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In the light of problems of urban air pollution and global warming, the concept of a hydrogen
economy Is rapidly moving towards reality. The authors speculate on the role hydropower
could play, if a ‘hydropower to hydrogen’ industry could be established; a particularly
interesting aspect is the increased role hydro could play in povery reduction, by helping
to develop the economies of some of the poorest countries which have significant
hydropower potential.

ydropower has always been closely linked with
H[]'n: process of development. In the nineteenth

century, pioneers such as Francis and Pelton
designed larger and more efficient turhines to power
the factories that were springing up throughout the
industrialized world. In the twenteth century, hydro
was in the forefront of the evolving electricity indus-
try, which has possibly been the single most important
catalyst for development in the history of mankind,

Although it has yet o be widely recognized, we
stand on the threshold of another industrial revolution,
based on using hydrogen as a clean fuel in a wide vari-
ety of applications. The greatest benefit is likely to
come from its use in transportation as a replacement
for the hydrocarbons (petrol, diesel, LNG) currently
being consumed in such large quamtities as to be
unsustainable in terms of both resource depletion and
the detrimental effect on the environment.

Being emission-free. hydrogen poes a long way
towards solving the environmental problem, but the
full benefit can only be realized if it is produced from
renewable energy sources, While this could encom-
pass a wide range of technologies, most are unsuitable
for the production of hydrogen on a large scale.
Hydropower is one of the few renewable energy
sources that could make a significamt impact by pro-
viding electricity in sufficiently concentrated form for
the large-scale production of hvdrogen by electrolysis.
If this happens, it could dramatically change the face
of our industry, and the resulting impact would be felt
far beyond its boundaries.

This paper describes the background to this state-
ment, and speculates on what the future may hold if an
H-to-H (hydropower to hydrogen) industry is estab-
lished. In a companion paper [Gummer and Head,
2003'] 10 be given at the Hydro 2003 international
conference in Dubrovnik (3-6 November), the authors
examine in more detail the economic case for
hydropower as a source of hydrogen for use as a vehi-
cle fuel,

The hydrogen economy

Everybody in the energy business is talking about the
hydrogen economy. Something which started as a sci-
entific curiosity only 30 years ago has now reached
the stage where it has moved from the test-bed to
being a practical reality. Faced with the problems of
global warming and urban air pollution, the allure of a
fuel that burns cleanly and is totally emission-free is
irresistible. The fact that the fuel might be manufac-
tured from renewable resources, thereby reducing our
dependence on dwindling oil and gas supplies, further
enhances the attraction.
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Given this ‘glittering prize’, it is not surprising that the
hydrogen economy continues to find support at the
highest level. Vast sums of money have already been
invested in research and development. Only last year
the European Commission announced a $2 hillion pro-
gramme furthering its ‘hydrogen vision’. In his 2003
State of the Union address, US President George W
Bush commined a further $1.2 billion, on wp of the bil-
lions already spent by the LIS Government, specifically
for the development of hydrogen-fuel transportation,

It is in the transportation area that the benefits are like-
Iy 1o be first noticed, and most major automobile man-
ufacturers now expect hydrogen-powered cars 1o be in
miss production within a decade. Some vehicles burn
hydrogen in medified intemal combustion engines, bui
this is relatively inefficient and the consensus is that the
future lies with the fuel cell, which achieves much high-
er energy conversion efficiencies by effectively revers-
ing the electrolysis process. Prototype hydrogen vehi-
cles using both propulsion systems are now on the road
in many parts of the world including California (for
taxis), London (for waste collection trucks), Tokyo (for
Federal Express deliveries) and for buses in Reykjavik,
lceland, where Shell has recently opened its first retail
hydrogen refuelling station.

All of this is very exciting, but it leads to the obvious
guestion: from where will the hydrogen be sourced?

Sources of hydrogen

Hydrogen is widely used on a relatively small scale in
a number of industries such as agrochemicals, so there
are already well established methods of commercial
production. In fact, there are many ways of manufac-
turing hydrogen, all involving an energy-conversion
process. The most common involves the reformation
of fossil fuels, uswally gas or oil, but sometimes coal,
the primary reason being that it is cheaper than the
alternatives. But unfortunately reformation does noth-
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| Table 1: Estimated costs of hydrogen production®

Method of production Cost (USS/G])

From coal/gas/oil 1-5
From natural pas minus COk 810
From coal minus CO; 10-13
From biomass 12-18
From nuclear power 15-20
From onshore wind 15-25
From offshore wind 20-30
From solar cells 25-30

* Souiree: The Bconomist [2003%)]

ing 1o alleviate the pressure on scarce resources, and
furthermore it does nothing to solve the greenhouse
gas problem, unless accompanied by a process of
removing carbons through sequestration. This reduces
C0- emissions by about 40 per cent, but at areatly
increased cost, and it still leaves unresolved the ques-
tion of the disposal of the sequestered earbon in an
environmentally acceptable manner.

Everyone agrees that the preferred solution would be
to manufaciire hydrogen from renewable sources,
This has to be the ultimate objective o achieve sus-
tainability, although with existing technology, it looks
doubtful that we shall see anything other than a partial
fulfillment of this goal.

lgnoring the distant prospect of generating substan-
tial quantities of hydrogen directly from biomass, "sus-
tainable hydrogen” has to be manufactured by o two-
stage process in which renewable energy is used to
generate electricity that, in um, is converted w hydro-
ven using electrolysis. Electrolysis is a well established
and proven technology, with plants of up to 150 MW
in operation but it needs a cheap, concentrated und reli-
able source of electricity to be competitive.

Muost forms of renewable energy do not fall into this
citegory because they are gither oo expensive, or oo
diffused and intermittent, 1o make the commercial pro-
duction of hydrogen on a large seale a viable proposi-
tion. Comparative costs of hydrogen production, based
on [EA data, were recently published in The Economist
[2003] and are reproduced here as Table 1.

Figures to be given in the companion paper show
that a favourable hydro site could be developed to pro-
duce hydrogen at a ‘hushar price” of around USS 15-
17/G). If this is the case, it is evident thal in cost
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terms, hydro is likely to be as competitive, and proba-
bly more competitive, than most other renewuble ener-
s technologies, although it is evidently more expen-
sive than using fossil fuels,

However, it is not just a question of price or quality.
When one begins 1o look at the quantity of power
needed For electrolysis, it quickly becomes apparent
that the numbers are very large.

If we focus only on transportation, which is about 30
per cent of global energy consumption. the scale of the
problem is immediately obvious. In 19949, about 56
million barrels of oil per day were used to power the
warld's fleet of vehicles (equivalent 1o aboul 93
TWh/day of energy). Despite advances in improving
fuel economy, this number is rapidly increasing as the
world’s vehicle population increases. In China, for
example, the number of vehicles on the road is dou-
hling every five years.

A hydragen fuel cell is currently about 2.7 times
more efficient in converting heat 1o mechanical ener-
gy than an internal combustion engine, Hence the
ameunt of hydrogen that would be needed o support
all the vehicles in the world would be the equivalent of
about 35 TWh/day. If all of this were 10 be produced
from renewable resources by electrolysis, approxi-
mately 62 TWhyday of renewable energy would be
needed, after allowing for the efficiency of electroly-
sis and transportation/distribution. This is nearly 50
per cent more than the 1otal global electricity produc-
tion in the year 2001,

As the most optimistic forecasts only envisage 10
per cent of electricity being supplied from non-hydro
renewable sources by the year 2020, it looks highly
improbable that these same resources could simulta-
neously make a serious impact on the production of
hydrogen. The situation becomes even less tenable if,
as intended, renewable energy is (o increase its share
in the generation of electricity, for which the world-
wide demand is forecast to increase by more than 80
per cent in the next 20 years.

The conclusion, as already indicated in an earlier paper
[Gummer, 20007), is that the demand for hydrogen is
likely 1o exceed by fur the supply available from renew-
able resources. Whether we like it or not, the hydrogen
economy will be heavily dependent on fossil fuels for
the foreseeable future, with all that this implies. But
another way of looking at this same conelusion is that
there is likely to be an unlimited market for hydrogen
procluced from renewable energy resources, provided
the cost is within reach of the fossil-based price.

When questions of cost, concentration and reliabili-
ty are considered, it is evident that there are only two
non-fossil enersy sources that could make a serious
impact on hydrogen production, These are nuclear
energy and hydropower. Given the public concerns
over the acceptability of the nuclear option, this leaves
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hydropower as the most plausible source of renewable
energy for the hydrogen economy if it is to move in
the direction of long-term sustainability, as it
inevitably must.

Hydropower for hydrogen

Currently accounting for about 18 per cent of global
electricity production after coal (35 per cent) and nat-
ural gas (20 per cent), the global hydropower capacity
amounts o about 300 GW installed or under construc-
tion. It is estimated that another 1500 to 2000 GW of
economically feasible hydro remains to be developed.
These figures may be only approximate, because of
doubts over the definition of economic feasible and the
constraints of environmental acceptability, but it is nev-
ertheless evident that the world's hydropower potential
is far from being exhausted.

Many of the most promising undeveloped sites lie in
Aftica, Asia and South America (Fig. 1). Their huge
energy resources remain untapped for a variety of rea-
sons, principally related to the lack of local demand
and the economic fragility of the regions in which the
sites are located, Despite our ability to transmit power
aver long distances, it remains a fact that the feasibil-
ity of any hydropower prospect is largely determined
by the regional cconomy and the political stability of
the host country where it is located. In particular, it is
not easy to aitrct private investors when the commer-
cial justification for a project is founded on a single
hilateral relationship between the owner and a monop-
oly buyer whose own financial strength is based on a
revenue stream in local currency.

These geographically related problems largely disap-
pear as soon as the product from a hydropower
scheme becomes hydrogen instead of electricity. The
revenue stream is then secured from the sale of a com-
modity that is transportable and freely tradable for
hard currency on world energy markets. This change
would be as fundamental as the one that oecurred in
1896, when electrical energy was first transmitted
over the then extraordinary distance of 20 miles (32
km) from Niagara Falls to Buffalo, NY, thereby open-
ing up completely new markets to the owners of
hydropower facilities.

Although in principle electrolysis could be carried
out anywhere, the probability is that for technical and
economic teasons it would be at the site of the
hydropower scheme iiself, There would obviously be
no shortage of water, and it is estimated that the clec-
tralysis plant would add only 15 10 20 per cent to the
cost of the basic hydropower project. In fact it is gen-
erally cheaper to transport energy as a gas or liquid in
u pipeline, rather than along a transmission line us
electricity, and the hydrogen would normally be evac-
uated by pipeline under pressure using technology
which already exists. Hydrogen pipelines are current-
ly in operation in Europe, the UK and the USA.

In.many cases pipelines will be the only form of
transportation needed to reach the nearest distribution
point, However, for projects located in undeveloped
markels where there is insufficient internal demand,
the gas would have to be shipped over the horder, and
maybe even overseas al extremely low temperatures in
eryogenic container vessels similar o those currently
in use in the natural gas industry. There are of course
many issues still (o be resolved concerning the estab-
lishment of a viable gas distribution infrastructure, but
these relate to hydrogen generally and are not specific
to hydropower. The essential peint is that hydrogen
produced at a distant hydropower site can be trans-
ported to world markets.
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compe titive? hyelrapower surpluses .
The most attractive hydro schemes for hydrogen pro-

duction would be large base-lond stations, typically

more than 1000 MW. The best of these sites should be

able to produce electrical energy for less than USe

1.5/kWh. By the time that the cost and efficiency of

electrolysis, and a royalty payment, are laken into

account, the equivalent cost of hydrogen at the plant in

heat terms is about US$ 15-17/G) [Guimmer and

Head, 2003"].

Table | demonstrates the cost advantage of produc-
ing hydrogen from fossil fuels without sequestration.
However, if concerns over global warming remain
unahated, it seems inconceivable that this practice will
be allowed 1o continue indefinitely. When sequestra-
tion costs are added, the price of hydrogen from fossil
fuels rises to between USS 8 and 13/GI. depending on
the type of fuel used. Natural gas lies at the lower end
of this price range, but with the electricity supplies of
so many countries already uncomfortably over-
dependent on this resource, it is questionable whether
in the long term gas will be acceptable for use in
hydrogen production.

Nuclear power is shown as costing USS 15 w0 20/G1,
although it is unclear whether these figures cover the
full decommissioning costs. It is probable that they do
not, because these costs remain largely unquantified.
Given that nuclear is at present the only practicable
non-fossil fuel without limitation on its ultimate out-
put, it might well provide a guide to the long-term
marginal cost for the production of hydrogen from
renewable energy resources. If this tums out to be the
case, it would bring many hydro sites within competi-
tive reach in financial terms.

Irrespective of whether or not nuclear ultimately
determines renewable energy costs, it is apparent that
hydropower is in a position 1o compete with most
alternative energy sources. It may be more expensive
than fossil fuels, even with sequestration, but that gap
would rapidly be closed by an increase in fossil-fuel
prices, or changes in fiscal measures such as axation.

When considering hydrogen as a vehicle fuel, the
position on comparative costing is obfuscated by a
number of cost factors that lie far outside the scope of
this paper (for example, the distribution infrastructure,
the price of the vehicle and taxation). However, taking
as an example the USA, where tax on vehicle fuel is
low, it can be shown that hydrogen sourced from
hydropower at USe 3.5/kWh would become competi-
tive as a vehicle fuel when oil reaches abour USS
35/harrel, assuming the same taxation levels in heat
terms, However, because of the higher efficiency of
the Tuel cell over the internal combustion engine, this




means that the government would lose nearly 63 per
cent of its tax revenue. If the same taxation levels were
to apply in mileage terms, so thal government revenue
on fuel for transportation remained undiminished, the
breakeven oil price becomes US$ 46/barrel, One sus-
pects that in practice the correct solution probably lies
somewhere between these two, perhaps around USH
d0barrel.

Although US$ 40/barrel may sound a high figure, it
has to be remembered that oil prices have approached
this level in the past, and they are unlikely to reduce in
real terms as supplies diminish and control falls into
fewer and fewer hands, As taxation can heavily influ-
ence the whole issue of price competitiveness, partic-
ularly in the case of countries where it forms a large
component of the ultimate selling price, the attitude of
individual governments is crucial. [n this respect, the
policy of the Ieelandic Government in pursuit of s
plans for a hydrogen economy based on the country’s
extensive hydro and geothermal generating facilities is
an interesting example; hydrogen is sold tas-free,

The breakeven oil price could significantly reduce in
the future with the expected advances in hydrogen fuel
cell design and the judicious use of onboard battery
storage 1o maintain the fuel cells operating at their
optimum elficiency.

With future technology hydrogen sourced from
hydropower could be competitive atan oil price of less
than US$ 20/barrel assuming tax on an equivalent
mileage basis, with no overall reduction in tax revenue
[Gummer and Head, 2003'].

Financing 1ssues

Given the priority that renewable energy now enjoys,
and the ohvious merits of hydropower, it is surprising
thirt we are nol seeing a resurgence in the construction
of new hydro projects. In fact, the rate of new hydro
development has fallen in recent years, and it is wide-

Table 2: Global estimate of royally income (assuming 65% development)

Country Gop Export  Remaining  Royalty Royalty as % of
camings’ [feasible®  income®  |exporns  GODP
(10°USS) (10PUSS) (TWhiyr) (10°USSATY (%) (%)
Angola 11,380 F000 1006 413 3 4
Bhutan 594 154 103 402 261 68
Cameron 9060 211K 112 435 2] 5
Chile 064,154 18,506 128 300 3 |
Colombia 2,094 12,3040 163 036 5 1
Congo, DR 5704 750 Tok 2995 399 53
Costa Rica 16,847 5000 i7 146 3 1
Ethiopia 5980 442 258 1006 22§ 17
Gabon 4471 2500 ™ a0y 2 4]
Kyrgyastan 1632 475 4 346 T3 21
Lao PDR 1680 325 99 3KS 118 23
Madagascar 4514 ARl 130 700 ([ 16
Mepal 5493 757 225 RIT 116 16
Papun New Guinca| 2793 1800 74 287 16 10
Pakistan 60,521 2800 44 952 11 2
Paraguay 3389 2200 13 129 B 2
Peru 56,901 T30 300 1168 3] 2
Russia 346,520 104,600 1456 5834 f 2
Tanzania 9383 00 17 68 8 1
Turkey 182,848 37.600 171 (8] 2 0
Venezueln S4.340 29,500 2x) 781 3 1
Fambin 3683 BTO 21 80 9 2

1. Source: World Bank dutahass

2. Source: Cla Factbook

1, Technically feasible hydro potential less existing production, Source: Aydmypeaver
& D World Atlas & Incusrry Guide, 2003
4, Assuming 655 of remaining technically feasible used for hydrogen, af CO.DGEWH.

0

ly recognized that this is largely because of changes in
the way projects are financed.

The restructuring of the power indusiry around the
private ownership of generating and distribution assets
has had a profound effect on the hydropower industry.
The majority of the recent investment in power gener-
ation has gone into gas-fired power stations, We are
now in the contradictory position of being highly con-
cerned about global warming, and yet at the same time
building increasing numbers of fossil-fuelled power
stations.

The reason for this is that privale investors are
inevitably focused on relatively short time horizons,
and are looking for projects with an early positive cash
flow and few risks. Hydro projects being developed on
a stand-alone basis as IPPs, with all the risks con-
tained within the single project, seldom meet these cri-
teria. As a result, project financing becomes a long and
costly exercise, and many projects fail to reach finan-
cial closure. Another problem is the reluctance of
prospective investors to become involved with the
NGO on environmental issues.

If hydrogen becomes a major energy indusiry, it can
reasonubly be assumed that it will attract large inter-
national companies such as the petrochemical giants.,
As noted sbove, Shell has already opened its fist
branded retail site selling hydrogen, There is an obvi-
ous analogy to be drawn here with the past, for in the
early part of the last century oil fields were developed
in Incations that were every hit as remote and risky as
some of the best hydro sites today. The oilfield pro-
jects were highly site-speeific, and the actual develop-
ment costs and production rates were no doubt subject
to the same uncertainties as they are for hydro pro-
jects. But the developments were successfully
financed because the companies could spread the risk
over many projects. and the returns were sufficiently
attractive 1o make it all worthwhile, The same analogy
can be drawn with the international mining industry.

The ‘H-to-H' industry would be no different,
Projects would be financed by major inmernational
companies with the resources to raise the capital and
spread the risks across a portfolio of hydrogen-
producing projects, not necessarily all hydropower.
This injection of a broader capital base would over-
come most of the current problems being experienced
in the financing of new hydropower projects, and
unlock new sources of funding which hitherio have
not been available to prospective hydropower devel-
opers.

Environmental issues

No paper on this subject can avoid making reference
i the environmental opposition that now seems o
face so many hydro projects. Unfortunately, much of
this opposition tends 1o be founded on a doctrinaire
abjection, by a small hard-core of NGOs, 1o any devel-
opment on rivers, irrespective of their merits or
demerits. and without regard to the consequences of
the alternative of not building the project. While many
developers are working hard to satisfy the environ-
mental lobby, there nevertheless remains a serious risk
that the muliitude of (ofien conflicting) interests now
presenting themselves as stakeholders will result in
nothing being built, other than paper mountains.

It is an indisputable fact that there is an inexorable
demand for electricity. Some power projects may not be
environmentally acceptable, but it has to be recognized
that these difficult judgements need to be made by bal-
ancing alternatives and ullimately accepting the least
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damaging option. When the environmental advantages
of the hydrogen economy become evident, and there is
a better understanding of the limited range of options
for producing renewable hydrogen, it is to be hoped that
debate will reflect the hard fact that there are few, if any,
energy solutions with no negative impact.

There is certainly no other form of hydrogen pro-
duction that would have the wider imernational spin-
off that an H-to-H project would create, not only by
providing clean, sustainable energy but also in terms
of developing the economies of some of the world’s
poorest countries. It could have a noticeable impact on
the distribution of wealth between the developed
world, which is generally energy deficient, and some
developing countries that are lucky enough 1o find
themselves with an abundance of hydro resources,

The world poverty dimension

It has already been noted that most of the remaining
hydro potential lies in the developing world, where
one finds many countries with hydropower resources
far exceeding domestic energy requirements. A num-
ber of these are listed in Table 2.

It would be reasonable to assume that where an H-to-
H plant is established, the host country would receive
1 royalty for the use of its naturul resources. If we
draw again on the analogy of the oil industry, the roy-
alty might be of the order of 15 per cent of the bulk
price of the hydrogen produced. In monetary terms,
this might mean US¢ 0.6/kWh of electrical output.
With this sort of margin, a country producing, say, 50
TWhiyear of hydropower for electrolysis {equivalent
1o about 10 000 MW m 60 per cent capacity factor)
might receive around 3300 million in royuliies every
year. In addition, there would be the obvious down-
stream economic retums and additional tax revenue
that would be created by the construction and opera-
tion of such a major project in the country.

There naturally has to be a balance between the
amount of money that the host country acerues from a
project and the competitiveness of the end product.
Equally, it would be unrealistic to imagine that all the
remaining undeveloped hydro potential could be har-
nessed for the production of hydrogen. However, as a
very approximate indication, Table 2 shows the rayal-
ties that might be accrued on an annual basis, assum-
ing that 65 per cent of the remaining technically feusi-
ble potential is used for hydrogen production, paying
a royalty of USg 0.6/kWh. To set these figures in per-
spective, they are shown as a percentage of current
export earnings and GDE.

As with any natural resource, the benefits are uneven-
Iy distributed, but from Table 2 it is clear that for a
number of countries the potential income would sig-
nificantly boost export eamings and, in some cases,
increase GDP by mare than 15 per cent. Included in
this Tist are economies which have little else to offer the
export market other than hydropower. Fig. 2 shows the
potential impact, in terms of the uplift te export carn-
ings, for the countries most affected in this respect.

Conclusions

In the course of its long history, the hydropower indus-
try has evolved beyond all recognition. A little more
than 100 years ago it was providing mechanical ener-
gy for local mills, then electricity on a regional basis.
Perhaps we are now about to witness another equally
momentous change, with new projects being built to
deliver hydrogen to world markets. On the evidence
available it scems highly possible,
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Unfortunately, the goal of a totally renewable hydro-
gen economy looks unattainable because the quantities
ol energy required are so large. Hydropower is never
going to displace the need for other methods of hydro-
gen production, which will inevitably continue to be
heavily reliant on hydrocarbons, presumably with
sequestration of COy, and probably also nuclear energy.

By producing rencwable hydrogen, hydropower can
do much 1o contribute towards a cleaner and safer
world. But it can also play a major role in poverty
reduction by transferring wealth from the relatively
affluent (but energy deficient] industrialized countries,
1o some of the poorest parts of the globe.

It is perhaps no coincidence that in the francophone
countries hydropower is sometimes referred to as “la
houille blanche’ - white coal (in a reference to the days
when coal was the only real alternative for industrial
encrgy). But unlike coul, or any other fossil fuel for
that matter, there should be no concems over depletion
of reserves, As long as it rains the revenue will flow,
and hydro will continue 1o play its traditional role in
the forefront of development. 0
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