table 4.2 HRU related parameters used in the economic analysis

Parameter Value
Fixed Capital Investment initial HRU € 950,000
Fixed Capital Investment HRU finally € 700,000
HRU non-equipment cost 30% of FCI
Annual maintenance cost 3.5% of FCI
HRU lifetime 15 years

% Management of boil-off is important especially at low hydrogen demands. If demand grows the need for boil-off

management will become less and finally disappear. This offers possibilities for cost reduction. At high demands
also (partial) direct filling of on-board tanks may become possible. This will reduce the need for high-pressure sto-
rage and cooling, and thus may lead to further cost reductions. High pressure storage and cooling will even be-
come redundant if on-board cryo-compressed storage becomes the standard. The HRU offers the flexibility to also
serve these potential future systems in which hydrogen can be stored in supercritical phase at low temperature and
high pressure. In this case also the vaporizer will become redundant.

Fast filling leads to temperature rise in the on-board tank. To stay within temperature limiting values of the tanks,

pre-cooling of hydrogen is needed. The HRU complies with SAE J 2601 requirements and enables refuelling of 5

kg hydrogen within 3 minutes. Filling at 700 bar then requires pre-cooling of hydrogen to -40°C.

Equipment costs comprise the cryogenic storage tank, the cryogenic pump including hydraulic drive, the boil-off

compressor, the buffers, the vaporizer, the cooling unit, the dispensers and the piping and valves.

Main non-equipment costs items comprise engineering, safety studies, approvals and electric and civil works. It is

assumed that there are no land costs because HRUs are integrated at the premises of existing stations.

32 With a capacity to serve a fleet of 800 cars the overall HRU investment cost amount to € 1550 to € 1150 per car.

% The Dutch rollout is part of a rollout in many more countries. Therefore HRUs will not only be installed in the
Netherlands, but also in other countries. To account for this, cumulative amounts of HRUs are determined by mul-
tiplying the simulated number of units for the Netherlands by a factor. A factor of 10 has been assumed for the
calculations, signifying that in other countries 9 times as many units are installed as in the Netherlands. This does
not mean that overall rollout is 10 times the size of the Dutch rollout. A number of other delivery pathways are
possible. These may be applied in other situations.
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Figure 4.2  lllustration of the cost components of a hydrogen HRU and their developments.

412 Cost of Hydrogen from overall rollout perspective

Discounted cash flow (DCF) analyses are carried out on the basis of simulation results of the
rollout scenarios to determine the financial consequences of the scenarios. The calculations are
done on an annual basis. Figure 4.3 shows a schematic overview of a DCF analysis. Table 4.3
presents a summary of input data used.

Revenue = Directcost .
Investment price * units dispensing Gross profit
A . c)=(a)-(b
*) (8)= (V)'(p) (b) (©)=ar-)
‘ Operatlonal Depreciation Earning before
income tax

(€)=(c)-(d) H=A)70) (@)=(e)~(f)

Earning Cash flow Discount Discounted
afteriax ()= (h)+()-A ffcto_r . cafh_ ilow
(h)=(g)*(1-) (O U)) ()=(i)*(k)

Figure 4.3 Calculation scheme for Discounted Cash Flow analysis

Table 4.3  Overview of parameter values for DCF analysis

Parameter Value

‘Level playing field’ pump price of H; (p) 9.9 €/kg (excl. VAT)
Cost of hydrogen production 2.2 €/kg

Cost of liquefaction and transport of LH, 1.0 €/kg

Cost of electricity 80 €/ MWh
Depreciation period (y) 10 years
(Dutch) Corporate tax rate (t) 25.5%
Discount rate, or required rate of return (j) 7%

The investment (A) is obtained by multiplying the number of HRUs installed with the corre-
sponding investment cost per unit (see previous paragraph). In the calculations it is assumed that
in addition to extra units installed, HRUs are replaced by new ones at the end of the lifetime.
Revenue (a) is generated by selling hydrogen. The amount of hydrogen (V) sold each year is de-
termined by the amount of FCEVs, the average annual mileage of cars and the average fuel
economy of cars. A fixed annual mileage of 15,000 km/year and a fixed average practical fuel
consumption of 0,35 kWh/km is assumed. This results in an average hydrogen consumption of
about 160 kg per car per year. The price of hydrogen (p) is taken as 9.9 €/kg excluding VAT,
which is the price equivalent to the current gasoline price, taking into account differences in fuel
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consumption between FCEVs and conventional cars®. By subtracting direct cost of dispensing
and general expenses from the revenues, the operational income is obtained. Direct cost of dis-
pensing include cost of hydrogen supplied to the station®, electricity costs and cost of mainte-
nance (see Table 4.1). Labour cost, property tax, insurance and station overhead are not consid-
ered, mainly because little extra costs are expected as HRUs are integrated in existing stations.
Also ‘general expenses’ (d) are neglected. Further calculations finally result in the annual Cash
Flow (i). By multiplying the cash flow (i) with the Discount Factor (k) the Discounted Cash
Flow is obtained. This represents the present value of future cash flows, i.e. the value of future
cash flows discounted to the year in which the investment is done. In this study inflation is ne-
glected. Cost values are given in €x10.

Summation of present values for all years a project runs, results in the Nett Present Value
(NPV) of a project. This parameter serves to support investment decisions. A positive NPV in-
dicates a project with a positive return on investment compared to the discount rate, or (mini-
mum) required rate of return, which is used as input for the analysis. If the NPV is zero, the pro-
ject neither generates a positive nor a negative return; the project just covers the investment and
all costs anticipated. Still such a project may be considered a good project, e.g. for market stra-
tegic reasons. By carrying out a DCF analysis for the simulated scenarios as a whole, the rollout
is in fact considered as one big project. For this perspective 2 different analyses are carried out:
o First, the so-called levelised cost of hydrogen is calculated. This represents the price of hy-
drogen at the pump that needs to be charged on average during the lifetime of the project, to
end up at an NPV of zero at the end of the project. This analysis gives an indication of the
economic viability of the use of hydrogen as fuel for FCEVs. Furthermore, it allows to de-
termine specific forecourt cost and the impact of different scenarios on the cost of hydrogen.
e Second, the DCF is carried out using the current gasoline-equivalent price of hydrogen
(‘level playing field” pump price of hydrogen). In this analysis, the year in which the NPV
becomes zero is an indication of when hydrogen stations become profitable, on average.

3 Price derived from a gasoline price of 1.6 €/I including 19% VAT (1.34 €/l ex. VAT), energy content of gasoline
and hydrogen 8.8 kWh/l and 33.3 kWh/kg (LHV), respectively, and a ratio of the energy consumption of FCEVs
and ICEVs equal to 1.9. The ratio is based on a comparison of the Honda Clarity FCX ‘window sticker” fuel con-
sumption and the average ‘window-sticker’ fuel consumption of a range of comparable and popular gasoline-
powered D-segment cars (2010 version) like the VW Passat, Opel Insignia, Toyota Avensis, Ford Mondeo and
Citroen C5. Fuel consumption values are determined at 0.32 kWh/km (430 km and 4.1 kg H,) and 0.62 kWh/km,
respectively.

Cost of hydrogen supply includes cost of hydrogen production, cost of liquefaction and cost of transporting LH,.
Hydrogen production by Steam Methane Reforming is assumed. This will set the market price for hydrogen. The
value of 2.2 €/kg H, is obtained by using a natural gas price for Dutch industry of 34 £ct/Nm® (average level
2009), natural gas energy content of 35 MJ/Nm?®, a process efficiency of 75% and a 70% share of fuel cost in the
cost of hydrogen production. Currently, cost of transport depends on quantity and transport distance. However, in
case of large-scale usage as transport fuel, there will be an fixed overall average tariff. Overall cost of liquefaction
and transport are assessed at 1 €/kg which compares well with 9.5 USD/GJ as reported in [IEA, 2005]
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Figure 4.4 Results of DCF analysis for whole refuelling infrastructure perspective.

Figure 4.4 shows the levelised cost of dispensed hydrogen as a function of weighed average
utilisation of HRUs installed® for a large number of rollout simulations. Each data point repre-
sents another simulation. The results show a linear dependence between weighed average HRU
utilisation of a scenario and the cost of hydrogen. As expected, the cost increase with decreasing
utilisation. The levelised cost of hydrogen range from about 4.5 €/kg for a case of almost full
utilisation, to about 5.9 €/kg for a case with about 60% weighted average utilisation. This shows
that the cost of underutilisation can increase to 1.4 €/kg, or more, which is of the same order of
magnitude as the minimum cost of the refuelling infrastructure. The latter cost results from the
difference between the levelised Cost at full utilisation and the cost of hydrogen supplied to the
station, and turns out to be 1.3 €/kg. These costs would be about 0.5 €/kg higher if no cost re-
ductions due to learning would be included. Three data points are highlighted representing the
‘Low’, “‘Medium’ and ‘High’ scenario. Interestingly, the Weighed Average HRU Utilisation be-
comes better from the ‘Low’ to the “‘High’ scenario, although the required development of aver-
age HRU utilisation, used as input for the scenarios, is less strict for the ‘High’ (Proactive) sce-
nario than for the ‘Low’ (Careful) scenario (see Figure 3.2). Apparently, the combined effect of
‘Low’ scenario circumstances hinders the rollout in such a way that development of utilisation
of installed HRUs over time is inferior to the development in the ‘High’ scenario. As a result,
cost levels in the ‘Low’ scenario remain high for a longer period of time.

Figure 4.5 shows the impact of non-equipment cost on the levelised cost of hydrogen. In the
analysis, non-equipment cost is defined as 30% of the fixed capital investment, which is a figure
for a well developed situation. Currently, the non-equipment cost is much higher, and can easily
be of the same order of magnitude as the total equipment cost. i.e. 100%. This is mainly due to
lack of standardisation. Stations are still mostly one of a kind and require, for example, tailor-
made engineering, permitting procedures, safety studies and safety measures. It is assumed that
cost will come down through learning effects and development of regulations, codes and stan-
dards in the current demo phase. However, if standardisation fails, the cost of hydrogen will be
affected. Figure 4.5 shows that levelised cost of hydrogen increases linearly with increasing
non-equipment cost. The cost of hydrogen dispensed would be about 1 €/kg higher if non-
equipment cost would amount to 100% of equipment cost instead of 30%.

% The total number of FCEVs in a year divided by the total HRU capacity (number of HRUs times 800 FCEVs per
HRU) gives the annual average HRU utilisation. For each year this utilisation is normalised by multiplying it with
the ratio of actual HRU in the year considered and the final number of HRUs installed in the last year of simula-
tion. These normalised values are summed up and divided by the result of a similar calculation with the assump-
tion of full (100%) annual average HRU utilisation. The resulting value is the weighed average utilisation of
HRUs installed during a rollout simulation.
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Figure 4.5 Impact of non-equipment cost for the high scenario.

Results clearly indicate the need for optimisation of utilisation and standardisation to keep the
cost as low as possible. At the same time, results also show that hydrogen offers good perspec-
tives for a sound business case. The levelised cost of hydrogen is in all cases lower than the hy-
drogen cost equivalent to gasoline, which currently amounts to 9.9 €/kg excluding VAT.

Figure 4.6, Figure 4.7 and Figure 4.8 display results of DCF analyses for the ‘Low’, ‘Medium’
and ‘High’ scenario, respectively, using the hydrogen equivalent cost of gasoline as input. The
results show that required investments increase considerably from the ‘Low’ to the ‘High’ sce-
nario. However, the revenues increase even more, and as a result the period the refuelling infra-
structure needs to break-even becomes shorter. In the ‘Low’ scenario it takes about 23 years be-
fore the hydrogen refuelling infrastructure becomes profitable. The ‘High’ scenario reaches
profitability about 5 years earlier. At the same time FCEV penetration amounts to more than
5%, whereas at this point in time penetration in the ‘Low’ scenario is still below 1%. If devel-
opment was so slow, one might even wonder whether involved actors would not lose interest in
the meantime, possibly leading to complete fade out of the option. Energetic development offers
better perspectives. Also from this point of view, the ‘High’ scenario seems to offer the most
attractive business proposition.
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Figure 4.6 Discounted Cash Flow analysis for the ‘Low’ scenario
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Figure 4.7 Discounted Cash Flow analysis for the ‘Medium’ scenario

Amount (miIn €)

500
400 1 EmEarning after tax

300 = |nvestment

200 4| ~“Cumulative DCF

100 -
0 -
-100
-200
-300
-400 -
-500
2015 2020 2025 2030 2035 2040 2045 2050
Year
Figure 4.8 Discounted Cash Flow analysis for the ‘High’ scenario
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41.3 Cost of Hydrogen from Single Investor Perspective

In addition to DCF analysis for the hydrogen refuelling infrastructure as a whole, also DCF
analyses are carried out for HRUs installed in each separate year of a scenario. This is called the
single investor perspective. The analysis again determines the levelised cost of hydrogen. In this
case, the values obtained represent the average minimum pump price (excl. VAT) that needs to
be charged to the consumer during the lifetime of the HRU to end up at an NPV of zero for the
project. Figure 4.9 presents results for the “‘High’ scenario. The results illustrate that early inves-
tors have to charge a higher price for hydrogen during the lifetime of the HRU than late inves-
tors to end up at an NPV of zero. For HRUs installed in 2015, the average minimum price that
has to be charged during their lifetime of 15 years amounts to about 19 €/kg hydrogen, whereas
this price is less than half for units installed in 2020. Clearly, investing at a later stage will cre-
ate a positive business case more easily. However, someone has to start investing as without in-
vestments in an initial network, the infrastructure will not grow. Hence, policy measures must
be in place to compensate for early investor disadvantages.
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Figure 4.9 Single investor perspective; results of DCF analysis for the ‘High’ scenario

Figure 4.10 compares for the ‘High’ scenario, the levelised cost of hydrogen from a single in-
vestor perspective with the hydrogen equivalent price of gasoline. This can be considered as the
maximum price which still meets the requirement of level playing field. Clearly, the levelised
cost of hydrogen for units installed in the initial years of the scenario are higher than the maxi-
mum price. In order not to discourage consumers, the higher cost cannot be charged at the
pump. This creates a cost gap that need to be bridged somehow. Cost gaps for the different sce-
narios are further analysed in Section 4.3.
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Figure 4.10 Comparison of single investor perspective levelised cost of hydrogen for the ‘High’
scenario with the hydrogen equivalent price of gasoline

4.2 Cost of Fuel Cell Electric Vehicles

To evaluate financial consequences of rollout scenarios, also the cost of FCEVs have to be con-
sidered. The car cost model used, is taken from the HyWays study [HyWays; 2008]. This model

40 ECN-E--11-005



only considers the drive train and uses a learning curve methodology to project future cost®.
Main drive train components are analysed separately, i.e. fuel cell system, hydrogen tank, elec-
tric motor and battery. Current cost of components are assessed from literature. The results are
summarised as initial cost in Table 4.4. More details can be found in [Hoevenaars et al.; 2010].

The learning curve methodology assumes that cost decrease at a fixed rate with every doubling
of the cumulative amount of units produced. The rate of cost decrease is characterised by the
progress ratio. The values used in the analysis are listed in Table 4.4. Values used range from
0.8 to 0.95 which signify a decrease in cost with doubling of the cumulative amount of units
produced by 20% and 5%, respectively. The cumulative amount of units produced, in this case
FCEVs, are derived from the rollout simulations. The rollout simulation model generates num-
bers of FCEVs in the Dutch car fleet on an annual basis. In an additional analysis, these num-
bers are converted to annual car sales taking into account early replacement of cars due to acci-
dents and break downs. The replacement scheme is based on statistical data on the age of cars in
the Dutch car fleet of the Dutch Central Bureau of Statistics [CBS; 2008b]. Also it is assumed
that once consumers switch to a FCEV, they do not buy another type of car any more after-
wards, and that the maximum age of a car is 15 years. To account for the fact that rollout does
not only take place in the Netherlands, Dutch figures on cumulative sales are converted to
global figures. This is done through multiplying the Dutch figures by a factor of 100 which
gradually decreases to a factor of 50 in the first 10 years of rollout. After this period the factor is
kept constant®®. Figure 4.11 shows the results for the cumulative amount of FCEVs sold world-
wide, as derived from the ‘Low’, "Medium’ and ‘High scenario simulations, using the assump-
tions as discussed above. The ‘High’ scenario case results in a cumulative amount of FCEVs
sold, and thus produced, of about 250 million in 2050. As shown in Figure 4.11, the projection
resulting from the ‘High’ scenario compares well ‘high policy support, fast learning’ scenario of
the European hydrogen roadmap project HyWays, which was supported by German car manu-
facturers Daimler, GM/Opel and BMW [HyWays; 2008].
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Figure 4.11 Global cumulative FCEV production numbers based on the THRIVE base cases
and the HyWays ‘high policy support, fast learning’ scenario

37 Learning curve methodology: I(C) = o * (C/Co) ""P where 1, is initial unit cost at Co, the cumulative number
of units produced at t=0, | is the unit cost at C, the cumulative number of units produced, and pr is the progress ra-
tio.

The factor of 50 is roughly the current share of the Netherlands in worldwide sales of hybrids, and symbolises a
general proactive attitude of the Netherlands towards implementation of innovations and clean mobility options.
The factor also means that the Dutch FCEV rollout takes place fiftyfold in other regions worldwide. With a popu-
lation of about 17 million people in the Netherlands, these regions would include a population of about 850 mil-
lion. The initial larger factor of 100 accounts for the current level of hydrogen and FCEV activities, which is mod-
est compared to the frontrunners. It simply denotes that initially Dutch rollout activities only comprise one hun-
dredth of worldwide rollout activities. In case of refuelling infrastructure a lower factor is used (p.33) as many hy-
drogen delivery pathways are possible, and the station concept selected in this study will not be applied every-
where.
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Table 4.4  Parameters for the learning curve methodology applied in the car cost model.

Co = 2000 (in 2013)" 80 kW FC system H, tank™ E-motor Battery”
o (§) " 28,000 7,000 4,000 2,750
pr 0.80 0.90 0.90 0.90
pr after 1 min cars 0.90 0.95 0.95 0.95

“ Initial costs (I5) of FCEV drive train components at the initial number of FCEVs produced (C,); Progress ratio (pr)
which is a lumped parameter combining effects of learning by doing, learning by searching and economies of scale.
5.6 kg in 700 bar tank; 33.33 kWh/kg H,; 37.5 €/kWh (or 50 USD/kWh at 0,75 €/USD)

"™ Small battery for FCEV-hybrid; 2.5 kWh at 1100 €/kWh.

The data used for development of the cost projections using the learning curve methodology are
listed in Table 4.4. Progress ratios vary for the different components because of differences in
technological maturity and potential for further development. Furthermore, if maturity of tech-
nology increases the potential for further cost reductions will become less. Therefore, it is as-
sumed that the rate of cost decrease levels off after a cumulative production of 1 million units.
Figure 4.12 presents the cost project of FCEV drive trains based on the ‘High’ scenario results.
At the start of the rollout the cost of the FCEV drive train is assessed at about € 27,000. This is
equivalent to a D-segment car price without purchase tax and VAT of roughly € 42,000, which
compares well with recent car industry claims for a price of USD 50,000 for a hydrogen sedan
in 2015 [Toyota; 2010] [Hyundai; 2010]. The cost of the FCEV drive train rapidly decrease to
about € 10,000 in 2020. Subsequently, cost decrease gradually and become comparable to the
cost of the reference drive train starting from 2030.

In this study the reference drive train is the drive train of ICE-hybrid cars (also called hybrid-
electric vehicles; HEV). To be able to meet emission limits that gradually tighten up, cost of
current drive trains will increase, e.g. due to implementation of advanced engine technologies
and hybridisation of drive trains with batteries and electric motors. It is assumed that the cost of
the conventional drive train gradually increases and becomes constant at a cost level equal to
twice the current cost level of 35 €/kW engine power. The difference between the cost of the
FCEV drive train and reference drive train equals the cost difference between the FCEV and the
reference car. This difference needs to be bridged somehow to make the cars affordable for a
wide public. The total cost gap that needs to be bridged can be obtained by multiplying for each
year the amount of FCEVs sold with the difference in drive train cost. This cost gap is an indi-
cation of the level of stimulation needed for FCEVs.

FCEV net price =€ 42,000
30.000

—FCEYV, high scenario

—HEV
20.000

FCEV cost gap

10.000

Total drive train cost (€)

2020 2030 2040 2050

Year

Figure 4.12 Cost Development of a 80 kW FCEV drive train for the ‘High’ scenario case
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4.3 Cost Gap Analysis

4.3.1 Cost gaps for Refuelling Infrastructure and FCEVs

The cost gap analysis evaluates the financial implications of the level playing field requirement
for hydrogen and FCEVs. Hydrogen Refuelling Units which are installed at refuelling stations
in the initial years of rollout, experience significant underutilisation. As a result, the price of hy-
drogen needed to cover investment, and all costs during the lifetime of the HRU, exceed the hy-
drogen price equivalent to gasoline. As charging the consumer the higher price would render
hydrogen unattractive, the excess costs need to be bridged in another way. This may be done for
example via an investment subsidy, a compensation per unit of hydrogen sold or fiscal meas-
ures. The same story holds for FCEVs. Initially, these will be considerably more expensive than
comparable conventional cars. If the difference is not compensated, the price of FCEVs will be
unattractive to consumers, and as a result implementation of the option may not take off. This
paragraph analyses the size of the cost gaps that need to be bridged.

The cost gaps resulting from refuelling infrastructure and FCEVs are calculated as follows:

o |f the levelised cost of hydrogen for HRUs installed in a specific year exceeds the hydrogen
price equivalent to gasoline, the difference between the two values is used in the infrastruc-
ture cost gap calculation. By multiplying the difference with the number of installed units
and the amount of hydrogen sold in each year these units are in operation (15 years), the an-
nual cost gaps for HRUs installed in a specific year are obtained. Summing up the annual
cost gaps results in the cumulative cost gap for these HRUs. This calculation is done for all
years in which HRUs are installed whose levelised cost of hydrogen exceed the hydrogen
price equivalent to gasoline. Summing up the all the cumulative cost gaps yields the total
cumulative cost gap that needs to be bridged for the hydrogen refuelling infrastructure.

e The annual cost gap that needs to be bridged for FCEV is obtained by multiplying the cost
difference between FCEV and reference cars in a certain year with the amount of FCEVs
sold in that year. The overall cost gap results from summing up all the annual cost gaps.

Figure 4.13 shows the annual cost gaps for the HRUs installed up to and including 2019, and the
total annual refuelling infrastructure cost gaps. For units installed from 2020 onwards, the level-
ised cost of hydrogen on average are lower than the hydrogen price equivalent to gasoline. Re-
sults show that the total annual refuelling infrastructure cost gap gradually increases to about 10
Ms<€/year and then rapidly reduces to zero shortly after 2030.
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Figure 4.13 Annual and total annual infrastructure cost gaps for the ‘High’ scenario
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Figure 4.14 compares the total annual cost gaps resulting from the refuelling infrastructure to
the annual cost gaps for the FCEVs for the ‘Low’, ‘Medium’ and ‘High’ scenario. Clearly, the
total annual cost gaps resulting from the refuelling infrastructure are much smaller than for the

FCEVs. On a cumulative basis, the refuelling infrastructure cost gap in Figure 4.14 account for
only 3-6% of the overall infrastructure and FCEV cost gap.

The development of the annual cost gaps for FCEV results from the combined action of increas-
ing number of cars and decreasing cost difference with the reference cars. Initially, both factors
balance out, but after 2020 volume growth dominates and the annual cost gaps increase to a
level which varies from about 55 M€ in the ‘Low’ scenario to about 90 M€ in the ‘High’ sce-
nario. Due to higher cumulative number of cars, leading to faster decrease in FCEV cost, the
maximum in the ‘High’ scenario is reached much earlier than in the ‘Low’ scenario. Eventually,
the cost difference becomes very small and the annual cost gap reduces to zero.

If FCEVs offer added value compared to conventional cars, e.g. better driving quality, addi-
tional functionality or positive image, consumers may be willing to accept a higher price. To
give an indication of the potential effect, the change in line-style of the FCEV curves in Figure

4.14 indicates when the cost difference between FCEV and reference car becomes smaller than
10%. In the present study, this is about € 500 per FCEV.
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Figure 4.14 Total annual refuelling infrastructure and annual FCEV cost gaps for the ‘Low’,
‘Medium’ and ‘High’ scenario

Figure 4.15 presents the combined annual cost gaps for refuelling infrastructure and FCEVs,
and the cumulative cost gaps for the ‘Low’, ‘Medium’ and ‘High’ scenario. Cumulative cost
gaps in all three scenarios reach about 1.4 billion euro in the end™. This is a first order of mag-
nitude estimate (*/- 30%), and must be read as 1 to 2 billion euro. The 1.4 billion euro cost gap
reduces by more than 200 M€ if annual FCEV cost gaps are left out when the cost difference
with the reference cars becomes less than € 500. If consumers are willing to pay € 500 more
right from the start of the rollout, the cumulative cost gap would even be cut in half.

¥ These costs relate to additional costs that need to be bridged during rollout of the early market and commercialisa-
tion phase. It does not include the cost for projects in the large-scale demonstration phase, which precedes the
early market phase, and is a necessary step to gain practical experience and develop the institutional framework.

44 ECN-E--11-005



100 2000

AR/
L\

2020 2030 2040 2050 2020 2030 2040 2050

1500

1000 H

Total cost gap [min €]

500 1

Cumulative cost gap [mIn €]

Year in which cost gap occurs Year
| Scenario Low Medium High

Figure 4.15 Overall annual and cumulative cost gaps for the ‘Low’,”"Medium’ and ‘High’ sce-
nario

4.3.2 Missing Revenues from Excise Duties

The above analysis does not include the cost gap that arises from losing revenues from excise
duties. Currently, fuel prices comprise a fixed amount of excise duty. To keep the same income
from excise duties, an equivalent amount of excise duty based on energy content should be
added to the cost of hydrogen. However, this will lead to a higher pump price of hydrogen than
the hydrogen price equivalent to gasoline, if the levelised cost of hydrogen exceeds the cost of
fuel without excise duty. This would violate the boundary condition of level playing field and
would render hydrogen unattractive to the consumer. This means that if the levelised cost of hy-
drogen lies between the cost of fuel without excise duty and the hydrogen price equivalent to
conventinal fuel, it is not possible to impose the full amount of excise duty. This is illustrated by
Figure 4.16.
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Figure 4.16 Indication of missing revenues from excise duties

Calculations indicate that the cumulative loss of revenues from excise duties for the government
up to 2050 could amount to some 1.0 to 3.2 billion euro for the ‘Low’ and ‘High’ scenario re-
spectively. This is just an order of magnitude as, due to the large volumes of fuel involved, the
exact figure is very sensitive to the exact value of the levelised cost of hydrogen (upper dashed
line in Figure 4.16) and the hydrogen equivalent cost of fuel without any taxes (lower dashed
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line in Figure 4.16). It shows, however, that the loss of revenues from excise duties is at least an
order of magnitude larger than the cost gap that need to be bridged for the refuelling infrastruc-
ture, and is of the same order of magnitude as the cost gap for FCEVs. It can be argued that the
missing revenues from excise duties should be considered as part of the refuelling infrastructure
cost gap that needs to be bridged. In this case, the cost gap for the refuelling infrastructure and
the FCEVs are of the same order of magnitude. Adding results for missing revenues from excise
duties to the results presented in Figure 4.15 leads to cumulative cost gaps up to 2050 ranging
from 2.1 to 4.6 billion euro for the “‘Low’ and ‘High’ scenario respectively.

The evaluated cost gaps are significant. However, the amounts should be considered in perspec-
tive. In 2008, for example, the Dutch government received revenues from excise duties on
transport fuels (for cars, vans, trucks etc.) of about 7.2 billion euro [BOVAG-RAI; 2009]. So,
the total cost of rollout of the hydrogen and FCEV option up to 2050 appears to be lower than
the current total annual revenues from excise duties on transport fuels.

Another perspective is to consider the development of revenues from excise duties resulting
from optimisation of conventional cars. Current emission regulations aim for average (Tank-to-
Wheels) CO, emission of 95 g/km for cars sold in 2020. Right now, the average is about 180
g/km. A reduction to 95 g/km requires a reduction in fuel consumption from about 7.6 litre/100
km (0.67 kwh/km) to 4.2 litre/100 km (0.37 kWh/km) [Roeterdink, Hanschke; 2010]. Assum-
ing that:

o the reduced fuel consumption becomes the fleet average in 2030 and then stays constant,

o the fleet size increases from 7.5 million cars in 2010 to 9.8 million cars in 2050,

o the average annual mileage per car is 13,500 km, and

o the 2010 level of excise duty is maintained,

calculations show that the level of annual revenues from fuel excise duties in 2050 is about 30%
lower compared to 2010. The cumulative sum of missing revenues from fuel excise duties up to
2050 is assessed at about 90-100 billion euro. So, although missing revenues from excise duties
due to hydrogen are significant, it only adds about 1% to 3% to the cumulative missing excise
duty revenues resulting from anticipated improvements in fuel efficiency of internal combustion
engine-based cars.

4.4 Cost Effectiveness Rollout Scenarios

Main reasons for introduction and rollout of hydrogen-powered FCEVs are to reduce oil de-
pendency of the transport sector, to be able to diversify on use of primary energy sources, and to
have available an option that (potentially) offers zero emission mobility on a well-to-wheels ba-
sis. As each car introduced in this study contributes equally to these policy goals, the amount of
euros spent per car measures the effectiveness of considered scenarios. Comparing the fleet
penetration in Figure 3.4 to the cumulative additional cost of refuelling infrastructure and
FCEVs in Figure 4.15, shows that the FCEV fleet in the “High’ scenario by 2050 is about twice
the size of the FCEV fleet in the ‘Medium’ scenario, whereas the cost gaps that are bridged are
equal to each other (i.e. the budget needed to realise the scenarios is the same). Thus, taking
2050 as reference year, euros spent in the “High’ scenario are about twice as effective in making
progress on above stated policy goals than euros spent in the ‘Medium’scenatio. The ‘High’
scenario is even more than 4 times as effective as the ‘Low’ scenario. Taking also missing ex-
cise duties into account as support for hydrogen-powered FCEVs, the *High’ scenario is still
about 1.3 times more effective than the ‘“Medium’ scenario and about 2.5 times as effective as
the ‘Low’ scenario. Hence, from the point of view of cost effectiveness, money used to bridge
the cost gaps is better spent to enable the ‘High’ than the ‘Medium’ or ‘Low’ scenario.
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5.  Greenhouse Gas Emission Analysis

To identify the impact of the THRIVE scenarios on the Well-to-Wheels (WTW) greenhouse gas
(GHG) emissions, an additional post-processing module is created, which is the subject of this
chapter. The THRIVE GHG module is used to determine the relative emission reduction on a
Well-to-Wheels basis for the years 2015 to 2050, using rollout simulation results on FCEVs as
input. The conceptual model of the module is presented in Figure 5.1. Further details can be
found in [Roeterdink, Hanschke; 2010].
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FC vehicles
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Fossil fuel WTwW e
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Hydrogen
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Figure 5.1 Conceptual model for analysis of rollout WTW GHG emission impact

The circumstances that determine specific WTW GHG emission (g CO,/km), are ‘carbon inten-
sity” of fuels involved, composition of production mix, and vehicle efficiency. Current legisla-
tion regarding shares of renewables in fuels for road transport and emission regulation for cars
will result in improvements on these factors as time goes on. To explore the potential impact of
hydrogen-powered FCEV rollout, three scenarios are defined (Low, Medium and High) for each
of the 3 factors. These can be combined in any order, potentially resulting in 27 different emis-
sion scenarios. Table 5.1 presents an overview of scenario values for each of the factors in 2050.
A full overview of scenarios and more details on processes considered and process emission
factors used can be found in [Roeterdink, Hanschke; 2010]. Processes considered and process
emission factors used are in line with the hydrogen delivery pathway which is central in this
study.

Table 5.1  Overview of emission scenarios defined in the GHG emission module
Vehicle efficiency scenario Low Medium High
e ICEVs (gasoline/diesel) 130 g/km 95 g/km 80 g/km
fleet norm by 2050

e FCEVs (Hy) 0,25 kWh/km 0,21 kWh/km 0,175 kWh/km
Conventional fuel mix . .

. . Low Medium High
(carbon intensity)
e Gasoline/diesel 30% biofuels 20% biofuels 100% fossil fuels
Ha prodgctlon_route Low Medium High
(carbon intensity)

SMR with CCS SMR, 20% biogas SMR, natural gas
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Figure 5.2 presents a summary of main results for the development of WTW GHG emission fac-
tors for the medium vehicle efficiency scenario. Clearly, the WTW GHG emission per driven
kilometre decreases as time goes on due to increasing fuel efficiency of cars. The upper and
lower limits of results for the reference ICEVs correspond to the High and the Low conven-
tional fuel mix respectively. Similarly, the upper and lower limits of results for FCEVs corre-
spond to the High and the Low hydrogen production route scenario respectively. Results indi-
cate that FCEVs powered by hydrogen which is produced from natural gas without CCS already
will lead to substantial WTW emission reduction, regardless whether compared to 100% fossil
fuel or a fuel blend with 30% biofuels. WTW emission reduction varies from 15% to 30%. In
case CCS is applied, the relative emission reduction reaches 70% to 80%, depending on the car-
bon intensity of the displaced fuel. In the medium and longer term, similar and even larger
emission reductions can be reached if hydrogen is produced from nuclear power or from renew-
able sources like biomass, wind power, solar energy and hydropower.
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Figure 5.2 ICEVs’ and FCEVs’ WTW GHG emission factors
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If the WTW GHG emission factors of Figure 5.2 are combined with rollout simulation results
for FCEV penetration, estimates can be obtained for the overall GHG emission reduction on a
WTW basis for the entire passenger car fleet. Results are presented in Table 5.2, and show that
deployment of hydrogen-powered FCEVs can lead to significant GHG emission reductions for
the passenger car fleet. Results indicate that compared to a reference scenario with optimised
internal combustion engine-based cars (including hybridisation) and conventional fuels being
blended with 30% biofuels, GHG emission reduction in 2050 may increase to about 30-40% if it
is possible to include CCS in the production of hydrogen. Again, similar and even better results
can be reached if hydrogen is produced from low-carbon-sources by 2050.

Table 5.2 Reduction of GHG emissions on a WTW basis in 2050 for different THRIVE

scenarios
Conventional fuel mix Low/Medium/High
Vehicle efficiency scenario Low Medium/High
H, production route Mac:;uhm/ Low Mﬁﬁguhm/ Low perf;rEa\t?on

Low scenario 2-3% 5-6% 1-2% 5% ~ 7%

Medium scenario 4-9% 16-17% 2-1% 15-16% ~20%

High scenario  8-16% 27-29% 4-13% 26%-28% ~ 35%

High scenario - eager consumers  11-22% 39-41% 5-18% 37%-39% ~50%

Note: Ranges in results do not indicate an uncertainty interval. The ranges summarise the results of various combi-
nations of scenarios for vehicle efficiency, conventional fuel mix and hydrogen production route.
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6. Policy Analysis

Apart from commitment by the industry, the barriers for establishing a fully-fledged hydrogen
economy require support from governments and involvement of the general public. This chapter
provides an overview of policy tools to support the deployment of FCEVs and a corresponding
hydrogen refuelling infrastructure. More details on this topic can be found in [Schoots, Le-
butsch, Bunzeck; 2010]. In addition to the more theoretical framework, the overall cost gaps for
the rollout of FCEV fleets and corresponding hydrogen refuelling infrastructure in the Nether-
lands (see Figure 4.15, Chapter 4) are converted into practical measures to illustrate possibilities
for financing support of the transition.

6.1 Technology Development Phases

A technology’s development to commercialisation can be split up in five stages: R&D, small-
scale demonstrations, large-scale demonstrations, early markets and commercialisation (illus-
trated in Figure 6.1). For each stage the different set of activities takes place involving a (par-
tially) different set of actors. Each phase has its own intricacies and shifting from one phase to
the other usually involves a shift in uncertainties and actors involved. Handing over a technol-
ogy from one phase to the next might give rise to some specific hurdles as activities and actors
change. Policy instruments should follow these changes in order to sustain a receptive ground
for this technology. This means that current policy measures should address the specific uncer-
tainties of a technology’s current phase and the policy instruments that will be introduced for
the next phase should be clear to actors in the field.

Market share

R&D —p Time

Figure 6.1 Technology development phases

6.2 Overview of Policy Instruments

The available types of policy tools are reinforcing mechanisms, direct subsidies, cross subsidies,
market based mechanisms, the involvement of non-profit organizations and mandates. They
should be used in different compositions in each of the development stages (see Table 6.1). This
approach enables the implementation of policy instruments effective for a specific development
phase and by that provides best value for each euro of public money spent.

The instruments available for policy makers to stimulate the use of clean technologies can be
categorised under financial support and flanking measures. Focussing on the early market and
commercialisation phase, financial support may come in the form of investment support on ve-
hicles or infrastructure, price benefits on fuels and tax exemptions. In the Dutch context, tax
benefits do not only apply to the registration tax, excise duties and VAT. People driving com-
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pany cars have to add a certain value to their income over which they have to pay income tax.
Lowering the amount you have to add to your income for clean cars also leads to a tax benefit.
Policy makers may address different target groups by installing support measures on different
technology components (e.g. vehicles, fuel, and infrastructure). Table 6.2 gives an overview of
which support measures may be used for stimulating the uptake of hydrogen technologies to ad-
dress different target groups and technology components.

Table 6.1  Types of policy tools
Phase Type of policy tool

R&D e Reinforcing mechanisms e.g. awards and incentives contributing (but not
fully funding) to broader goal of accelerating development of H, economy
(public and private resources)

o Direct subsidies which are taxes/revenue sources for enabling programme
(public resources)

Small scaledemo e Reinforcing mechanisms e.g. awards and incentives contributing (but not
fully funding) to broader goal of accelerating development of H, economy
(public and private resources)

o Direct subsidies which are taxes/revenue sources for enabling programme
(public resources)

Large scale demo e Direct subsidies which are taxes/revenue sources for enabling programme
(public resources)

e Cross subsidies transferring some benefit of current subsidy programme
from existing recipients to new recipients (i.e. participating service
providers for H, infrastructure (public resources)

o Market based mechanisms influencing financial attractiveness of
investments (private resources)

Early markets o Cross subsidies transferring some benefit of current subsidy programme
from existing recipients to new recipients (i.e. participating service
providers for H; infrastructure (public resources)

o Market based mechanisms influencing financial attractiveness of
investments (private resources)

¢ Involving Non-profit organisations with public service or embracing
environmental/energy sustainability or economic development goals
(private resources)

Commercialisation e Involving Non-profit organisations with public service or embracing
environmental/energy sustainability or economic development goals
(private resources)

e Mandates actively affecting behaviours of various private and public actors
(private and public resources)

Flanking measures comprise activities aiming for uniform and effective regulations regarding
the use of hydrogen as fuel, and testing and certification of FCEVs. Another policy issue related
to flanking measures is the level of sustainability of hydrogen. Effective policy stimulates the
use of innovative clean technologies over competing incumbent technologies which do not offer
the perspective to reach (long-term) policy goals. However, this does not mean that all problems
should be solved at the same time. This might be less feasible from an economic perspective,
and might hinder development of the transition. Currently, cost of hydrogen are lowest for hy-
drogen produced from natural gas*’. Results indicate that use of hydrogen produced from natu-
ral gas already leads to a reduction in emissions. Hydrogen produced from renewable sources is
usually more expensive. Therefore, effective policy, could take hydrogen that is available from
pathways today as a starting point, but should also include a strategy for the transition towards
‘clean and green’ hydrogen.

40" Another cost effective option for the initial phase may be the use of by-product hydrogen which is released in sig-
nificant amounts in the chloralkali industry.

50 ECN-E--11-005



Table 6.2  Financial support measures for hydrogen

Support Vehicles Fuel Infrastructure
Target group
Private consumers e Energy labels e Price benefits (also
¢ Investment support improve detour

e Tax exemption (This  willingness)
includes drivers of
vehicles owned by
lease companies)

Fleet owners e Investment support e Fuel support
(aimed at resale e Tax exemption
value)
Infrastructure e Hydrogen in public e Fuel support (aimed e Investment support
stakeholders transport at level playing field
e Captive fleets with competing
e (also improves technologies)
visibility of
hydrogen)

6.3 Cost of Policy Measures in Practice

Rollout of hydrogen into the transport system will be a lengthy process. Introductions of new
energy technologies such as hydrogen need government support, usually extending over several
government periods. It is therefore of critical importance that governments display a long-term
vision on future transport and the role of hydrogen. In order to make support systems more ro-
bust against government changes and the change of focus that may come with them, financial
support systems could be decoupled from government budgets by obtaining the required support
funds from less desirable technologies, for example by imposing a higher levy on conventional
fuels than on hydrogen. Figure 6.2 shows results for translation of cost gaps to a levy per car or
unit of conventional fuel sold. Covering the cost gaps on an annual basis would results in a levy
of maximum € 150 per sold car, or about 1 €ct/l of fuel. Until the cost gap reduces to zero dur-
ing the rollout, this means about € 80 per sold car and 0.5 €ct/I of fuel on average. These figures
do not seem insurmountable given the potential of the option to contribute to realization of a
sustainable mobility system.
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Figure 6.2 Conversion of total annual cost gaps to additional price per sold passenger car or
additional price per litre conventional fuel

ECN-E--11-005 51



7. Conclusions

This report describes the result of the project ‘Towards a Hydrogen Refuelling Infrastructure for
Vehicles (THRIVE)’, which has been carried out by the Energy research Centre of the Nether-
lands (ECN) together with project partners Linde, Shell and the Dutch research institute TNO.
The project deals with the rollout of hydrogen-powered fuel cell electric vehicle (FCEV) and a
corresponding hydrogen refuelling infrastructure in the Netherlands. The focus is on the rollout
in the period following the large-scale demonstration phase, when the new cars become com-
mercially available and show up in the car dealers’ showrooms.

Main objective of the project was to identify plausible scenarios for rollout of FCEVs and a cor-
responding hydrogen refuelling infrastructure in the Netherlands, taking into account the inter-
dependency of deployment of cars and the availability of hydrogen at refuelling stations. Central
guestions were:

o How fast could rollout take place?

e What are the additional costs involved compared to the reference cars and fuels?

o What is the impact on greenhouse gas emissions of the light duty vehicles?

To determine how fast rollout could take place a model has been developed that simulates de-
ployment of FCEVs and refuelling infrastructure in spatial and temporal domains. The model
simulates rollout as a result of consumers that buy the new cars based on availability of hydro-
gen at refuelling station, the variety of FCEV models offered and the expectations of consumers
regarding overall utility of the new cars. The model uses empirical data to represent refuelling
behaviour of consumers and relevant deployment strategies for cars and refuelling infrastructure
by car industry and fuel suppliers respectively. Coherent variation in parameter settings is used
to model different policy scenarios.

Financial and environmental impact of simulated scenarios have been assessed for a hydrogen
delivery pathway based on central production of hydrogen from natural gas and transport of lig-
uefied hydrogen to refuelling stations by trucks. Also the impact has been considered of low-
carbon hydrogen options on greenhouse gas emissions from passenger cars.

The main findings and conclusions are:

Rollout of hydrogen and FCEVs takes time and requires perseverance.

Three base case scenarios for rollout have been simulated which reflect ‘Low’, ‘Medium’ and
‘High’ policy ambition levels. Results of even the ‘High’ scenario indicate that it takes well
over a decade before penetration becomes significant. The results of the ‘High’ scenario com-
pare well with the development of the transition towards hybrid electric vehicles, like the Toy-
ota Prius, so far. Model results thus appear realistic, also showing organic spatial growth in the
simulations. As the simulation model uses potential customers as criterion for allocation of new
refuelling infrastructure, initially rollout takes place in the Randstad and around the larger cities
in the South (Noord-Brabant) and the central part of the Netherlands.

With technical performance of FCEVs comparable to conventional cars and sufficient
incentives in place, rollout simulations suggest that by 2050 up to more than 35% of all
cars could be hydrogen powered FCEVS.

The results for the three rollout scenarios indicate that by the year 2050, the penetration of
FCEVs in the total passenger car fleet in the Netherlands could range from about 5% to more
than 35% for the ‘Low’ and ‘High’ scenario respectively. In the ‘High’ scenario, penetration
may decrease by about 10% if fuel suppliers aim at higher levels of infrastructure utilisation be-
fore investing in new units. A similar decrease may result from a delay in deployment of addi-
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tional FCEV models by the car industry. Higher penetration rates which may lead to levels even

beyond 50% by 2050, can be expected under the following conditions:

¢ An extension of the initial station network.

e An increase of the replacement rate of cars through introducing FCEVs as company cars via
the car lease market, in addition to introduction via the private market.

¢ Willingness of consumers to adapt their refuelling behaviour to initially limited hydrogen
availability.

Hydrogen is viable. It offers good prospects for a sound business case ...

Discounted Cash Flow analysis shows that an average hydrogen price in the range of 4.5 t0 5.9
€/kg (untaxed) is sufficient to cover all costs, and to break-even at the end of the lifetime of all
investments done up to 2050. Here, the low figure is the cost at full utilisation of the refuelling
infrastructure. The additional cost of up to 1.4 €/kg result from underutilisation of stations in the
scenarios simulated. Further, the hydrogen price includes 2.2 €/kg for the production of hydro-
gen by steam reforming of natural gas and 1 €/kg for liquefaction and transport of liquid hydro-
gen by truck to the refuelling station. The remaining part are the minimum station forecourt
cost, which in this study are calculated at 1.3 €/kg of hydrogen. The total average cost level of
4.5 to 5.9 €/kg (untaxed) is considerably lower than the current hydrogen price equivalent to
gasoline** which is assessed at about 10 €/kg based on a price of gasoline excluding VAT, but
including excise duty.

... however, to get started stimulation will be needed for first movers to overcome high
initial cost levels and early investor disadvantages.

Due to high underutilisation, the cost of hydrogen for stations in the initial period of rollout are
up to 5 times higher than the cost of hydrogen resulting from the overall analysis. Initial cost
well exceed the hydrogen price equivalent of gasoline, and passing on the high cost to the con-
sumer would render hydrogen unattractive. In addition, early investors perceive much higher
costs and higher risk factors than late investors, which benefit from decreasing cost of equip-
ment and improvement of utilisation. So, while long-term prospects are good, the start-up period
faces a serious hurdle that needs to be overcome through stimulation and coordinated action.
Stimulation may take the form of financial support, but could also be non-financial measures.
An example is to extend the licence period of stations for which a concession is needed. A
longer period may persuade station owners to do investments which they may otherwise refrain
from because of the risk factors involved.

Hydrogen is affordable. The overall cost gap that needs to be bridged during rollout of
FCEVs and matching refuelling infrastructure is significant, but relatively small com-
pared to tax budgets related to road transport.

The additional cost per FCEV and per unit of hydrogen compared to the reference technology

has been translated into cost gaps that need to be bridged. Analysis of the cost gaps show the

following:

e The direct cost gap related to the refuelling infrastructure* is small compared to the cost gap
related to vehicles, and amounts to about 5% of the combined cost gap.

o Annual cost gaps that need to be bridged vary from year to year. For the ‘High’ scenario the
annual cost gap is assessed at 50 M€ on average for about 25-30 years. The maximum annual
cost gap is 90 M€, 15 years after the start of the rollout. This is the moment in time when the
cost decrease as a result of learning effects starts to dominate the development of overall ad-
ditional costs of vehicles over the growing number of cars.

41 The price that results in equal specific fuel cost (€/km) for gasoline and hydrogen.
2 The direct cost gap results from cost of hydrogen exceeding the hydrogen price equivalent to the gasoline price
including excise duties. It does not include missed revenues from excise duties (indirect cost gap).
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e The cumulative cost gap is of the order of 1 to 2 billion euro and needs to be bridged in a pe-
riod of about 3 decades. This amount can decrease by up to 50% if consumers would be will-
ing to pay 500 euro more for an FCEV compared to the reference car.

e One way to ensure a level playing field with regard to fuel cost per kilometre, is to provide
an excise duty exemption for a certain period of time. This results in missed excise duty
revenue for the government which can be considered as an “indirect’ refuelling infrastructure
cost gap. Annual missed revenues from excise duties add up to 1.0 to 3.2 billion euro by
2050 for the rollout scenarios considered. Although significant, this appears to be considera-
bly less than the current annual excise duties revenue from transport fuels. Also it appears to
be only 1% to 3% of the cumulative amount of missed excise duty revenue from selling less
fuel as a result of anticipated improvements in fuel efficiency of reference cars. The latter
amount is assessed at about 90-100 ME.

o A way to finance support needed to bridge the cost gaps could be a levy on cars, fuels, or
both. Covering cost gaps on an annual basis would result in a levy of maximum 150 €/car
sold, or about 1 €ct/litre of fuel. This translates to about 80 €/car and 0.5 €ct/litre of fuel on
average during the rollout until the cost gap reduces to zero.

Hydrogen and FCEVs show good prospects for substantial emission reduction

FCEV are zero emission vehicles, which means that locally there are no emissions. Further-
more, analysis shows that FCEVs offer significant potential for CO, emission reduction on a
well-to-wheels basis. This even holds if hydrogen is produced from natural gas and the option is
compared to a reference case with a fuel blend including 30% biofuels. Specific emission reduc-
tions vary from 15% up to 80%, depending on the carbon intensity of the fuel displaced, and
whether or not hydrogen production is combined with CCS. For the rollout scenarios considered
this translates to reductions up to 30-40% in 2050 compared to a scenario based on optimisation
of incumbent technology. These higher figures apply to scenarios including capture and store
CO.. If this is not possible, similar, and even better results can be obtained if hydrogen is pro-
duced largely from renewable sources by 2050.

Cost effectiveness of ambitious rollout scenarios compare favourably to scenarios with
lower ambitions

Relating cars on the road in 2050 to money spent to bridge the cost gaps arising from the base
case rollout scenarios considered, indicate that the ‘High’ scenario is up to 2 times more cost
effective than the “Medium’ scenario and up to 4 times more cost effective than the ‘Low’ sce-
nario.

Coordination is necessary to bring about the simultaneous rollout of FCEVs and refuel-
ling infrastructure. This requires specific and consistent policy aimed at cars, refuelling
infrastructure and fuel. These measures should convince all stakeholders involved to do
the required long term investments.

This study concludes that hydrogen is affordable, viable and offers good prospects for large
emission reductions in road transport. Costs involved are significant, but do not seem insur-
mountable. However, initial cost and risk factors are relatively high, and thus will require spe-
cific incentives to invite the relevant stakeholders to start investing. Furthermore, as transition
takes time, it is of critical importance that governments develop a long-term vision on the role
of hydrogen in future transport, including a vision on low carbon hydrogen. Ideally, this vision
is supported by an appropriate and robust policy framework.
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Appendix A Sensitivity analysis rollout simulations

The sensitivity analysis has been carried out on basis of the high scenario. Changes in parame-
ters and assumptions have a higher impact on the high than on the medium or low scenario. Al-
though the model has been tested by changing many parameters to extremes, major insights
have been gained by only a few changes as presented below.

It is important to note that changing one of the assumptions for industry strategies will most
likely affect the other strategies as well. For example: If fuel suppliers were very strict in the re-
quired average utilisation of their refuelling stations, they probably would not install a large ini-
tial network, which again could affect car manufacturers to become hesitant in deploying their
car models too. These effects are taken into account in our storylines, but the sensitivities listed
below demonstrate the impact of changing single parameters only.

Impact of changing the initial network (seeding schemes)
In the high scenario, the so-called proactive seeding scheme is used. From 2015 to 2019, 105
refuelling stations are placed in four batches all over the country. Figure A.1 illustrates the ef-
fect of changing the size of the initial hydrogen refuelling station network (only). In the lowest
case plotted, only the first 17 seeds are placed. This about halves the number of FCEVs in the
Dutch car fleet by 2015 as fuel suppliers wait with implementing new stations until the first 17
are utilised to the requirements of the industry. The second case uses 361 seeds placed in 2015.
It is based on the 17 initial stations plus all stations including LPG at major roads (highway and
major provincial roads (N1-N99)) or with a fuel volume at least twice as large as the Dutch av-
erage. This would lead to almost countrywide availability of hydrogen straight from the start
and to an additional 700,000 FCEVs in the Dutch car fleet by 2050. In the most extreme case we
assume that by 2015 hydrogen is available in every zip code where currently at least one refuel-
ling station is available. Compared to the high scenario, this could lead to an additional
1,700,000 FCEVs on the roads by 2050. Although the highest case is unrealistic, the results do
show the importance of a substantial initial network. To balance initial investments and ultimate
impact, taking into account uncertainties involved, an initial network of the order of hundred to
a few hundred of stations seems realistic. An initial network of only a few HRUs spread all over
the country will not help the rollout of FCEVs on a large scale.
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Figure A.1 Impact of changes in size of initial station network on FCEV fleet penetration

Impact of changing the requirement for refuelling infrastructure utilisation

Initial high levelised cost of hydrogen are due to low utilisation of the initial network. A possi-
ble strategy to reduce initial cost may be to require a higher utilisation of initial units before in-
vesting in new units. A stricter utilisation requirement would hinder expansion of the network
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and thus restrain development of local and countrywide availability of hydrogen. Consequently,
this will impact fleet penetration by FCEVs. Compared to the ‘High’ scenario, a similar scenario
with stricter utilisation requirement (Careful case) could lead to 500,000 less FCEVs in the
FCEV fleet by 2050 (see Figure A.2 ). The impact of stricter utilisation requirement does not
seem as strong as the impact of reducing the size of the initial network. Cost analysis (results
not shown) indicates about 20% lower levelised cost of hydrogen for initial units. Thus optimiz-
ing utilisation offers room for cost reduction. This should however be done in a coordinated
way. Reducing expansion of the network may cause car industry to hesitate with introduction of
new car models and this would magnify the negative impact on car fleet penetration, further re-
ducing it towards the ‘Medium’ and ‘Low’ scenario.
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Figure A.2 Impact of changes in station utilisation development on FCEV fleet penetration

Impact of changing the FCEV model deployment scheme

Figure A.3 illustrates that a delayed FCEV model deployment could lead to a reduction of
900,000 FCEVs in the Dutch car fleet by 2050. Delays may result from unexpected setbacks in
technical performance of cars, e.g. reliability and durability. It is therefore important to ensure
that the technology is ready (and well-tested) for commercialisation by 2015 and that enough
different models are deployed to address as many consumers as possible.
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Figure A.3 Impact of changes in FCEV deployment scheme on FCEV fleet penetration

Impact of changes in replacement rate of cars

In the Netherlands, about a third of all new cars are purchased by lease car companies. On aver-
age, lease car companies sell their cars to the second hand market after 4 years, whereas the av-
erage lifetime of a car currently is about 12,5 years [CBS; 2008b] [VNA; 2008]. Therefore,
lease car companies speed up the renewal of the overall Dutch car fleet compared to a theoreti-
cal pure private car market. Involving lease car companies will require attention for resale value
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of FCEVs in the early phase. This might actually increase support needed, but this is not further
investigated. In a separate modelling effort it was found that the effect of lease car companies
on the rollout of FCEVs could be mimicked by an increase car replacement rate. Figure A.4 il-
lustrates an additional 1,000,000 FCEVs on the Dutch roads by 2050, if lease car companies en-
ter the FCEV market. Again, this is compared to the high scenario. Clearly, introduction via the
lease car market could have a huge impact
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Figure A.4 Impact of changing car replacement rate on FCEV fleet penetration

Sensitivity on consumer attitude and refuelling behaviour

All base case scenarios assume that consumers stick to current refuelling behaviour and are not
willing to drive further or make a detour for refuelling. There are two reasons for this. First of
all, a level playing field for hydrogen and FCEVs is assumed, which means that consumers do
not perceive cost disadvantages using hydrogen powered FCEVs, but also do not perceive real
cost benefits. Secondly, limited availability of hydrogen combined with not yet well established
technology renders the option less convenient compared to the reference technology. Consumers
usually do not like to change their behaviour in favour of less convenient options. But what if
...? A pro-active or eager consumer attitude is modelled using results of a survey among Dutch
motorists about willingness to make a detour for alternative clean and green fuels (see §2.2.3,
Figure 2.3). Results are shown in Figure A.5 and illustrate that the impact of accepting the need
for a small detour or increase in drive time to the refuelling station is potentially very large.
Without any changes in industry strategies, an additional 1,500,000 FCEVs could replace con-
ventional cars in the Netherlands by 2050 compared to the high scenario. Furthermore, Figure
A.6 illustrates that FCEVs and refuelling stations might even enter remote areas across the
whole country.
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Figure A.5 Impact of refuelling behaviour on FCEV fleet penetration
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[0 — W Increasing numberof H, refuelling units \ —» @ Increasing H, car penetration
Figure A.6 Impact of refuelling behaviour on extent of hydrogen rollout in 2050
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Appendix B Hydrogen Production Pathways

Hydrogen can be produced from various sources (hydrocarbons, water) and by various proc-
esses as illustrated by Figure B.1. Although many paths are possible, only a few are currently
mature and economically feasible. Globally, the vast majority of hydrogen is produced cen-
trally. About 55% is currently produced via steam reforming of natural gas (steam methane re-
forming (SMRY)), roughly 30% by partial oxidation of heavy oil, 10% by coal gasification (CG)
and 5% via electrochemical water splitting using electrolysers [Berry; 2004].
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Figure B.1 Flowchart of hydrogen production pathways and methods
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Almost all hydrogen is produced at large scale for use as chemical in the industry. Same proc-
esses can be applied to produce hydrogen for use as fuel. However, small scale production is
also possible. Electrolysis is a modular technology which is very suitable to operate at small
scale. Nowadays, also steam reforming is available as efficient small scale process, with units
producing hydrogen in the range of about 5 to 300 Nm®/hr. Technology is available for produc-
tion of hydrogen from natural gas, LPG and liquid fuels like methanol and ethanol. These units
can be used to produce hydrogen on-site of a refuelling station. These options can be considered
if no industrial production or hydrogen delivery infrastructure is available, or for remote regions
and locations, which are too far away from the distribution network for economical delivery.
Compared to central production and delivery, on-site production has two main limitations. It re-
guires more space on-site and the cost of hydrogen production are relatively high. If demand is
low space requirement may be less of an issue, and could partly be solved, though at increasing
cost, by placing parts of the equipment on top of the canopy and underground. High cost of pro-
duction may be compensated by lower cost of delivery (delivery of feedstock and electricity in-
stead of hydrogen). However, if demand increases these issues become serious drawbacks.
Space requirements for on-site options typically amounts to hundreds of square meters [TUV
Siiddeutschland Holding AG; 2003] whereas truck delivery of liquid H,, for example requires
tens of square meters [Reijerkerk; 2001]. The economics for on-site options suffer from some-
what lower efficiencies, higher maintenance costs and higher commercial rates for natural gas
and electricity. Also, due to relatively small capacities, de-central production does not allow for
economical capture and storage of CO,, which, as a greenhouse gas, is deemed to be a major
contributor to global warming. Based on these arguments, in this study on-site production is not
further considered as an option in the large scale rollout.
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In this study cost of central hydrogen production is taken as 2.2 €/kg, which is about the current
cost for production of hydrogen from natural gas by large scale industrial steam reforming. For
liquefying hydrogen and LH2 truck-transport it is 1 €/kg respectively. These values reflect the
current cost-level for well-utilised production and transport facilities. Cost models and cost data
for main hydrogen production processes have been reviewed [Ajah, Weeda; 2010]. A summary
of results is presented in Table B.1.

Table B.1 Cost of H, production for main hydrogen production processes

Production Capacity Specific Cost Feed tShsre g],:;)lsztx[%]OPEX Esmﬁzgilglr?s*
pathway [tons/day]  [€2000/Kg] eeastoc [ COL/g s
SMR without CCS  10-1200 33-15 40-85 2-50 10-13 10.7
SMR with CCS 10-1200 47-17 30-70 3-35 17-38 2.2
Biomass Gasific. 10-140 74-16 7-33 33-58 33-34 2.3
CG without CCS 40-1200 46-23 5-10 37-64 31-52 22.9
CG with CCS 40-1200 59-33 4-7 26-49 47-67 5.3
Electrolysis 10-1200 6.7-4.3 55-85 12-19 3-27 variable

* Emissions from well-to-plant gate

The cost of 2.2 €/kg assumed for production of hydrogen from natural gas using steam-
reforming without capture and storage of CO, (CCS) compares well with the cost range evalu-
ated. In addition, Table B.1 shows that also steam-reforming of natural gas with CCS, biomass
gasification and coal gasification without CCS can deliver hydrogen at similar cost. Especially
the biomass route seems interesting because this can deliver low cost hydrogen at relatively low
capacities, and can produce ‘green’ hydrogen. Further cost reduction as a result of continued
R&D and an increase of fossil fuel prices will eventually lead to cost-competitiveness of sus-
tainable options. In the end, this potentially offers independence from feedstock imports for hy-
drogen production.
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Appendix C Hydrogen Refuelling Unit Capacity

Three representative daily demand profiles of stations with 16, 6, and 4 conventional gaso-
line/diesel dispensers have been analysed to estimate HRU capacity. In terms of terminology
used in this report the stations have 8, 3 and 2 refuelling units, respectively.

For each station the hourly average number of refills per dispenser has been determined (times 2
for refills per refuelling unit). It is assumed that in case of gasoline/diesel it takes in total 5 min-
utes to refuel a car. Of this, only 1 minute is actual refuelling and 4 minutes are for driving up to
the dispenser, paying etc. Target for hydrogen refuelling is 3 minutes, which leads to total refu-
elling time of 7 minutes. The hourly average number of refills per dispenser have been scaled
down using the ratio of the total refuelling times for gasoline/diesel and hydrogen. The results
have been converted to refills per year and divided by the average number of refills of a car
based on annual mileage of 15,000 km and a range of 450 km per refill.

Results are shown in Figure C.1 (three most right symbols). Based on the limited set of
stations analysed it seems that utilisation of dispensers improve with increasing number of dis-
penser available at a station. The reason for this may be that queuing becomes less of an issue,
especially at peak hours, as the chance all dispensers are occupied reduces with increasing num-
ber of dispensers. Straightforward interpolation of results for 2 and 3 HRUs indicates a single
HRU could serve a fleet of about 500 cars. This could easily be improved by better utilisation of
off-peak hours. Furthermore, as the current version of the rollout model does not allow variation
in HRU capacity, a capacity of 800 cars has been selected for the simulations, which is slightly
less than the capacity of a station with 2 HRUSs. It is believed that in this way optimization of
single HRU stations is incorporated as well as development to a situation with 2 HRUs per sta-
tion on average.

The capacity of 800 cars corresponds to an average station utilisation of 80%. Peak capacity,
therefore would be 1000 cars. Assuming an average practical fuel consumption of 0.35 kWh/km
this translates to a HRU capacity of 430 kg/day.

. 1500 ;
ks : . *
§ 1000 - s
> :
= o
8 500 1o
[o]
O
D _
g ol 4
0 2 4 6 8 10

Number of RU at the RS

Figure C.1 HRU capacity as a function of number of HRUs at a refuelling station

To assess the impact of HRU capacity preliminary simulation were carried out using capacity
values of both a fleet of 500 and 1300 cars, instead of 800 cars. In case of an HRU capacity of
500 FCEVs (keeping all other assumption the same), more HRUs are allocated within the Neth-
erlands for a certain amount of FCEVs. This improves local and countrywide availability and
leads to an additional 10% FCEVs by 2050. Cost of hydrogen are not analysed, but will be
higher as the same investment has to be earned back by a smaller quantity of hydrogen sold. A
HRU capacity of 1300 cars leads to about 25% less FCEVs on Dutch roads by 2050. Both re-
sults fall within the range of results as indicated in Figure 3.4 for the ‘High’ scenario.
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Appendix D Study on Safety Aspects

This appendix is a summary of a safety aspect conducted by TNO within the framework of
THRIVE. More detail can be found in [Maaijer; 2010]. The study presents Quantitative Risk
Analysis (QRA) results carried out for a typical conventional refuelling station with an
hydrogen refuelling unit (HRU). It also provides a view of the present knowledge and
knowledge gaps with regard to modelling of accompanying hazardous effects as well as valid
incident frequencies.

In the Netherlands, spatial development for hydrogen refuelling stations (HRSs) will be based
upon the results from a QRA. This type of analysis has a strong position in the Netherlands and
is required for new transport routes where hazardous goods may be transported, as well as in
case of new spatial developments near hazardous industries or transport routes.

For several categories of hazardous activities, no full QRA is required. In case of large numbers
of similar installations (e.g. LPG refuelling stations, ammonia refrigeration installations, or
storages of chemical products) a more generic approach is followed. For these ‘categorised
establishments’, generic safety distances have been determined, based on detailed QRAs for (a
limited number of) reference situations. In particular for the evaluation of location specific risk
requirements, satisfactory experience is in place with the application of generic safety distances,
for instance regarding LPG refuelling stations. It is to preferred that a similar approach is
developed for hydrogen refuelling stations.

Methodologies and tools to conduct a QRA have been developed and are in place, for instance:

e The so called Coloured Books, giving the models and methodologies to conduct the various
steps in a QRA. The set comprises: the Purple Book [PGS 3; 2005] that gives the methodol-
ogy of QRA including the generic scenarios for loss of containment (LoC) and their frequen-
cies of occurrence; the Yellow Book [PGS 2; 2005] that holds the scientific description of
models for calculating release, evaporation, dispersion, overpressure, etc.; the Red Book
[PGS 4; 2005] that provides methodologies and data sources for probability assessment; the
Green Book [PGS 1; 2005] that describes the models for assessing the damage/injury/death
due to exposure to physical effects of escaped materials. Also, several software tools have
been developed in which the recommended models are implemented.

e Since 2007, further harmonisation (‘Unificatie van QRA methodieken”) of methodologies
has been achieved, by issuing the [HaRi; 2009] that replaced the Purple Book and by pre-
scribing one software programme (Safeti-NL) for application in QRA’s in The Netherlands.

An important factor to establish accepted distances of installations from for instance inhabited
buildings are hazardous scenario frequencies in the QRA. In these scenario frequencies, the so
called LoC frequencies for (parts of) hydrogen installations are important. The [HaRi; 2009]
provides LoC frequencies for various types of process - and storage equipment as used in the
chemical industry and in the oil & gas sector. The design of hydrogen equipment, however, is
very specific. Failure figures from oil & gas are probably not applicable to hydrogen installa-
tions. Some attempts have already been made to develop a set of generic failure frequencies for
hydrogen equipment [HySafe, IEA/Sandia]. Due to the limited amount of failure data for hy-
drogen equipment from experience in practice, there is currently no sufficient basis to deviate
from the values that are prescribed in [HaRi; 2009]. Moreover, failure data is also lacking for
risk reduction measures that are, or will be implemented in hydrogen systems.
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There is a strong need to collect data about accident frequencies and system reliability world-
wide. IEA HIA Task 19 have made first steps in this. It is recommended that this development
is used in the implementation of hydrogen specific failure rates in the QRA requirements in The
Netherlands.

The other important factor in a QRA is of course the consequence of hazardous scenarios. The
main problem in modelling hazardous scenarios for the HRU considered in the THRIVE pro-
ject, is the large spills from liquid hydrogen (LH,). Current CFD modelling tools seriously over-
estimate the size of flammable clouds from such large spills of liquid hydrogen. This is because
within the CFD modelling tools the gas formed by fast boiling LH; spills is treated as heavy gas
during the entire simulation. It is known that flammable clouds from the strong evaporation of
fast boiling LH; spills can be large and initially show heavy gas behaviour due to the extreme
cold. Further away from the source they will have the tendency to rise under the influence of
buoyancy once the temperature of the very cold gaseous hydrogen (heavy gas) rises fast due to
heat exchange from the environment and mixing with the much warmer air (to form a flamma-
ble mixture). Therefore, current dispersion results can be considered as over-conservative.
Proper dispersion models of a large spill of liquid hydrogen need to be developed in order to
properly assess the safety of hydrogen refuelling stations.

Within the THRIVE project it appeared not feasible to conduct a full quantitative risk assess-
ment, in which both the consequences as well as the likelihood of the various Loss of Contain-
ment events are evaluated. The study, however, does provide some insight into the hazardous
footprint for an HRU integrated in an existing conventional refuelling station. For the study a
virtual hydrogen refuelling station was designed. The station is visualised in Figure D.1 ~ “,
For the HRU initially, twelve spots have been identified as being representative for potential
risks of hydrogen release. These twelve scenarios comprise both liquid and (high pressure)
gaseous hydrogen releases. In the end, five scenarios have been selected for detailed effect
study. These are:

e Scenario 2.a: Rupture of the tank truck unloading hose to the cryogenic storage,
followed by evaporation of LH2 from a pool

e Scenario 6.a: Rupture of a line in the heat exchanger downstream the cryo-pump

e Scenario 8: Rupture of a CGH2 buffer tank

e Scenario 11.a: Rupture of the line from the CGH2 buffer storage to the dispensers

e Scenario 12.a: Rupture of a dispenser hose
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Figure D.1 (a) Bottom view on used geometry; (b) Top view on used geometry

43 1t should be noted that in this HRS there are no possible scenarios for enclosed gaseous hydrogen releases. These

can create additional dangerous scenarios, like stoichiometric enclosed cloud formation.
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It is expected that ignition of a flammable cloud from a large spill of liquid hydrogen (scenario
2a.) has the biggest impact on the surroundings of a hydrogen refuelling station. However, due
to modelling limitations, results seriously overestimate the accompanying flammable clouds,
and no final conclusion can be drawn.

For the high pressure gaseous hydrogen releases studies (due to insufficiently detailed data
available, finally also scenario 8 was left out), it was found that in most (worst case) scenarios
the effects causing fatal injuries are only on the premises of the refuelling station. The only
exception is for a jet explosion from an ignited turbulent gas cloud from a rupture of the line
from the CGH, buffer storage to the dispensers (scenario 11a, see Table D.1Error! Reference
source not found., Table D.2 and Figure D.2). Important in the evaluation of the consequences
of these scenarios is that the force of these jet explosions very much depend on the ignition
source. Not only is it important whether there is or is not an effective ignition source on the time
of the LoC, but also its exact location and timing in relation to the release. Many ignited
releases will only cause jet flames with hardly any overpressure generation, if at all. This is due
to the possible ‘imperfect’ location and timing of the ignition of the released cloud. Due to the
fact that no full QRA is carried out, and numerous data gaps and uncertainties left, no final
conclusions on risk levels and safety distances for hydrogen refuelling station are possible.
Clearly, further research is needed in this field.

Table D.1 Far field distances for side-on overpressure levels from the blast wave of a jet
explosion which occurs during rupture of a high pressure hydrogen pipeline
(scenario 11a)

p (kPa) p (mbar) Xs1 (M) X5 (M) Xgs (M) X10,9 (M)
30 (red) 300 25 26 30 32
10 (orange) 100 53 55 65 68
3 (green) 30 148 155 182 191
1 (blue) 10 393 410 484 506

Scenario 11a b |
206 - 441 m?® (5,1 - 10,9 kg H)
1 Jet explosiop-' -

-.%J e
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Table D.2  Consequence to property and people from blast with certain peak overpressures

Peak overpressure (kPa)

Consequence to property

Consequence to people

30 (red)

10

3
1

Destruction of all buildings that
were not designed to withstand
explosions

Severe damage to buildings

Failure of large window panes

No or limited damage; possibly
crack of windows

Many fatalities of people inside
buildings

Serious injuries to people inside; few
fatalities
Injuries by glass fragments
None
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