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Résumé

Une étude a été faite dans le but de déterminer le rôle que
l'énergie nucléaire (électrique ou thermique) pourrait jouer dans
l'industrie chimique canadienne. On n'a envisagé, dans cette étude,
que les réacteurs de puissance CANDU (Canada Deuterium Uranium)
de la série actuelle. La conclusion de cette étude est que le
volume des opérations de l'industrie chimique est rarement assez
grand pour nécessiter des blocs d'énergie électrique (e) de 500 MW
ou des blocks d'énergie thermique (t) de 1500 MW. Ainsi, à
l'exception de quelques cas prévisibles, le rôle de l'énergie
nucléaire dans l'industrie chimique canadienne sera celui d'un
fournisseur général d'énergie électrique et thermique desservant une
clientèle variée dans une région donnée. Cette situation changerait
si des générateurs de vapeur de type nucléaire ayant une capacité
de 20 à 50 MW(t) étaient disponibles et concurrentiels au plan
économique.
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ABSTRACT

A study has been made to determine what role nuclear energy,

either electrical or thermal, could play in the Canadian chemical process

industry. The study was restricted to current-scale CANDU (Canada

Deuterium Uranium) power reactors. It is concluded that the scale of

operation of the chemical industry is rarely large enough to use blocks

of electrical power (e) of 500 MW or thermal power (t) of 1500 MW. Thus,

with a few predictable exceptions, the role of nuclear energy in the

Canadian chemical industry will be as a general thermal/electrical utility

supplier, serving a variety of customers in a particular geographic area.

This picture would change if nuclear steam generators of 20 to 50 MW(t)

become available and are economically competitive.
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FOREWORD

In 1974, Whiteshell Nuclear Research Establishment of

Atomic Energy of Canada Limited established the Future Projects Assess-

ment Committee to examine alternate uses for CANDU* reactors in addition

to their basic role of electricity producers.

This report, The Application of Nuclear Energy to the Canadian

Chemical Process Industry, is the result of a study of one of the concepts

examined by this Committee.

Results of other investigations initiated by the Committee

are recorded in the following documents:

1) G.N. Unsworth, A Review of Pumped Energy Storage Schemes,
Atomic Energy of Canada Limited, report AECL-4926.

2) L.A. Simpson, Kinetic Energy Storage of Off-Peak Electricity
(Flywheels), Atomic Energy of Canada Limited, report AECL-5116,

3) R.B. Lyon and R.0. Sochaski, Nuclear Power for District
Heating, Atomic Energy of Canada Limited, report AECL-5117.

4) J.E. Guthrie, D.R. Prowse, and Dr. D.P. Scott, Nuclear Power
Plant Waste Heat Utilization for Freshwater Fish Farming,
Atomic Energy of Canada Limited, report AECL-4924, 1975.

5) S.L. Iverson, D.R. Prowse, and Dr. J. Campbell, An Assessment
of the Utilization of Waste Heat in Greenhouses, to be issued
as Atomic Energy of Canada Limited, report AECL-5109.

6) V.R. Puttagunta, Temperature Distribution of the Energy
Consumed as Heat in Canada, Atomic Energy of Canada Limited,
report AECL-5235.

7) R.O. Sochaski and V.R. Puttagunta, The Potential of Nuclear
Energy in the Recovery of Oil from the Alberta Tar Sands,
to be issued as Atomic Energy of Canada Limited, report
AECL-5239.

8) R.F.S. Robertson, The Supply of Steam from CANDU Reactors
for Heavy Water Production, Atomic Energy of Canada Limited,
report AECL-5118.

^Canada Deuterium Uranium
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1. INTRODUCTION

The oil embargo of 1973 and the co-incident rapid escalation

of crude oil prices foreshadows the end of the brief period of cheap,

abundant hydrocarbon fuels upon which the Canadian economy has been

based. The future course of action is not clear. The change has been

abrupt and society does not have a sufficient grasp of this complex new

situation to more than begin to shape and implement new policies.

It is clear that future energy policies must consider two

aspects of the energy supply and demand equation. First of all, the need

for energy conservation is obvious: our past record of extravagant and

often wasteful energy expenditure has resulted in many areas where

significant economies can be made without affecting our standard of

living. The purpose of this report, however, is to examine the other

side of the equation: in what way can we optimize the allocation of

our existing energy supplies so that fuels such as natural gas and

petroleum products, which are becoming expensive and scarce (in the

short term at least), can be conserved for applications for which they

are more suited - i.e. as high energy fuels for transportation and as

raw materials for the petrochemical industry.

The CANDU-PHW* nuclear reactor has been optimized as an

electricity generator. However, in principle, it can equally well

generate heat. The objective of this study was to identify any chemical

process industry with a combined electrical and thermal power requirement

in the region of 1500 MW(t). This power consumption would match the

current size of economically scaled CANDU nuclear reactors. Steelmaking

and the extraction of hydrocarbons from the Alberta tar sands were

excluded as they had already been identified as major energy consumers

and were the objects of separate studies.

CANada Deuterium Uranium-Pressurized fleavy Water
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2. GENERAL APPROACH

The initial survey utilized Statistics Canada. The identity of

the industry, the number of plants and the dollar cost of energy were

used to estimate the power requirement per plant. A value of 0.268 cents

per kilowatt of power, derived from figures for the Pulp and Paper industry,

was used to convert the dollar cost of energy to power consumed. The pulp

and paper industry was chosen as the basis for comparison because it was

the biggest user and had as broad a geographic base as any of the industries

in the significant use category. The objective was to obtain an order of

magnitude estimate of power requirements. Any industry that exceeded 50 MW

per establishment was examined further.

The industries identified as using more than 15 MW per plant

are listed in Appendix A. Pulp and paper, smelting and refining, cement

manufacturing, and industrial chemicals (organic) were the only ones using

50 MW or more per establishment. Cement manufacturing was eliminated from

further study because the temperature required (1280°C) far exceeds that

which can be produced by CANDU reactors.

The pulp and paper, ammonia synthesis, petrochemical, aluminum

refining, nickel mining and refining, caustic and chlorine, and the heavy

water production industries were studied in greater detail. The calculations

are shown in Appendices B, C, D, E, F and G respectively.

3. EXAMINATION OF SPECIFIC INDUSTRIES

3.1 THE PULP AND PAPER INDUSTRY

The total power consumption of the Pulp and Paper industry is

about 10 GW. It is a mixture of 6 percent electrical and 94 percent thermal
(2)

power that could easily be provided by a CANDU reactor . However, there

are about 137 pulp mills in Canada and the average power consumption per mill



is only 70 MW (see Appendix B). Further, 65 MW of that power is thermal.

Pulp mills 15 to 20 times larger than those existing are not feasible

because most pulpwood stands are not large enough and haulage economics

ivould be unfavorable if they were.

3.2 THE AMMONIA SYNTHESIS INDUSTRY

This is one of the major chemical manufacturing industries in

the world. Plants of 550 Mg per day capacity are in operation; plants as

big as 910 Mg/day have been proposed and, indeed, the construction of one

such plant has been approved. The total production, in the United States,

in 1965 was 7.6 Tg. The major use is for fertilizer including nitrates

via ammonia oxidation. Consumption will continue to increase if the

resources can be found because population pressure on the food supply shows

little sign of abating.

The energy requirements of the widely used Haber-Bosch process

and its variants are readily available (see Appendix C). A 910 Mg/day plant

would require 116 MW(t) and 65 MW(e) power. Furthermore, the consumption of

natural gas in reformers to supply the required hydrogen would be the

equivalent of 267 MW(t). Where and when natural gas is not available, coal

can be used to produce the synthesis gas via the water gas reaction.

Virtually all of the thermal energy required is consumed in the

production of the synthesis gas (H2 + N2). The temperature of the synthesis

reaction is about 500°C but a portion of the hydrogen produced can be burned

to supply the need. Nonetheless, the total electrical power consumed by the

largest plavits now visualized is less than 100 MW(e).

Hydrogen could be produced by existing technology via the

electrolysis of water, and nitrogen could be produced by air liquefaction

- each process producing vast amounts of oxygen. In fact, a 910 Mg/day

ammonia plant fed with electrolytic hydrogen and nitrogen derived from air

liquefaction would have a 'by-product' stream of 1450 Mg/day of oxygen.
(2)

The electrolytic hydrogen production would require about 250 MW(e) , and

the air liquefaction for N2 production about 5.5 MW(e). To this must be
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added the 64 MW(e) compressor power for the NH3 reactor for a total of

320 MW(e). At 0.5 cents per kWh(e), and 7 cents per m3 ($2.00 per

1000 scf) of gas, and a credit of $30.00 per Mg of O2, the costs for

energy are $390.00 per Mg for the electrolytic-route and $94.00 per Mg

for current technology (natural gas-electric). Thus, until natural gas

resources have been exhausted, "all electrical" ammonia will not be

economically competitive.

3.3 THE PETROCHEMICAL INDUSTRY

There is great diversity in the nature of chemical manufac-

turing plants using hydrocarbon feed-stocks. Thus, generalizations are

difficult to make and a detailed study of such a varied manufacturing

area would be immensely time-consuming.

Consequently, detailed information was obtained from one

petrochemical-synthetic fiber complex operating in Canada. The Canadian

Celanese plant at Edmonton, Alberta, was chosen because it is a large and

diverse petrochemical operation by Canadian standards and because one of

the contributors was familiar with the operation. Data used were provided

by Celanese Canada (see Appendix D).

The plant uses butane and cellulose as major feed stocks and

generates its own electrical power and process steam via combustion of

natural gas. This plant produces 145-160 Gg of material per year of which

cellulose acetate, pentàerythritol, acetic acid and acetic anhydride are

the major items. The total power consumed is 415 MW(t). Of this total,

20 MW is for process heat applications requiring 500 to 600°C temperatures

and 395 MW is used in the boilers to raise 450 Mg per hour of 4.1 MPa

(600 lbs) saturated steam. Thirteen MW of electricity is extracted from

the steam before it is used for process and space heating.

A nuclear reactor could supply the bulk of.the energy required.

The high temperature energy requirements are small and most processing

temperatures are at or below 300°C. The scale of such an operation would
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have to be increased by a factor of 4 in order to 'match' a 600 MW(e)

CANDU reactor. Internationally there are a number of complexes of this

and greater size. However, it is very doubtful that a manufacturing plant

of such a scale will be built in Canada. The main reason for this is that

we do not have a favorable, long-term, hydrocarbon supply situation. In

addition, more than 90 percent of the output of such a plant would have to

be exported, most of it to already industrialized countries equally capable

of operating such a plant within their own borders.

Nevertheless, a large petrochemical complex could be built

around a nuclear reactor of the CANDU type and utilization of the energy

would be quite efficient. When, where, and whether, cannot easily be fore-

seen. At the moment, over-capacity for the domestic market and formidable

obstacles to international sales plague the existing petrochemical industry

in Canada.

3.4 ALUMINUM REFINING

Aluminum refining is an electrochemical process. Although the

ore must be imported, Canada is a major aluminum exporter because of the

availability of cheap hydroelectric power at locations remote from large

population centers.

(3)Canadian production in 1971 was 1 Tg and, at an average

electrical consumption of 24.2 kWh/kg (Appendix E), this amounted to a

power consumption of 2760 MW(e). A large plant, such as that of Aluminum

Company of Canada Limited at Kitimat, which accounts .for a third of the

Canadian production, would use about 920 MW(e).

Should another major aluminum plant be built in Canada, it

could be powered by two or three 600 MW(e) CANDU reactors. It would be

more logical, however, to build these near the mine or in the consuming

country.
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3.5 NICKEL MINING AND REFINING

The Thompson, Manitoba.operation of International Hickel

Company (Appendix F) used 147 MW(e) of hydro electrical energy and the

equivalent of 33 MW(t) of hydrocarbon fuel in producing 45 Gg of nickel

per year. Most of the energy needs of the Thompson operation could be

supplied by a nuclear reactor with little change in mine operating techniques

or equipment. However, the total energy consumption is less than a quarter

of the output of a 600 ?IW(e) nuclear reactor.

3.6 CAUSTIC AMD CHLORINE

The electrical energy used for caustic and chlorine production

is 2.9 kWh/kg of chlorine or per 1.1 kg of caustic (see Appendix G). The

total Canadian production } of 78 Gg of chlorine per month requires 310 MW

of power. The consumption of electricity by a major plant is about 30 MW.

The costs and hazards of transporting large masses of such cheap basic

chemical mitigates against plants 20 times larger than those presently in

operation.

3.7 HEAVY WATER PRODUCTION

The heavy water requirements of the expanding Canadian nuclear

power industry have spurred the rapid growth of heavy water extraction

capacity in Canada. This chemical process industry has grown from zero to

a 950 Mg per year production rate in just 5 years . The process is

unusually energy intensive because large masses of water must be processed.

Only about 20 g of heavy water can be extracted from 1 Mg of natural water.

Every kilogram of heavy water produced requires 6900 kWh of energy in

contrast to the 24 kWh used to make a kilogram of aluminum. A large plant,
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using current technology, produces 97 kg per hour of heavy water and

uses 67 MW(e) and 600 MW(t). Maximum process temperatures are 130°C

and thus all energy requirements can readily be supplied by a CANDU

reactor. The total load is the equivalent of 250 MW(e).

In fact, tho largest heavy water plant now operating in

Canada utilizes nuclear steam for process heat. It seems probable that

this pattern will continue to develop. The major reasons for this

isolated application of nuclear energy to chemical processing are quite

apparent. The public utility which has, thus far, the major commitment

to nuclear power generation is the major consumer of heavy water and has

undertaken to build and operate its own heavy water production facilities.

For them to utilize their own energy sources and rationalize their siting

of both power stations and chemical plants is obvious and sensible.

As large and energy intensive as these plants are, they still

do not "match" the energy output of a CANDU reactor.

4. DISCUSSION

One possible solution to the mismatch between the demand of

any single industrial plfuit and the output of a CANDU station would be

the development of small, economical, nuclear steam generators of 20 to

120 MW(t) capacity. However, current licensing rules make such stringent

demands on control systems, safety systems, inspection procedures and

staffing requirements that it has been impossible to design an economic

nuclear boiler in these smaller sizes. This situation is unlikely to

change until much more experience is gained from the operation of the

large plants.

The future will, of course, alter the scale of chemical

operations and the sources of energy utilized. It may also bring

reductions in the scale of technically and economically feasible nuclear

reactors. However, changes of an order of magnitude will be required to
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make a major difference to the present situation. There can be no

rational expectation of a large-scale utilization of electrical heat

at the expense of direct heat in the chemical industry. As long as

the efficiency of the thermal generation of electricity remains at

35-40 percent, the large-scale utilization of electrical heat will

remain unattractive except under rather unusual circumstances.

5. CONCLUSIONS

The temperature of the steam from CANDU reactors is adequate

for the majority of chemical processing needs.

No Canadian chemical process industry now existing, or on the

drawing boards, except for aluminum smelting, uses energy in sufficient

quantity to match the output of an economically scaled CANDU reactor.

The probability of any chemical process industry, other than extractive

ones, being scaled up, in Canada, by factors of 5, 10, or 20, is small.

I!: seems unlikely that additional large aluminum smelters

will be built in Canada and not even remotely probable that existing

smelters will be powered by nuclear energy.

We conclude that the major role of nuclear-derived energy

in the Canadian chemical process industry is clearly indicated by the

emerging pattern in the growing heavy water production industry. A

group of chemical and other process industries will be served by a

central nuclear steam and electrical generating station.
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APPENDIX A

APPROXIMATE CANADIAN INDUSTRIAL ENERGY USE 1971

INDUSTRY

Cement Mfg

Fiber and Filament
Yarn Mfg

Glass Mfg

Industrial Chemicals
- Inorganic

Industrial Chemicals
- Organic

Iron and Steel

Lime Mfg

Motor Vehicle Mfg

Petroleum Refining

Pulp and Paper Mills

Smelting and Refining

Tube and Tire Mfg

NUMBER OF
ESTABLISHMENTS

26

13

18

95

35

50

13

22

41

142

25

15

COST OF ENERGY
USED (M$)

27.909

6.116

10.307

39.864

46.009

67.432

5.536

14.316

20.222

232.985

95.280

6.087

^ POWER PER
PLANT (MW)*

46

20

24

18

56

58

18

28

21

70-

163

17

* NOTE: Approximate MW per plant was calculated by assuming 70 MW per
pulp and paper mill (see Appendix B) and by assuming that the
unit cost of power was about the same for all industries, and
then applying the equation:

MW/plant
cost of power

number of establishments x
70 x 142
232.985

SOURCE OF DATA: "General Review of the Manufacturing Industries of Canada",
Catalogue 31-203, Statistics Canada, 1973
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APPENDIX B

POWER USED PER PULP AND PAPER MILL

The total power used per mill was calculated in 3 ways:

METHOD 1

Energy used in pulp and paper in Ontario (1) 1965 = 73.1062 PJ
1968 = 75.3232 PJ

Canadian pulp production (2) 1965
1968

13.220 Tg
15.206 Tg

Ontario pulp production (2) 1965
1968

3.045 Tg
3.306 Tg

Ontario percentage of total 1965
1968

23.03%
21.74%

Number of mills in Canada (2,3) 1965
1968

132
137

Number of mills in Ontario 1965 ca 0.2303 x 132 * 30
1968 = 0.2174 x 137 ^ 30

Power per mill 1 9 6 5 -7.31062, 1 0 " , à , 3.1536x10'

= 77.2727 MJ/s

^ 77.3 MW

1968 = 7.53232 x 10 1 6 x -^r x
30 3.1536 x 10

7 J/s

= 79.6161 MJ/s

^ 79.6 MW
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METHOD 2

Canadian paper shipments (2)

Ontario paper shipments (2)

Ontario percentage of total

Number of Ontario mills

1965 = 9.3685 Tg
1968 = 10.1450 Tg

1965 = 2.5492 Tg
1968 = 2.6227 Tg

1965 = 27.21%
1968 = 25.85%

1965 = 0.2721 x 132 ^ 36
1968 = 0.2585 x 137 % 35

Power per mill 1965 = 7.3106 x 1016 x £ x ^ ^ ^

64.4 MW

J/s

161968 = 7.5323 x 1016 x

68.2 MW

x35 3.1536 x 10y

METHOD 3

Total energy use 1969 (4)

Percentage in pulp and paper use (4)

Pulp and paper energy used in 1969

Number of pulp and paper mills in 1969 (5)

= 1.40639 EJ

= 23%

= 0.32347 EJ

= 138

Power per mill = 3.2347 x 10 1 7 x T^TT x

^ 74.3 MW

x 1 Q 7
J/s

RESULT

Average power use per pulp and paper mill = 72.76 MW — 70 MW
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APPENDIX C

AMMONIA

Process requirements (1)

Natural gas - for H2

- for heat

Electricity

Energy content of natural gas (2)

21900 ft3/ton = 0.68 dnVg

12400 ft3/ton = 0.39 draVg

0.66 MWh/ton =2.62 kJ/g

'v 1000 BTU/ft3

^ 3?.3 MJ/ m3

Thus process energy needs are:

Natural gas - for H2

- for heat

Electricity

Total

25.3 kJ/g

14.5 kJ/g

2.6 kJ/g

42.4 kJ/g

Thus for a 910 Mg/day plant the power needs are:

910 x 103

24 x 3600
x 39.7 = 445 MJ(t)/s

= 445 MW(t)

=27.4 MW(e)

Consider using Nuclear

Electricity generation is ^ 30% efficient

The reforming process for H2 is 75% efficient (1)

Could make H2 by electrolysis

Then energy needed for electricity

0.30
(2.6 + (0.75 x 25.3)) kJ/g = 71.9 kJ/g

For process heat could take steam from before turbines. The energy

needed is then still • 14.5 kJ/g

Total process energy by nuclear

means = 86.4 kJ/g
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Canadian ammonia production (3)

average monthly (1973-74)

daily production (1 month =
30 days)

hourly production

120,000 tons ^ 109 Gg

3.63 Gg

0.15 Gg

Are 9 ammonia plants in Canada (4)

average production per plant M.6.7 Mg/h

Power needed per plant 86.4 x 16.7 MJ/h = 1443 MJ/h

or 400 MW

This would require ^ 120 MW(e) nuclear reactor.

REFERENCES

1. Schreve, R.N., "Chemical Process Industries", McGraw-Hill, New York,
1967.

2. Kirk - Othmer, "Encyclopedia of Chemical Technology", 2nd edition,
Interscience, New York, 1963.

3. "Selected Chemicals", Catalogue 46-002, Statistics Canada, monthly
1973 and 1974.

4. "Canada Yearbook 1973", Statistics Canada, 1974.
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APPENDIX D

PETROCHEMICAL

The following information was provided by Celanese Canada

Limited, Edmonton, Alberta (October 3, 1974) and is quoted with

permission.

ENERGY REQUIREMENTS

Fuel gas 34 MM cu. ft. per day - 96% for boilers
4% for Anhydride furnaces

Steam production 1.050 MM lbs/h - 5 boilers (not at full
capacity)

Electrical power 13,000 kW. /h - 3 generators

PRODUCTION FIGURES

Pentaerythritol

Acetyl products - (acetic acid -
propionic acid - acetic anhydride
- solvents)

Cellulose acetate

Cigarette tow

Fibres (Triacetate only; from
purchased cellulose triacetate)

60-65 MM lbs. per year

160 MM lbs. per year

60-65 MM lbs. per year

20 MM lbs. per year

5 MM lbs. per year
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APPENDIX E

ALUMINUM

Electricity required (1) = 22 - 26.5 kWh/kg

1971 Aluminum production for Canada (2) = 1.0021 Tg

Electricity usage = 1.0021 x 109 x (22-26.5) x 3.6 x 106 x

~ 2.5 - 3.0 GJ/s

= 2500 - 3000 MW

Aluminum production plants (3,4)

—rrv
X 10'

Arvida

Beauharnois

Isle Maligne

Shawinigan

Kitimat

Baie Comeau

Total

20 cells

4

4

6

20

5

59 cells

If new aluminum smelter built would be size of Kitimat or Arvida, i.e. 20 cells,'

electricity needs would be £||^ (2500-3000) MW ^ 850 - 1000 MW

REFERENCES

1. "Chemical Process Industries", McGraw-Hill, 1956.

2. "Statistical Yearbook 1973", United Nations, 1974.

3. "Canadian Chemical Register", Queens Printer, 1971.

4. R.V. Baker, private communication.
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APPENDIX F

NICKEL

During 1973, INCO Manitoba Division used 1 260 000 MWh of hydro

energy to produce 100,000,000 pounds (45.4 Gg) of electronickel. In

addition, approximately 6.5 x 10 gallons of other fuel was used.

Total energy used:

Hydro (1 Wh = 3600 J) = 4.53 x 10 l j J

Other fuel, for heating= 1.04 x 10 J

Total 5.57 x 10 1 5 J

Energy per unit of nickel = 124.4 kJ/g

The total power needed was 5.57 x 10 W % 180 MW
3.1536 x 10 7

of which 147 MW was electrical and 33 MW thermal.

*Assuming 161 MJ/gal.
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APPENDIX G

CHLORINE

Electricity use in Hooker cell (1)

This is average for types S2, S3 and S3A cells.

2625 kWh/ton

^10.4 kJ/g

^ 2.9 kWh/kg

Chlorine production in Canada (2) 'v- 86000 tons/month

^ 78 Gg/month

^2.6 Gg/d

^ 30 kg/s

Total power required 10.4 x 30,000 kW

312 MW

Total power required for all Canadian needs ^ 300 MW(e)

REFERENCES

1. "Chemical Process Industries", McGraw-Hill, New York, 1956.

2. "Selected Chemicals", Catalogue 46-002, Statistics Canada,
monthly 1973 and 1974.
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