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ABSTRACT:

We discuss the production and distribution of hydrogen as an automotive transport fuel. A broad consensus
exists that the hydrogen fuel — which by its nature contributes to air quality improvement — should be
produced in such a manner that it simultaneously contributes to CO, emissions reduction and alleviates
energy security concerns. On the basis of Shell’s Long-term Energy Scenarios we argue that in early
decades of hydrogen roll-out, hydrogen can best be produced from fossil feedstock; ideally from Natural
Gas, but alternatively from coal. If the CO, emissions from centrally produced hydrogen are captured and
sequestered, the resultant hydrogen may be termed “clean hydrogen.” We show that it is technically and
economically feasible to bring the well-to-wheel CO, emissions down from 10-15 kg CO, per kg H, to about
2.5 kg CO;, per kg H,, with scope for further reduction in later stages. “Green Hydrogen” made through
electrolysis using “green electricity” will only become attractive in the longer term when the dual condition
that renewable electricity has saturated the power sector and electrolyzer costs have come down very
significantly. Hydrogen from biomass may well take an intermediate position.

For the “clean hydrogen” phase, when hydrogen will preferably be centrally produced so as to allow for
carbon capture and sequestration, an interesting finding of this study is that gaseous and liquid hydrogen
turn out to be cost-wise and emissions-wise similar. Advanced liquefaction options may even tilt the case in
favor of liquid hydrogen.
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INTRODUCTION:

This paper addresses the issue of hydrogen production and distribution for the transportation sector. It
analyses the issue by considering how societal expectations around hydrogen can be met under the
restriction of energy resource availability and the requirement for cost effectiveness. Specifically it looks at
“clean hydrogen,” defined as hydrogen produced from fossil fuels with carbon capture and sequestration
(CCS) and “green hydrogen,” that is hydrogen made from renewable electricity or from biomass.

At the highest level of abstraction, hydrogen fuel is one of the options being considered in the World’'s quest
for “sustainable mobility.” This, as discussed for instance in a recent report of the World Business Council for
Sustainable Development, is a multifaceted subject, encompassing everything from future fuels to future
vehicle technology and transportation infrastructure, in all of which major strides forward are needed [1]. In
what follows we will restrict ourselves to fuels. But the fact that a “sustainable fuel” is just an element of the
complex issue of “sustainable mobility” makes clear that such a fuel must meet a complex and sometimes
contradictory set of demands. The following three requirements stand out: a sustainable fuel should, in a
cost effective way, contribute to

e Improve local air quality,
* Reduce “well-to-wheel” CO, emissions, and
» Improve the energy supply diversity and thereby the energy security of the transportation sector.

These are the touchstones for all alternative fuels, which — next to hydrogen — include biofuels, compressed
natural gas (CNG), and synthetic liquid fuels derived from natural gas (NG) and coal. Although this paper
focuses on hydrogen, it is relevant to recognize that this whole spectrum of future fuels will in the decades
ahead — in different ways and to different extents — contribute to “sustainable mobility.” What makes
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hydrogen such an attractive fuel is the fact that — if properly manufactured, distributed and used — it can
simultaneously deliver on all three of the above-mentioned requirements.

Hydrogen’s contribution to local air quality improvement is a well-known attribute for fuel cell vehicles (FCVs)
but tailpipe emissions from hydrogen internal combustion engines (H.-ICEs) would also be very low [2]. In
order for hydrogen to properly fulfill its promise in this respect, it is required that local emissions from the
hydrogen production side are controlled. Studies attest that if state-of-the-art emission control at hydrogen
manufacturing sites is applied, the overall improvements in local air quality are significant [3].

While hydrogen is obviously an energy carrier, its contribution to energy supply diversification stems from the
unique fact that hydrogen (like electricity but unlike hydrocarbon fuels) can be made from any energy source,
either through reforming or gasification of the broad range of fossil feedstocks of NG, (unconventional) oil
and coal and from biomass, or from electricity via electrolysis. At present 95% of commercial hydrogen
production employs reforming and gasification; 5% is electrolysis.

This leaves hydrogen’s contribution to CO, reduction to be assessed. This is arguably a most complicated
assessment, and one that is very much interwoven with policy choices and stakeholder preferences. The aim
of this paper is to support the wider community of stakeholders in the “Hydrogen Economy” in articulating
preferences and formulating policy. The main elements that we will bring to bear on the topic are:

» Energy resource availability for hydrogen production between now and 2050,

» The scope for CO, emissions reduction for the various production and distribution pathways, and

e The cost of hydrogen “at the pump,” that is the sum of production, distribution and retail costs, for the
same range of options.

Our focus on “clean” and “green,” gives implicit recognition to the often-heard argument that hydrogen cars
cannot be justified on the basis of efficiency alone [4]. Stated in a more positive manner: when hydrogen is
made from fossil fuels, the opportunity for carbon capture and sequestration is too good to miss, and — as
will be demonstrated below — adds relatively little to the total cost. We believe a strong case can be made (to
which this paper hopes to contribute) that “clean hydrogen” will precede “green hydrogen” by a few decades
in most regions. This is based on the one side on the scope for “clean fossil” in the medium term (10-30
years from now) as well as for the limited availability of “green” energy resources in the same period.

The paper is split in three main sections, which substantiate the above in three different ways. First we look
at energy availability on the basis of Shell's long-term energy scenarios; second, we look at the cost of
hydrogen fuel for four NG-based production pathways, including the centralized and decentralized (forecourt)
production, and chemical (reforming), and a fifth pathways using electrolysis. Thirdly, we address the scope
of carbon capture and come forward with an estimate of the likely level of “remaining” well-to-wheel
emissions for “clean hydrogen.” As the emphasis in these sections is on NG-based production, we end with
two smaller sections that discuss the prospects for coal and biomass.

ENERGY RESOURCE AVAILABILITY

Shell has a long tradition in scenario-based business planning. Scenarios come in pairs and they paint
different, but internally consistent pictures of future development of the world (the Global Scenarios) and of
energy supply and demand in these worlds (the Long-term Energy Scenarios). The current scenarios are
named Dynamics as Usual and The Spirit of the Coming Age. For further background the reader is referred
to the scenarios [5]. We here use the energy supply estimate as a proxy to the likely availability of the
spectrum of energy resources until 2050.

Figure 1 shows how supply and demand matches on a global scale. Though the segmentation is relatively
crude, it adequately illustrates the scope by which hydrogen to contribute to CO, emissions reduction and
energy security. The most striking feature is the shortfall of non-carbon electricity supply in meeting to total
energy demand of the power sector. In both scenarios, even in 2050, just about half of the power sector is
supplied in a carbon-neutral way, part green (hydro and renewables) and part nuclear. The remainder is met
by coal and natural gas. In this light, the often-heard argument appears valid, that new renewables is more
productively employed if it replaces coal-based power production rather than gasoline and diesel in the
transportation sector. The argument for biomass is somewhat more involved; we return to this at the end of
this paper.

The argument is further strengthened if we look at the scale at which energy systems are physically
integrated. Taking the US and Canada, Western Europe and Japan as examples, we find in all three cases
that the regional breakdown is the same as the world-scale breakdown of Figure 1, hence the inference must
be the same: there is very limited need or scope for hydrogen as a carrier of “green” energy in the next half a

2/9



WHEC 16 / 13-16 June 2006 — Lyon France

century. The argument only breaks down at national or island levels. A point in case is France, where
electricity demand is met 85% by nuclear and where therefore, on a national level — but not at the European
level — the argument could be made (and is made) that France would benefit from making hydrogen from
non-fossil energy resources, both renewable and nuclear. Another example is Iceland, whose commitment to
renewable hydrogen is based on the exceptionally rich endowment with renewable energy resources and
low population density.
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Figure 1: The world energy supply in the two Shell long-term energy scenarios Dynamics as Usual and Spirit of the
Coming Age. Main energy sources are color-coded. The stacking order is such that carbon-neutral electricity-delivering
sources (hydro, nuclear and renewables excluding biofuels) are at the bottom. When overlaid with the energy demand of
the electricity sector (lower hashed area) one observes that carbon-free electricity supply falls far short of electricity
demand. Similarly, at the top the two resources that most naturally supply the transportation sector, oil and biofuels, are
overlaid by the demand of that sector (upper hashed area), illustrating the continued constraint of the sector, even as
biofuels grow. Note: the remaining usage (between the hashed regions) is used in industry, commercial and domestic
heating.

Moving to the transport sector, Figure 1 quantifies the continued oil stress of the transportation sector. Even
when a rather aggressive development of biofuels is included, the transportation demand for oil does not go
down. This underlines that in all likelihood the energy security issue is as much a long-term issue as the
climate change issue. It induces a strong drive around the world to develop non oil-based transportation
fuels, even in the absence of CO, emission concerns. Current investments in the area of Gas-to-Liquids
(GTL) and plans for Coal-to-Liquids (CTL) attest to this [6].

When the supply to the electricity and transportation sectors is jointly taken into consideration, one is led to
conclude that the energy supply diversity is best served by allowing “green electricity” to maximally penetrate
the electricity sector and simultaneously swing the deployment of NG and coal to instead serve the
transportation sector.” The extent to which one thereby accommodates the objective of CO, emissions
reduction depends on the mode of hydrogen production and distribution, and the extent to which it enables
carbon capture and sequestration. To a discussion thereof we now turn.

MODES OF HYDROGEN PRODUCTION AND DISTRIBUTION

As stated at the outset of this paper, in order for hydrogen to contribute to “sustainable transport,” it is not
sufficient that it reduces transport CO, and improves supply diversity, it must also do so in a cost-effective
manner vis-a-vis the alternatives. The above discussion of energy availability and CO, mitigation forces us to
look in first instance to central, industrial-scale production of hydrogen from NG and coal, where one could
exploit the point-source nature of the CO, production to capture and sequester it. Central production of
hydrogen introduces the problem of hydrogen distribution. Pipeline transport is the most obvious means to
do so. In places where hydrogen pipelines exits, it has proven both practical and cost-effective to locate
hydrogen filling stations near them. However, a pipeline network is unlikely to grant relevant coverage during

' Note that there may well be synergies between hydrogen fuel production and clean power production. These will be
briefly touched upon in the Coal Section below.
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the early stages of hydrogen rollout. This makes it advisable to consider high-pressure gaseous truck
transport and cryogenic liquid truck transport as the two main distribution options.

While today liquid hydrogen truck transport is an accepted mode of distribution in the merchant gas market, it
has often been discarded in relation to hydrogen fuel, on the basis of the energy intensity of the process,
which seems counterproductive to meet the aims for which hydrogen fuel will be introduced. As will be
underpinned later, we have come to the conclusion that the savings in distribution and retailing cost will
offset the cost of hydrogen liquefaction. Also, by practicing carbon sequestration, the higher energy intensity
does not translate into higher CO, emissions. At the same time it prompted us to consider advanced options
for liquefaction, especially focusing on the reduction of the power consumption. One such option that we
have identified is the integration of hydrogen liquefaction with an LNG import terminal. At these terminals,
LNG is regasified at grid pressure by heat exchange. Oftentimes the exergetic potential of the cold is left
unutilized, though in some cases the cold is used for power production and warehousing [7]. Where that is
the case, the use for hydrogen liquefaction offers a very attractive opportunity, reducing both the liquefier
capital cost as well as the specific power consumption (the latter by 60%). This idea is discussed in detail in
a joint paper by Linde Kryotechnik and Shell, presented at this conference [8].

The first alternative for central production that we consider is small-scale, so-called “forecourt” reforming,
where hydrogen is produced in situ at the hydrogen filling stationsé thereby bypassing the distribution
problem, but simultaneously sacrificing CCS as a practical option.” The second alternative is electrolytic
production of hydrogen. None withstanding what was said above about availability of (green) electricity, it is
relevant to include electrolysis for reference. We consider it most natural to consider it in combination with
on-site, “forecourt” production of hydrogen. It thereby exploits existing electricity infrastructure and
circumvents the hydrogen distribution problem.

THE COST OF HYDROGEN FUEL

Excellent assessments of hydrogen production, distribution and retail cost exists. Examples of these include
the estimates of SFA Pacific, [9], and of the H2A working group [10]. In our experience these data are of a
very high quality, especially where it concerns the cost of capital equipment items. Where we differ from the
estimates of these consortium estimates is in the total installed cost of equipment. In constructing the values
below we have used our best professional judgment and leveraged Shell experience in a wide range of
industrial and retail projects. We have also taken care to relate all costs to the same early rollout situation.
This case is defined as follows.

Financial premises Energy prices
Capital charge (industrial) 15 % NG (industrial) 7  $/MMBTU
Capital charge (distr & retail) 21 % NG (commercial) 8 $/MMBTU
O&M charge 4-5 % Electricity (industrial) 0.05 $/kWh
Central production Electricity (commercial) 0.11  $/kWh
Availability 0 % Retail sites
Production (average) 100 tpd H; Total number of retail sites 100
Plant capacity 110 tpd Hz Retail mode: GH, 350 bar
Distribution Retail site capacity 1500 kg Hi/day
Distribution distance (avg) 75 km Site utilization 70 %
LH, truck delivery 3500 kg H2 Retail site sales (average) 1000 kg Hz/day
GHg truck delivery 350 kg H2

Table 1: Summary of key assumptions used in the definition of the case, and calculation of costs. Note that different
capital charges have been used for industrial capital, and distribution & retail capital respectively, reflecting different
asset lifetimes (see text).

Case definition. The case considers a hydrogen infrastructure for some 100,000 — 200,000 hydrogen
vehicles in a larger metropolitan region, consuming a total 100 ton per day (tpd) of hydrogen. Only at such a
scale will new production facilities be required as at smaller scale one can usually use the surplus capacity of

2 CCS in association with forecourt hydrogen production is of course possible in theory. It would however require scale-
down of capture technology, and an infrastructure for CO> collection either via pipelines or via liquid CO3 truck transport.
We are not aware of any studies that quantify such an option, but would intuitively discard it as impractical.
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the region. Typical examples would be Los Angeles/San Diego and greater New York in the US, The
Tokyo/Yokohama metropolis in Japan and the Rhineland region in Europe. In such a setting, the average
distribution distance from the central production facility to a retail site is some 75 km. While in some of the
cases, hydrogen is distributed and stored as a liquid; we have for all cases assumed that the vehicles require
high-pressure hydrogen. Here we have assumed that the delivery pressure will be 350 bar, reflecting current
practice at most hydrogen refilling stations. It may well be that ultimately a choice will be made for GH, retail
at 550 or 700 bar. This would increase retail-site cost slightly. But it would do so for all cases, so that it does
not change the overall picture.

The cost estimates presented here are based on existing technology. This implies that capital-related cost
may come down in the future as technology develops. We note however that many of the main capital items,
from SMR plants to hydrogen compressors are essentially mature technology, and the scope for further cost
reduction is relatively small. The case may be different for forecourt reformers and forecourt electrolyzers,
but, as will be elaborated below, the effect thereof is relatively limited.

On the financial side, we have assumed an internal rate of return on capital of 10%, in line with other generic
costing studies [9,10]. At a tax rate of 35% this leads to a capital charge of 21% for capital with a 10-year
economic life, as apgpropriate for distribution and retail capital, and 15% for industrial capital with an assumed
lifetime of 20 years.” The costs for operation and maintenance (O&M) have been assumed to be proportional
to the capital employed. On the basis of relevant industrial experience, 5% is a good estimate. The energy
prices for NG and electricity reflect actual values in the US, mid-last year. A listing of these and other
assumptions underlying our case is given in Table 1.
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Figure 2: Cost of Hydrogen fuel for five different modes of production, distribution and retail. All options other than
electrolysis are NG-based; for on-site reforming and electrolysis the cost for hydrogen manufacture are included in the
retail-site costs. In all cases — including the liquid cases — actual refueling is gaseous, at 350 bar. Overlaying the bars
that give the breakdown of cost to the operation (manufacturing, maintenance, retail) is the total energy cost. For “central
gaseous” it includes an important contribution from delivery (diesel fuel) and retail (electricity for on-site compression).
For a more extensive discussion, see text.

Results. Within this case and with the assumptions of Table 1 the retail costs for the five modes of hydrogen
production, distribution and retail have been evaluated. The result is shown in Figure 2. What is perhaps most
striking is the similarity between the central production base cases of gaseous and liquid (two leftmost
columns). As seen, savings in distribution in retail essentially offsets the cost and energy associated with
liquefaction. For distribution this is due to the low delivery capacity of high-pressure gaseous delivery, which,
at 350 kg, is an order of magnitude lower than for liquid. Liquid truck delivery makes the logistics of hydrogen
effectively similar to that of conventional gasoline and diesel. Further savings accrue at the retail site, where
for gaseous delivery on-site recompression is costly both in monetary and energy terms, while in the case of

% Applying a “capital charge” is the most straightforward way to charge the cost of capital to a unit of product. At a capital
charge of x%, that fraction of the total capital invested has to be recovered each year from the yearly production.
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liquid delivery, hydrogen storage (as a cryogenic liquid) is considerably cheaper than gaseous storage, and
liquid cryo-pumping considerably reduces the compression costs.

As indicated above, energy efficiency is still a key consideration, especially when considering liquefaction.
Based on the work we have done together with Linde Kryotechnik, we believe it is technically feasible to
integrate hydrogen liquefaction with an LNG regasification terminal. This reduces the energy expenditure
considerably, from 10 kWh per kg LH, for stand-alone liquefaction to 4 kWh per kg for the integrated case. In
addition capital savings contribute to lower the liquefaction cost. Not included in the cost here is a charge for
the use of the LNG cold, which may reduce the monetary incentive somewhat, but not the energy savings.

These three cases make clear that when central production is considered, gaseous and liquid distribution are
both plausible, and that the actual investment decision for one or the other may be decided by local market
conditions, such as the (anticipated) retail density, and practical considerations such as the spatial and
safety requirements for gaseous and liquid storage. All three cases come out significantly cheaper than on-
site reforming or electrolysis.

In our analysis, hydrogen production via on-site reforming is more costly that central production and
distribution, by about 1-1.5 $/kg. This is only partly due to the reformer itself: of the total retail-site capital,
some 40% is spent on the reformer, a similar fraction on storage, and 10% on compressors. As the on-site
capital cost contributes just over 3 $/kg, the reformer capital charge is about 1.3 $/kg. It follows that cheap
reformers by themselves will not make on-site reforming competitive with central production. As a point of
further clarification we mention that in the “central gaseous” case, the storage cost is effectively part of
distribution cost as storage is in the high-pressure tube trailers, which are left on site at delivery. As a
consequence, we see on-site reforming having two possible roles: one is to minimize investment risk in the
very early phases of roll-out, before central production in regions at the 100 tpd scale can be justified, and a
second one is for hydrogen filling stations that are beyond the reach of a central production facility. (The
latter will be most relevant in case of a gaseous distribution network.)

As to on-site electrolysis, the situation is much the same as far as retail-site capital is concerned, but adding
to that is the energy cost associated with hydrogen production. At a realistic 0.11 $/kWh, the 55 kWh/kg
required for electrolysis and 2.7 kWh/kg for compression, makes for an electricity bill of 6.35 $/kg. The often-
heard argument that this can be lowered (and the grid stabilized) by employing off-peak electricity works only
up to a point: since the electrolyzer capital charge weighs in at about 2.3 $/kg, even at full utilization. As a
consequence, the larger electrolyzer that would be required if hydrogen production were restricted to off-
peak hours would be significant. In conclusion, while one may argue that the application of 0.11 $/kWh from
Table 1 leads to a conservative estimate of the cost of electrolytic hydrogen, it is difficult to argue that the cost
of electrolysis could be brought down even to the level of 6-7 $/kg unless there is a reduction both in the
availability of cheap, excess (green) electricity and in the cost of electrolyzers. As argued above, this makes
it a long-term rather than a medium prospect, albeit that the technology will find applications in the very early
phases of roll out for the same reasons as on-site reforming.

“CLEAN HYDROGEN” AND THE SCOPE FOR CO, REDUCTION

Now that we have established a case for medium-term hydrogen production from fossil fuels with CCS, we
should quantify the scope for CO, reduction in association with this mode of hydrogen production. We feel
that this is generally an under explored topic. For instance, most well-to-wheel studies do not include it as a
separate category. One reason may be the arbitrariness of the level of remaining emissions: does one stop
at the CO, that is most readily captured? Or does one assume that upstream and downstream activities will
also be “clean”? In the presence of these very real questions, we chose here to set our baseline on the
premise that 90-95% of the CO, produced at the central production (and liquefaction) facility will be captured,
but not the upstream and downstream emissions, i.e. those associated with bringing NG to the hydrogen
plant (upstream), and not those of hydrogen distribution and retail (downstream). As a note of caution, the
analysis below covers foreground CO, emissions only, i.e. those of the direct energy usage associated with
hydrogen production and delivery; it excludes background emissions that a full life cycle analysis would
include, such as those associated with plant constructions, equipment manufacturing, etc.*

Scope. For the three NG-based central hydrogen production and distribution pathways that were introduced
above we have quantified the CO, emissions without and with carbon capture. The results are shown in
Figure 3. Technically, this assessment is based on 90% capture from the plant flue gas, which is very rich in
CO, (up to 20% in the case of an SMR), using commercial capture processes [11,12]. In dealing with the
energy requirements of the capturing process (which result in additional CO, produced), we have assumed

* Note that background processes contribute to CO, emissions for all pathways, including those from renewables and
nuclear.

6/9



WHEC 16 / 13-16 June 2006 — Lyon France

both heat and power are produced on-site from NG, with the flue gas thereof being added to the primary
SMR flue gas. Thus, the 90% capture is applied to all CO, produced at the manufacturing (and liquefaction)
site.

The most relevant observation from the figure is that the magnitude of the remaining CO, emissions are
quite similar for all three production and distribution pathways — about 2.5 kg CO, per kg of H,. But these
remaining emissions are quite differently distributed. In the case of gaseous distribution, about half of the
CO, emissions result from the truck delivery operations — with diesel trucks — and from on-site
recompression, powered with grid-average electricity having emissions of 0.5 kg/kWh. In the case of stand-
alone liquefaction, the distribution and retail emissions are negligible for reasons discussed earlier (efficient
delivery and a reduction in on-site compression), which offset the increase in the 10% non-captured of the
central plant. Note that capturing the CO, associated with liquefaction power is required to bring the
emissions down to this level, to be achieved for instance by local power generation. In both these cases, the
assumed NG source was pipeline NG with upstream CO, emissions equivalent to 3% of NG delivered. Since
the LNG terminal-integrated liquefaction scheme would naturally use LNG, the upstream emissions are
higher due to the energy requirements of the LNG process and shipping. This more or less offsets the
reduction in remaining plant emissions for the more efficient integrated liquefaction complex.

As said before, the figure of 2.5 kg CO, per kg of H, does not necessarily represent a lower limit of what can
be achieved, as much of the remaining emissions are still point sources, from which CO, could again be
captured. It does indicate a sensible well-to-wheel emission level in the medium term when CCS will not be
ubiquitous.
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Figure 3: CO, emissions associated with the three central hydrogen production cases of Figure 2. In each case the
impact of CO, capture at the central manufacturing complex is indicated. Note that CO. capture is an energy consuming
process, causing an increase in the CO; produced in the CCS cases. The red lines serve as guides to the eye,
illustrating reduction in total CO, emitted upon application of CCS.

Cost. Technically, the present assessment is based on 90% capture from the plant flue gas, which is very
rich in CO; (up to 20% in the case of undiluted SMR flue gas), by commercial capture processes [11,12], and
subsequent compression of the CO, to 80 bars. The cost of this, based on today’s state of the art, at the
scale of 350 kton CO, per year (corresponding capture of 10 kg/kg H, and 100 tpd hydrogen), and under the
financial assumptions of Table 1 is about 40 $/ton captured and 50 $/ton avoided CO,. This leaves the cost
for CO, transport, injection and monitoring. These costs tend to be very case specific, ranging from “negative
costs” when the pure, pressurized CO, stream can be used for enhanced oil recovery (EOR) and, according
to the best estimated of IPCC, 5-20% net cost per ton of CO, when storage and injection is without beneficial
use [13]. If we combine these figures with the anticipated scope of CCS in association with the three
hydrogen production and distribution pathways (Figure 3), it follows that CCS adds 0.5 $/kg of hydrogen in
favourable cases and up to 1 $/kg in less unfavorable locations and for stand-alone liquefaction.
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Hydrogen versus gasoline and diesel. Let us at the end of this discussion set off the 2.5 kg/kg of
remaining CO, emissions from “clean hydrogen” against the gasoline and diesel alternatives. Such
comparisons are never unambiguous, because such a comparison involves fuels derived from different
feedstocks (e.g. oil versus NG) and different, future vehicles, for instance a 2015 hybrid ICE vehicle versus a
fuel cell vehicle. Nonetheless, there seems a consensus that when compared to a future diesel-hybrid ICE,
the energy use — expressed as MJ per km — of a future FCV will be some 40% less. If we than choose a
reference FCV that uses 1 kg of hydrogen per 100 km, the equivalent reference hybrid-ICE would use 5.7
liters diesel per 100 km. The latter has tail pipe emissions of 130 gram CO,/km, to which 25 gram CO,/km
must be added for well-to-tank emissions. Obviously the FCV has zero tailpipe emissions, while the well-to-
wheel emissions of “clean hydrogen” are around 25 gram CO; per km (2.5 kg CO4/kg H;). Thus, when “clean
hydrogen” replaces diesel (or gasoline, for which the numbers are not significantly different) it effectuates an
85% reduction in CO, emissions. This is a dramatic increase in scope relative to the case where the CO, is
not captured; in those cases the CO, emissions reduction is 33%, even in the best of cases (gaseous
distribution and on-site reforming).

COAL

Considering that coal had a prominent place in our discussion of energy availability but not in our discussion
of cost and CO, reduction potential, it is appropriate that we address the topic still, albeit briefly. As to cost,
coal gasification is more capital intensive than SMR, but this is offset by the lower feedstock cost and lower
price volatility. Another difference, which sets coal apart from the case defined above, is the scale-sensitivity.
Coal gasification, due to its requirement of oxygen and its demands for solids handling is economically viable
only at larger scales, e.g. from 300 tpd upwards. At this much larger scale, coal-based hydrogen production
costs are on par with that of the NG-SMR route at a NG price around 7-8 $/MMBTU. The remaining CO,
emissions can be brought down to levels not necessarily much higher than for NG. However, per kg of
hydrogen the cost CCS cost will be about twice as high as for the equivalent NG case, due to the higher CO,
intensity of coal relative to NG. If this production was coupled with an dense pipeline network conceivable in
the longer term — allowing reduced delivery cost relative to our “central gaseous” case, hydrogen from coal
could plausibly be delivered at around 5%/kg, setting a benchmark for hydrogen production that is both
“secure” and “clean”.

In addition, “clean hydrogen” fuel could be produced in synergy with “clean power.” One of the options for
“clean power” is so-called pre-combustion CO, capture, which comprises essentially a hydrogen
manufacturing unit of which the CO, is captured and of which the hydrogen used to produce power. Such a
power plant would offer the opportunity to use part of the “clean hydrogen” for the fuel market. This would
both improve the demand-matching capacity of the power plant and at the same time offer the opportunity to
flexibly supply the growing market for transport hydrogen. This could be a significant economic benefit in the
early and medium-term phases of hydrogen rollout.

BIOMASS

Finally, we want to dwell briefly on the scope for bio-hydrogen production. It occupies a special place within
the realm of renewable energy sources, as it is the only major renewable resource for which the energy is
available as chemical energy, rather than as electrical energy (as for solar, wind, hydro, etc.). Because of
this, biomass offers non-electrolytic routes to green hydrogen, via gasification or intermediates such as bio-
ethanol that are potentially much cheaper than the electrolytic route (vide supra). At the same time, and even
though estimates for biomass availability vary widely, biomass should in most regions be considered to be a
supply-constraint resource, which use for hydrogen production competes with alternative uses, not only in
the power sector but also in the transportation sector, as a carbon-neutral biofuels. Therefore, while the
availability and deployment issue is ultimately a political one, the outcome of which may differ between
countries and regions, biomass, unlike other “green” sources, offers a path to affordable “green” hydrogen.

CONCLUSION

In this paper we have surveyed the prospects for hydrogen as a transportation fuel, and investigated how it
can simultaneously enhance energy supply security and reduce the CO, emissions of that sector. From a
comparison of estimated primary energy availability and the energy demand of the transportation and
electricity sectors, we concluded energy supply diversity is in the medium term best served by using fossil
feedstocks — notably NG and coal — rather then by using renewable resources, with the possible and
conditional exception of biomass.

When CCS is practiced in association with central production it also contributes in a very significant way to

CO, reduction from the transport sector. This “clean hydrogen” could have well-to-wheel emissions of 2.5 kg
CO, per kg Hy, a level at which the transport-sector emissions would be reduced by 85%, when hydrogen
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fuel cell vehicles replace hybrid ICE vehicles. We have shown that this emission level can be achieved both
for gaseous and liquid distribution of hydrogen, and that the total costs for both distribution modes are
similar, offering the possibility to adapt flexibly to local retail preferences and industrial opportunities.

Finally, the medium-term preference for “clean” over “green” is reinforced by cost considerations. We have
shown that hydrogen produced from “green” electricity will only become affordable once major cost
reductions in both green electricity and electrolyzer cost have been accomplished. Only biomass may —in
specific regions — offer earlier opportunities for “green hydrogen”.
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