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ABSTRACT

An extensive study of hydrogen supply has recently been carried out by Ontario
Hydro which indicates that electrolytic hydrogen produced from nuclear
electricity could offer the lowest cost option for any future large scale
hydrogen supply in the Province of Ontario, Canada* This paper provides a
synopsis of the Ontario Hydro study, a brief overview of the economic factors
supporting the study conclusion and discussion of a number of issues concerning
the supply of electrolytic hydrogen by electric power utilities.
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INTRODUCTION

Electrolytic hydrogen is seen by many as a unique energy carrier through which
electricity produced from various primary energy resources could eventually be
used for hydrocarbon substitution. Initially this could be as a petroleum and
chemical industry feedstock and ultimately as a transportation fuel. The concept
is of interest to electric power utilities since the hydrogen requirements for
industrial uses or for even a small portion of the transportation sector would be
equivalent to a significant amount of generation.

Ontario Hydro, the provincial power utility in the province of Ontario, Canada
has recently carried out an extensive study of hydrogen supply which indicates
that electrolytic hydrogen produced from CANDU* nuclear electricity could offer
the lowest cost option for any future large-scale hydrogen supply in the
province. Any significant development of electrolytic hydrogen production will

* CAMadian Deuterium Uranium - a power reactor developed by Atomic Energy
of Canada Limited



influence the future capacity requirements of the bulk power system. To help
supply the provincial demands for electric power, Ontario Hydro already has 5000
MWe of CANDU generation with an additional 8000 MWe under construction.
Projections of incremental hydrogen required in Ontario for petroleum refining
alone would be equivalent to an additional 1000 MWe of generation by the year
2000**•'% The Ontario Hydrogen Energy Task Force, a special study group for the
Ontario government, has estimated that by the end of the century an achievable
maximum target for hydrogen penetration into the provincial energy sector would
be 45 PJ/yr; equivalent to 2400 MWe<2K

This paper provides a synopsis of the Ontario Hydro costing study of hydrogen
supply, a brief overview of the economic factors supporting the study conclusion
that nuclear electrolytic hydrogen could in future compete with hydrogen produced
from natural gas, and finally, a brief discussion of a number of issues
concerning electric power utilities as future suppliers of electrolytic hydrogen.

HYDROGEN SUPPLY COSTING STUDY

The study'3', carried out in 1980, estimated costs for all hydrogen supply
components including production, transport, storage and liquefaction and relied
heavily on published data on equipment, process performance and costs. Extensive
use was made of performance and cost data provided by Electrolyser Corporation as
well as a generalized electrolysis plant costing formula developed by LeRoy and
Stuart as reported to the 1978 World Hydrogen Conference^4).

In costing production, the study concentrated on existing commercial and
near-term commercial processes for steam reforming of hydrocarbons and
electrolysis of water. Projection of future costs was within the framework of a
consistent set of economic forecasts developed by Ontario Hydro's Economics
Division; and where appropriate, projected performance improvements and cost
reductions associated with the hydrogen production facilities were included. For
electrolytic hydrogen production the cost of electricity supply to the
electrolysis plants was based on Ontario Hydro's incremental cost of
interruptible system energy up to 1995 and thereafter on the projected cost of
electricity from new 4 x 850 MWe CANDU nuclear plants (Figure 1).

The economic value to the electric system from possible sharing of
hydrogen-committed nuclear capacity with the electric power system was also
estimated for a number of cases. These included: credit for saving fossil fuel,
credit for avoiding installation of future pumped-storage plants, and credit for
avoiding future installation of nuclear plants which would otherwise operate at
low capacity factor. These are illustrated in Figure 2 as Cases I, II and III
respectively.

Electrolytic hydrogen production from "off-peak" nuclear electricity was also
addressed in the study. This is generally similar to Case III above with the
exception that the nuclear capacity was not originally committed for hydrogen
supply. It has been estimated that Ontario Hydro could provide 3500 and 5900
GWhe of off-peak nuclear electricity by the years 1990 and 2000 respectively.
Hydrogen supply based solely on the use of off-peak nuclear electricity would be
difficult because this power will only be available on an intermittent basis and
in irregular quantities. A possible exception would be supplementation of
natural gas supply by direct injection of electrolytic hydrogen into pipelines.
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The projected off-peak nuclear electricity of 5900 GWhe by the year 2000 could
produce electrolytic hydrogen equivalent to about 3.5 percent of the province's
forecast demand for natural gas. Estimates of the amount of the projected
off-peak energy which could be absorbed by various electrolyser capacities were
made and are shown in Table 1 below:

Table It Off-Peak Energy Absorbed for Given Electrolyser Capacity

Electrolyser GWhe (a.c.f. yr/yr)
Capacity, MWe 1990 2000

2000 3040 (0.17) 4300 (0.25)
1000 2070 (0.24) 2660 (0.30)
500 1200 (0.27) 1470 (0.33)

Aside from the uncertainties of projecting technical development and costs of the
technologies/ estimating future hydrogen supply costs and subsequent comparison
of hydrogen supply alternatives are complicated by a number of other factors.
These include: (1) uncertainty about when hydrogen supply might be required,
which can influence the proportion of fixed costs to variable costs in an
expanding hydrogen supply system and thereby the system average cost of hydrogen
at any given time, (2) inconsistencies in taxation of primary energy supplies and
feedstocks which complicate direct comparison of the actual costs of the various
production alternatives, and (3) uncertainty over the ownership of any future
large-scale hydrogen supply facilities which would have an influence on such
things as the cost of financing, rate of return, tax rate and pricing of the
hydrogen product. In the study, hydrocarbon fuels and feedstocks imported into
Ontario were costed on the basis of the forecast Toronto Gate price. Capital
facilities were capitalized at Ontario Hydro cost of financing, and corporate
taxes, administrative overheads and profit were not included in the supply
costing for any of the alternatives.

The economic results of the study indicate that the current commercial process of
catalytic steam methane reforming (SMR) will continue to be the lowest cost
large-scale hydrogen production process in Ontario throughout the 1980's. By
1990, both electrolysis of water based on interruptible bulk power system
electricity and the steam-iron coal gasification process (S-I) based on imported
US coal could begin to offer an economic, although not substantially lower in
cost, alternative to SMR. By 1995, however, new nuclear capacity committed for
purposes of hydrogen production could be inservice and would allow electrolytic
hydrogen to be produced on a large scale at a lower cost than any of the
alternative hydrogen production processes (Figure 1). Because
nuclear-electrolysis would be very capital intensive, hydrogen production costs
after the inservice year would escalate at a relatively low rate compared to both
the SMR and S-I processes where feedstock costs account for a high proportion of
overall production costs. This is illustrated in Table 2 below which shows the
estimated hydrogen production costs for the three processes based on plants
inservice in 1995.
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2000

31.27
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40.21

38.51

24.83

Table 2: Hydrogen Production Costs $/GJ ($ in Year Shown)

Production

Process

1) Steam Methane
Reforming

2) Steam Iron

3) Nuclear-
Electrolysis

Hydrogen production costs in Ontario using undeveloped hydro-electric power for
electrolysis and the Steam-Iron process for indigenous Onakawana lignite were
also estimated and compare unfavourably to the option of nuclear-electrolysis
(Figure 3 ) .

Based on the study results, the authors have concluded that nuclear-electrolysis
offers the most economic long term approach to future large-scale hydrogen
production- in Ontario. Nuclear capacity committed for purposes of hydrogen
production could also be used to advantage as standby or peaking capacity by the
bulk power system without significantly increasing the cost of hydrogen
production.

In addition to the cost of production, costs for transport and possibly storage
and liquefaction would be incurred in a given hydrogen supply situation. These
costs were estimated and the necessary technology reviewed. In general, with the
exception of the liquefaction process, the costs for hydrogen transport as a gas
or liquid would be considerably less than the cost of producing the hydrogen
(Figure 4 ) .

An interesting observation from the study is illustrated in Figure 4. Specific
energy transport costs, $/GJ/100 km, for hydrogen pipelines are considerably
higher than high voltage electric transmission lines of similar capacity and only
at very much greater capacity (10 times greater) would a hydrogen pipeline become
competitive with a 3000 MW high voltage transmission system. Assuming optimum
flow, transport costs are lower for larger diameter pipelines as capacity
generally increases as the square of the pipe diameter. This observation
suggests that for most near term industrial applications of electrolytic
hydrogen, lowest costs would be achieved by locating the electrolysis facility at
the hydrogen load rather than on the bulk power system or at a generating station.

The total costs of hydrogen supply, including production, transport and any
required storage, will be dependent on the specific circumstances concerning such
things as the location and demand characteristics of the hydrogen load and the
location of the hydrogen production facilities. For eny particular hydrogen
demand situation a number of supply alternatives could be possible and various
alternatives were addressed for a number of hypothetical hydrogen loads. These
include supply of liquid hydrogen as aircraft fuel, supply to a petro-chemical
refinery, and supply to the Toronto city gate. The estimated cost of such supply
based on nuclear electrolytic hydrogen production are summarized in Table 3.
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Table 3: 1995 Cost of Electrolytic Hydrogen Supply $/GJ

Supply Case $1995 $1980

1) LH2 Aircraft Fuel (remote or 36.50 11.40
local liquefaction)

2) Gaseous K2 to Refinery 24.00-27.00 7.60-8.40

3) Toronto Gate 22.00 7.00

THE BASIS FOR OPPORTUNITY

The relative escalation of nuclear electricity to the price of natural gas will
be the principle factor determining any future cost competitiveness of nuclear
electrolytic hydrogen over SMR hydrogen. The following discussion outlines a
number of factors affecting this relationship and has been based on more recent
economic forecast data than used in the 1980 study.

In Ontario, 98.5 percent of natural gas consumed is supplied by pipeline from
Western Canada with supply (provincial gate) pricing determined by negotiated
agreement between the Federal Government and the producing provinces. Only the
pricing by gas distribution utilities within the province is controlled, through
regulation, by the consuming province. This lack of influence over supply
pricing is only one factor which obscures the future long-term price of Ontario
natural gas. The current pricing agreement between Western Canada and the
Federal Government will result in the Toronto Gate price increasing an average of
3% per year in real terms over the next five years from 3.00 $>/GJ at the end of
1981 to 5.95 $/GJ in 1986. Beyond 1986, further natural gas price increases in
excess of general inflation seem a realistic expectation particularly as frontier
gas enters the supply system.

In Ontario, the installed cost of new nuclear plant capacity has tended to remain
fairly constant in real terms as indicated in Table 4. Also, as a high
proportion of nuclear generation costs are capital related and are essentially
fixed once a plant is inservice, the cost of nuclear electricity actually
decreases in constant dollars over the life of a given plant. In general, the
average life-time unit generation costs for a given base-load nuclear plant are
expected to remain unchanged in constant dollars regardless of the inservice
date. The average lifetime generation costs are projected to be 12 to 14 $/MWhe
($1981) for Ontario Hydro's operating and committed nuclear power plants»

Table 4; CANDU Nuclear Plant Capacity Costs

Plant

Pickering GS 'A'
Bruce GS 'A'
Pickering GS 'B'
Bruce GS 'B'
Darlington GS
New Uncommitted

Capacity
MWe

4 x 515
4 x 750
4 x 515
4 x 750
4 x 850
4 x 850

Inservice Date

1971
1976
1983
1984
1988
1995

Total Cost/kW
1981$

840
1120
1300
1150
960

1050



By assuming electrolysis plant costs will, at worst, remain constant in real
terms, the future competitiveness of nuclear electrolytic hydrogen with SMR
hydrogen in Ontario can be easily illustrated using the most recent economic
projections as shown in Figure 5. In this illustration SMR hydrogen costs
escalate up to 1986 at about 3% p.a., generally in accordance with natural gas
price increases allowed under the September 1981 Federal Government/Western
Canada Pricing-Oost Sharing Agreement* Beyond 1986, 3 cases are illustrated on
the figure for the SMR process. The first, which could be considered optimistic,
assumes there will be no further real increase in the price of natural gas and
thus SMR hydrogen* The second and third cases illustrate the approximate costs
of SMR hydrogen for further real increases of 2% and 4% p.a. respectively in the
price of natural gas after 1986*

Nuclear electrolysis costs are shown on Figure 5 for inservice dates of 1995,
2000, and 2005. OHie two characteristics of nuclear electrolysis costs are
illustrated; declining real costs over the life of a given facility (nuclear
power plant plus electrolysis plant), and constant average lifetime costs in real
terms regardless of inservice date. In general it appears that further real
increases in natural gas prices in Ontario beyond 1986 will be required before
nuclear electrolysis is competitive. Should natural gas price increases average
2% p.a. or greater in real terms there will be increased incentive to utilize
nuclear electrolytic hydrogen which could be priced to take advantage of its
unique cost characteristics.

It should be noted that the first year nuclear electrolysis costs provided in
Figure 5 are higher than the costs reported in the 1980 study (3). The increase
is attributed to the use of more recent economic forecast data which projects
higher real financing costs for new nuclear capacity then the economic data used
in the original study.
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HYDROGEN SUPPLY AS A UTILITY BUSINESS

Electrolytic hydrogen supply is an obvious extension to the electricity supply
business and may be of future interest to power utilities. The possible reasons
for this include:

(a) Increased penetration of electricty into the energy sector through hydrogen
as an energy carrier.

(b) Possible sharing of base-load generation plant committed for purposes of
hydrogen production to provide low cost peaking energy for the bulk electric
system.

(c) As a managed load, to utilize low cost generation available during off-peak
periods from run of the river hydraulic plants or eventually from load-following
nuclear plant.

Numerous issues will need consideration in any serious attempt to develop
electrolytic hydrogen supply as a lateral utility business. Significant among
these will be internal financial, operating, and pricing issues related to
defining how the hydrogen supply business would interface with the electricity
supply business. As most hydrogen loads are likely to be base-load demands,
committment of new generation capacity will likely be required to produce
hydrogen at competitive costs. The initial financing of this new capacity will
have numerous issues evolving from the desire to attract preferred financing
rates through the financial strength of the existing electric supply business
while at the same time not increasing the financial risk or costs to existing
electricity customers. Also, unique electric supply rates for hydrogen
production reflecting the cost of supply from the new base-load capacity rather
than the average bulk electric system costs will likely be required to establish
and sustain a market for electrolytic hydrogen. Average unit costs for bulk
system electricity reflect overall system load factor (generally 0.50 to
0.60 yr/yr) and are therefore normally higher than the unit cost to supply high
load factor base-loads.

Other issues external to a utility's operation would also arise concerning rate
regulation and government policy setting concerning overall energy supply
mandates. In general, most power utilities would need government consent to be
involved in hydrogen supply.

An aggressive marketing approach will be required to establish a utility in the
hydrogen supply business as the markets have traditionally been supplied by
others with more conventional energy forms or feedstocks. At the same time
markets, particularly for industrial hydrogen, can best be identified through
joint studies with prospective users. As already indicated, it is likely that
initial industrial demands will be served more economically and reliably by
locating the electrolysis plant at or near the industrial plant. This
arrangement may require joint financing or operating agreements with the hydrogen
customers.



CONCLUSIONS

The main conclusion of the authors is that by the mid-1990's electrolytic
hydrogen could be produced from nuclear-electricity in Ontario at a cost that
v;̂ aid be competitive with the cost of hydrogen from new steam methane reforming
plants. This would be contingent on two conditions:

(a) The price of natural gas in Ontario will continue to escalate relative to
the cost of electricity from a new nuclear plant, and;

(b) That the electrolytic hydrogen is priced to take advantage of the unique
cost characteristics of nuclear-electrolysis.

If electric power utilities attempt to develop electrolytic hydrogen supply as a
lateral business/ a number of internal issues such as financing, operations and
pricing would need to be addressed. Also for most utilities, including Ontario
Hydro, government consent would be needed for future involvement in hydrogen
supply.
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