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Résumé

On s'est aperçu, en consultant les publications récentes
ayant trait aux effets carcinogênes des produits chimiques venant
de la combustion des combustibles organiques, que le nombre de
cancers mortels et de défauts génétiques découlant de l'emploi
des combustibles fossiles peut être beaucoup plus élevé que celui
dû à l'utilisation de l'énergie nucléaire pour produire la même
quantité d'énergie. En dépit des incertitudes auxquelles donnent
lieu ces estimations, le risque maximal des cancers mortels dus
à des sous-produits carci.iogènes découlant de la production de
l'électricité par n'importe quelle méthode, semble très faible
comparé aux autres dangers de mort qui nous guettent au Canada
et aux Etats-Unis.
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ABSTRACT

A review of recent literature on carcinogenic effects of
chemical products derived from the combustion of organic fuels
suggests that the numbers of fatal cancers and genetic defects
induced by utilization of fossil fuels may be much greater
than the numbers induced by utilization of nuclear power to
produce the same amount, of energy. Despite the uncertainties
involved in these estimates, the maximum risk of fatal cancers
due to carcinogenic by-products associated with the production
of electricity by any of these methods appears to be remarkably
low compared with the risk of other fatal hazards in Canada
and the U.S.A.
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FOREWORD

The present article involves a comparison of the effects of

chemical carcinogens with those of radioactive materials. The

assessment of radiation hazards has already reached a highly

sophisticated stage. Once the radiation dose in vem to the

whole body or a given tissue has been determined, the maximum

carcinogenic hazard can be predicted with considerable confidence,

although the degree to which this hazard might be over-estimated

at very low doses is still open to some question. By comparison,

the quantitative assessment of the carcinogenic hazards of

environmental chemical agents is currently in a less advanced

stage of development. One proposal for the future assessment

of hazards of chemicals is to express doses in reo units to

indicate "rem-equivalent chemical" dose units. If this system

were fully developed, the carcinogenic effect of different

chemicals could be summed in the same manner as those of various

sources of radiation. Recently, in 1977, an International

Commission for Protection against Environmental Mutagens and

Carcinogens (F.H. Sobels, Chairman) vas founded, similar to the

International Commission on Radiological Protection (operating

since 1928, re-organized in 1950) which has exerted such a

profound influence on the safeguards for exposures to ionizing

radiation. A considerable improvement in the quantitative

assessment of the carcinogenic hazards of various chemical agents

may thus be expected in future years. For the time being,

however, comparisons of relative carcinogenicity must necessarily

be based on various personal reviews of the scientific literature

rather than on reviews by authoritative international scientific

committees.

In preparing the present review, the author was

indebted to A.B. Miller, National Cancer Institute of Canada,

Toronto, Ontario, to W.J. McCracken, Workmen's Compensation
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Board of Ontario, Toronto, Ontario, and to R,S. Clark, Labour

Canada, Ottawa, Ontario, for statistical information. The author

is greatly indebted to R. Wilson, Ontario Hydro, to J.L. Weeks,

Whitesheil Nuclear Research Establishment, and to H.C. Birnboim,

J.D. Childs, G. Cowper, N.E- Gentner, G.C. Hanna, A.M. Marko,

H.B. Newcombe, I.L. Ophel, R.V. Osborne, and J.A.L. Robertson at

Chalk River Nuclear Laboratories for invaluable comments on the

text. The author is, as usual, also indebted to C. Walters for

her patience, interest and skill in repeated conversions of hand-

written notes into a legible typescript.
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(A) INTRODUCTION

A great deal of attention has been devoted in the nuclear

power industry to the mutagenic and carcinogenic effects of

ionizing radiation, that is, to the number of hereditary or

genetic defects and to the number of cancers which might be

induced in humans and in other living organisms by given levels

of radiation. Reasonable estimates of these effects have been

derived by various international and national committees {1-3);

these estimates have been very similar. The accepted radiation

protection standards are based on estimates of hazards and are

intended to ensure that any deleterious biological effects of

radiation are held to very low levels and are justifiable by

expected benefits.

Many comparisons of the health hazards of different energy

sources have been published and reviewed in recent years (4-7).

In general terms, most of these comparisons suggest that the

health hazards resulting from coal-fired and oil-fired power

stations are roughly 10-100 times greater than (and those from

natural gas power stations are somewhat smaller than) the health

hazards resulting from nuclear power stations with the same

electrical output. A more recent publication has further compared

the risk, both occupational and public, of "conventional" energy

sources, i.e., coal, oil, natural gas and nuclear power, with

those of other energy sources such as methanol, wind, solar and

ocean thermal power (4a). With the exception of natural gas, all

of the other alternative energy sources were estimated to have a

total maximum risk in man-days lost per unit energy output which

was 3-200 times larger than that for nuclear power (4a).

In general, these comparisons (4-7) have concentrated on

the numbers of industrial accidents involved and on the numbers

of fatalities caused by aggravation of chronic respiratory diseases

(bronchitis, emphysema, asthma) among the general public by the

sulfur oxides released in the combustion of fossil fuels. Although
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values for carcinogenic and mutagenic hazards of radiation have

been included, these comparisons have not included an estimate

of the carcinogenic and mutagenic hazards of the nitrogen oxides

and polycyclic aromatic hydrocarbons derived from the combustion

of fossil fuels or other organic fuels. The purpose of the present

paper is to review recent literature on the carcinogenic and

mutagenic hazards resulting from the utilization of different

"conventional" energy sources.

Most of the carcinogenic and mutagenic hazards to which

humans and other living organisms are exposed derive from other

causes and do not arise from the utilization of any of these

energy sources. The present review will document the above

conclusion and attempt to provide a basis for comparisons with

other hazards.

(B) PRINCIPAL CAUSES OF DEATH la NORTH AMERICA

Table 1 summarizes the principal causes of death in the

U.S.A. and Canada as given by vital statistics records (8,9).

Most of the percentages given did not change appreciably in the

U.S.A. over the 20 year period from 1950 to 1970 (8). The

exceptions are as follows: Early infant deaths decreased by a

factor of 2 while deaths due to infectious and parasitic diseases

(other than influenza and pneumonia) decreased from 4% to 0.8%

in the U.S.A.; both decreases are attributed to improved medical

care. Percent deaths due to cancers other than respiratory cancers

remained virtually unchanged since 1950 but percent deaths due

to respiratory cancers increased by a factor of 2.5 in twenty

years. The increase in respiratory cancers is attributed primarily

to cigarette smoking and follows the general increase in cigarette

consumption with a lag period of twenty years (Fig. 1). The

percent of deaths due to bronchitis, emphysema and asthma has also

increased about 2.8-fold in twenty years (8). Data on deaths

due to these respiratory diseases parallel those on deaths due to
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respiratory cancer in one other notable aspect; in both cases,

the incidence is 4 to 6 times higher in males than in females

(8,9). The difference is again ascribed primarily to smoking

habits.

One of the problems to be considered in this review is how

to make a reasonable estimate of the numbers of respiratory cancers

caused by exposures to agents other than cigarette smoke. Further

data on incidence of respiratory cancers in the general population

are therefore given in Table 2. The earliest reliable data for

Canada are from the year 1930-31; the background of this popula-

tion in 1910-11, i.e., twenty years earlier, would be primarily

that of non-cigarette smokers in a rural environment. Lung

cancer in 1931 resulted in 0.3 deaths/(101* males'year); similar

values are given for the U.S.A. and Denmark in the same year {10).

The lowest value recorded in a group of 23 selected countries in

1971 [12) was 0.2 fatal lung cancers/(10* males'year), which

is not too different from the corresponding value for Canada in

1930-31. Since 1930, the incidence of lung cancer in Canada and

the U.S.A. has risen dramatically (Table 2) and is currently

showing some indications of levelling off in the U.S.A. and in

the U.K. at a value of about 8 fatal lung cancers/dO" males«year).

At present, lung cancers account for about 90% of all

respiratory cancers, the latter including other additional sites

in the respiratory system. Nearly all lung cancers occur in

males over 35 (Fig. 2). Epidemiological studies have therefore

concentrated on this particular group. Assuming a static popula-

tion with equal numbers of males under age 35 and over age 35,

lung cancer incidence per 10 ** males over age 35 can be divided

by two to convert the data to a total life time risk per 10*

males. This conversion factor will be applied in the next section.
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Table 1

Principal Causes of Death in Canada and the U.S.A.

O.S. pop'n. Can. pop'n Can. males
1969 1973 over 35,

1973

Total deaths/dO1* persons-year) 95.2 74.2 202.

% of total deaths caused by:

1. cardiovascular diseases [1]

2. respiratory cancers [5]

3. all other cancers [1]

4. motor vehicle accidents [3]

5. all other accidents [2]

6. influenza and pneumonia [1]

7. other infectious or parasitic diseases [1]

8. bronchitis, emphysema and asthma [4]

9. diabetes [1]

10. suicide [3]

11. cirrhosis of liver [2]

12. congenital anomalies [1]

13. early infant deaths [1]

14. all other causes

5 3 .

3.5)
>17.0

13.5»

2.9)
6.1

3.2»

3 .6

0 . 8

1.7

2 . 0

1.2

1.6

0 . 8

2 . 2

10.3

4 9 .

3.9)
>20.4

16 .5 '

4.0)
[ 8.0

4 . 0 '

3 . 5

0 . 7

2 . 2

2 . 0

1.8

1.5

1 .1

1.6

8 .2

5 4 .

6.3

15.0

1.9

3.1

3 .0

0 . 6

3 .0

1.7

1.4

2 . 0

0 . 1

0 . 0

8 .4

21.3

5.0

Note: The above data are derived from references ( 8 ) and ( 9 ). The numbers
in square brackets after each cause of death represent the ratio of

male/female deaths to the nearest whole number for the Canadian population
in 1973 ( 9 ) .



Table 2

Standardized Death Rates for Cancers of the Respiratory System

Category and Site

161: Larynx

162-3: Lung,
trachea, bronchus

Average total M & F

Sex

F
M

F
M

Minimum
1971

0.006
0.07

0.074
0.21

0.18

(Norway)
(Sweden)

(Egypt)
(Egypt)

Deaths/(10*
Canada
1931

0.16
0.30

0.23+

persons
Canada
1971

0.
0.

0.
4.

2.

.03

.23

.66

.27

60

•year)
U.S.A.
1969-71

0
0

1
7

4

.09

.81

.44

.21

.78

Maximum
1971

0.15
1.09

1.50
8.34

5.84

(Venez.)
(France)

(Scot.)
(Scot.)

Note: Data for Canada, 1931, are from reference (10), where similar values
for Denmark and the U.S.A. in 1930-31 are also quoted. Data for

U.S.A. 1969-71 are from reference (U). Data for Canada, 1971, and for
maximum and minimum rates in a selected group of 22 other countries are
from reference (IS).
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Fig. 1. Cigarette consumption and lung cancer incidence in

males in the U.K. Data are from reference (13), with the last

point for lung cancer incidence in 1971 from reference (12).

The dashed lines represents cigarette consumption while the

solid line indicates incidence of fatal lung cancer.
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Fig. 2. Incidence of fatal cancers in non-smokers (open symbols,

dashed line) and cigarette smokers (closed symbols, solid line)

in the U.S.A. Data are from a study of U.S. veterans by Kahn

(14), The shape of the curve for respiratory cancers is that

expected "wtiere a predominant exogenous agent acting continuously

throughout the lifespan is believed to be the major etiological

stimulus" (15). Most of the cigarette smokers in the U.S. male

populations studied were reported to consume about 20 cigarettes/

day and had commenced smoking at age 15 to 19 (14,16).
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(C) CARCINOGENIC HAZARD OF CHEMICALS FROM THE COMBUSTION OF

ORGANIC FUELS

(i) Cavcinogenia Agents

It has been known for many years that combustion products

can cause cancer in humans. Chimney soot was reported to cause

skin cancer in 1775; coal tar was reported to cause skin cancer

in 1876; and exposure to coal tar fumes was reported to cause

lung cancer in 1936 {17). The chemical constituents responsible

for many of these effects were identified as polycyclic aromatic

hydrocarbons between 1925 and 1935; one of these hydrocarbons,

benzpyrene, is a potent chemical carcinogen (17-19) which

constitutes as much as 1% of the total weight of coal tar

(Table 3).

Polycyclic aromatic hydrocarbons are formed whenever

organic substances are exposed to high temperatures (20).

Energy is released in the process and the aromatic products

are more stable than their precursors ( 20 ). Benzpyrene

consists of five fused benzene rings in two isomeric arrangements;

of the two isomers, only benzo(a)pyrene is highly carcinogenic

and it is this isomer which will be referred to below as

benzpyrene. Approximately ten other polycylic aromatic hydro-

carbons with carcinogenic activity are formed by the pyrolysis

of organic materials (coal, wood, oil, tobacco, etc.) at

500-1000°C (19-22); benzpyrene is the most common and is frequently

used as an indicator for other carcinogenic polycyclic

aromatic hydrocarbons in combustion products.

Benzpyrene is found in most soils and recent marine

sediments in trace amounts; these low natural levels are

attributed to smoke from forest and prairie fires (20). Much

larger amounts are being introduced into the environment in

recent years; appreciable concentrations of benzpyrene are
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present in the air and the surroundings of every major city.

A selection of data from a recent review by Sawicki (19) is

given in Table 3. Most of the benzpyrene in the air is associated

with small, inhalable particulates derived from the combustion

of organic materials {19). The major source of this material

has varied from time to time and from one city to another.

For example, most of the benzpyrene-contaminated particulates

in the Los Angeles area before 1950 were derived from incineration

of garbage; following the imposition of strict regulations in

the 1950's, this source was largely eliminated but was replaced

by combustion of petroleum products for transportation (Fig. 3).

In certain other cities, the major source is still combustion of

coal (19). However, the average concentrations in urban air

in the U.S.A. have been gradually reduced since 1958-59 when

routine measurements were first commenced (Table 3). The

concentrations of other potential carcinogens, notably sulfur

oxides, do not necessarily show similar decreases.

Isolated point sources of high levels of atmospheric

benzpyrene include coal-fired gas works, tar distillation plants

and oil refineries (Table 3). However, the major sources of

benzpyrene in the U.S.A. in recent years appear to be the

combustion of fossil fuels for heat (Table 4) while the major

source in suburban areas, before emission controls were imposed,

was motor vehicles (25).

The detailed mechanism by which benzpyrene and related

polycyclic aromatic hydrocarbons produce cancers and mutations

could involve any of the following known reactions: (a) direct

binding of benzpyrene or its metabolites to DNA, the hereditary

material, (b) intercalation of the benzpyrene molecule between

the stacked bases of the DNA double helix, and (c) the chemical

generation of reactive free radicals (hydroxyl radical, super-

oxide anion) from benzpyrene metabolites in intracellular water

(25a). The latter free radicals are identical with those

produced in intracellular water by ionizing radiation.
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Other classes of potential carcinogens produced

by the combustion of fuels include nitrogen oxides and sulfur

oxides (Table 4). The nitrogen oxides alone are not necessarily

carcinogenic (21) but can under certain conditions lead to

the formation of nitrosamines which are highly carcinogenic and

mutagenic (19,22,26). This reaction is known to occur in the

stomach (19,22,26) and may possibly occur in the air (23).

Nitrosamines are found in the urban atmosphere (19) and in

cigarette smoke a short time after the initial combustion pro-

cess (21). The sulfur oxides are known to increase the number

of lung cancers produced by carcinogenic compounds such as

benzpyrene and to increase the mutagenic effects of certain

amines (19,27), but the major health hazard presented by sulfur

oxides is usually thought to be the aggravation of respiratory

and cardiovascular diseases other than cancer.

In low concentrations, the chemical carcinogens are usually

not detectable by the human senses. In this respect, the chemical

carcinogens are analogous to ionizing radiation at low dose rates.



Table 3

Concentration of Benzo(a)pyrene in Environmental Samples

ng BP/m3 of
air

ng BP/g of participates or
of material

Toronto air 1961-62

Average U.S. urban air:
1958-59
1962
1966-67
1969
1970

Auto exhaust (1962-66)

Vicinity of:
coal-fired gas plant
tar distillation plant
coke oven battery

100 metres from:
coke ovens in carborundum plant
tar paper plant
rubber products plant

Effluent from:
coal-fired power plants
coal-fired unit, intermed. size
coal-fired residential furnace
oil-fired unit, intermed. size
gas-fired unit, intermed. size
municipal incinerator
other incinerators

5.9

6.6
5.
3.3
2.9
2.

4,000.

2,400 - 410,000

100,000 (30,000 - 210,000)

170 -
700 -
21 -

200 -
125 -
15 -

30 -
49 -

2,200 -
20 -
20 -
17 -

11,000 -

860
5,500
1,200

410
135
17

930
7,900
1,500,000
1,900
350
2,700
52,000

500 (7,000 - 330,000)
(5,000 - 3,400,000)
3,100,000 (1,000,000 - 10,000,000)
(5,000 - 65,000)
(17,000 - 170,000)
41,000
70,000 - 1,700,000

Continued next page



Table 3 (continued)

Asphalt 100 - 27,000
Bitumen 26,000
British road tar 20,000,000
Coal tar up to 14,000,000
Coal, bituminous 0.041 - 1
Coal soot 12,000 - 56,000
Wood soot 2,000 - 36,000

Tobacco leaves 4 - 10.»
Cigarette smoke condensate 1,200
Urine of smoker 0.55

Surface waters, uncontaminated 0.001
Ground water, uncontaminated 0.0001-0.0006 ,
Rivers receiving industrial effluents 0.001 - 3

to
Soil, wilderness area 1 - 2
Soil near traffic highway 2,000 '
Soil near oil refinery 200,000

Food:
grains 0 . 2 - 4
roast and fried meat 0.2 - 0.6
grilled or broiled meat 1 - 5 0
smoked foods 0 - 7 8
mussels from isolated areas 0 - 5
mussels from harbor areas • 1 0 - 6 0

Prom Wynder & Hoffmann (21). All other data from review by Sawicki (19).
Note: Values in ng/m3 of air and in ng/g of particulates were, in general, not measured

simultaneously by the same group of investigators; further, the values in brackets
represent concentrations of benzpyrene in the benzene-soluble fraction only of various effluents.
Other data on concentrations of benzpyrene and other carcinogenic polyaromatic hydrocarbons can
be found in a recent review by Neubert (22).
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Table 4

Estimated Production of Atmospheric Pollutants in the U.S.A., 1966

Source Pollutant
Sulfur Nitrogen Particu- Hydro- Benz-
Oxides Oxides lates carbons pyrene

Total in millions of tonnes per year

30.4 17.0 21.5 25.9 0.0013

Percent of total from:

1. Transportation

2. Stationary fuel combustion units
(a) Coal-fired power plants
(b) Oil-fired power plants
(c) Gas-fired power plants
(d) All other units

3. Industrial processes

4. Solid waste incineration

5. Miscellaneous

47 53

43
3

27

24

+

2

16
2
3

19

1

4

8

10

17

27

6

33

3

14

5

25

0
+

38

16

4

36

0.1

Note: All data are derived from references (24) and {25). Most of the industrial
emissions of benzpyrene are associated with coke production (25).

Benzpyrene in the miscellaneous category represents that liberated by forest,
agricultural and coal refuse fires (25) and does not necessarily contribute much
to the high local concentrations of benzpyrene found in urban and suburban
atmospheres.
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Fig. 3. Major sources of combustion aerosols in the Los Angeles

area 1940 to 1968. Data are derived from Pihe et al. (23),

while the concentration of benzpyrene (BP) in the particulate

matter of Los Angeles air in 1958-5 9 is taken from Sawicki {19).
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(ii) Lung Canoer Hazard

Quantitative assessment of the carcinogenic hazards of

combustion products is complicated and depends upon the model

chosen to represent dose-effect relationships. Difficulties

arise from the fact that (a) the benzpyrene content of

particulates in the urban air may vary 200-fold (Table 3),

(b) benzpyrene is thought to be responsible for a small

fraction (19), less than 10% (22), of the total carcinogenic

activity of combustion products, (c) the most sensitive

indicator of expected carcinogenic effects, i.e., lung cancer

incidence, is determined mainly by the habit of inhaling the

combustion products of tobacco, and (d) the carcinogenic

action of other major classes of combustion products, the

nitrogen and sulfur oxides (Table 4), is suspected but is

largely unproven, at least in human populations.

The problem has been summarized as follows by Pike et al.

(23): "The air of our cities contains varying amounts of

substances known to cause cancer in experimental animals. Tars

collected from the air are carcinogenic to animals and transform

cells in culture. It appears reasonable, therefore, to assume

that this air is carcinogenic to us, in particular to our lungs.

The problem arises when we want to quantitate the effect...

Throwing up one's hands in a gesture of despair, however, does

not solve the problem, and it refuses to go away."

Three approaches to this assessment have been used:

(a) an epidemiological study on gas-workers exposed to high

occupational levels of benzpyrene and associated hydrocarbons,

(b) differences in lung cancer rates in urban and rural areas

(Table 5), and (c) a direct linear extrapolation from the known

effects of cigarette smoke, the major source of inhaled combustion

products in the general population, on incidence of lung

cancer (Fig. 4). The results of these approaches are summarized
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in Table 6; this summary suggests that atmospheric pollutants

containing 1 ng benzpyrene per cubic metre of air would be

expected to cause 0.04 to 0.4 fatal lung cancers/(101* males'year).

One might suggest tentative adoption of the geometric mean,

0.12 fatal lung cancers/dO1* males• year) , with a 3-fold range

of uncertainty in either direction, for atmospheric pollution

with combustion products containing 1 ng benzpyrene/m3.

If this figure is correct, then general urban pollution

levels of 6 ng benzpyrene/m3 of air some twenty years ago might

be responsible for about 0.72 fatal lung cancers/ (10** males year)

at present, i.e., for some 10% of all fatal lung cancers in

males or for nearly 0.4% of all deaths (see Tables 1 and 2).

Assuming that more recent urban levels could be maintained at

a lower level of 2 ng benzpyrene/m3 (Table 3), it would be

expected that the percent of all deaths due to urban pollution

twenty years in the future would be about one-third of the

above values.

The above calculations all assume a linear relationship

between dose of combustion products and number of cancers

induced. This assumption seems justified on the basis of the

available data for carcinogenic effects of cigarette smoking

(Fig. 4); there is no indication that smoking, for example, two

cigarettes per day has less than one-tenth the effect of

twenty cigarettes per day. If anything, the data suggest that

the linear hypothesis might underestimate slightly the effects

of low concentrations of inhaled combustion products.

Observed differences in rates of lung cancer in rural and

urban areas (Table 5) include the effects of past occupational

exposures of a small number of predominantly male workers to

more heavily polluted atmospheres in certain industries, e.g.,

coal-fired gas works, tar distillation plants, oil refineries, etc.

The latter point does complicate a simple interpretation of the



- 17 -

epidemiological data. Hammond (36) has concluded that, after

possible exposures to occupational carcinogens and cigarette

smoke are taken into account, "there was no firm evidence in

support of the hypothesis that general urban air pollution

increases the risk of lung cancer to an important degree,

if at all". A similar conclusion has been suggested by the

Royal College of Physicians of London (39) but has not been

unanimously accepted (23, 25,37) and assumes that the dose-response

curve is not linear.

Similar problems are encountered in attempts to measure

the carcinogenic effects of very low levels of asbestos (4Q),

of radioactive nuclides (41), or any other carcinogen by direct

epidemiological studies of human populations. We have chosen

here to estimate the carcinogenic hazards of low levels of

combusLion products on the basis of a non-threshold, linear

extrapolation model (a) in order to provide a comparison with

the carcinogenic hazards of ionizing radiation and (b) since

other cancer epidemiologists have concluded that the most

reasonable way to sum the effects of different chemical carcinogens

in our present state of knowledge is by simple arithmetic

addition (23,37,42), i.e., by the assumption of a linear dose-

response relationship. Moreover, as noted previously, the

observed dose-response curves for the effects of inhalation of

combustion products from cigarettes do not suggest any safe,

threshold level of exposure (Fig. 4).

All of the above data (Tables 5 and 6) refer to lung

cancer incidence in males. The incidence of lung cancer in

females is considerably smaller (Table 2), either because

past exposures to inhaled carcinogens have been smaller in the

case of females, or possibly females may in fact be hormonally

less susceptible than males to chemical induction of lung

cancer by benzpyrene (23). In order to take these possible
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hormonal differences in susceptibility (23) into account, it

could be assumed that the number of lung cancers induced by

inhalation of a chemical carcinogen in females might be any-

where between 20% (Table 2) and 100% of the number induced in

males. A reasonable average for numbers of lung cancers induced

in a mixed population of males and females would then be 80%

(range 60-100%) of the numbers induced in males.
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Table 5

Effect of Urban vs. Rural Environment on Death Rates from
Lung Cancer in Males over Age 35

Area studied and
reference quoted

London, U.K. (28)

Teeside, U.K. (29)

S. Africa (30)

Dublin, Ireland (30)

Liverpool, Wales (31)

San Francisco, California (32)

U.S.A. (33)

U.S.A. (34)

Average

Deaths/(10" males over
Rural or

mainly rural
Non-
smoker

-

2.9

0.8

1.0

2.2

1.1

0.4

(0.24)

1.2
±1.0

Cig.
smoker

-

6.0

2.3

7.4

14.9

10.8

5.1

(6.9)

7.6
14.1

3 5- year)

Urban
Non-

smoker

-

2.0

1.9

3.6

5.0

4.4

1.2

(1.5)

2.8
±1.7

Cig.
smoker

-

16.9

6.5

28.8

26.8

14.6

8.6

(9.5)

16.0
±8.9

Ratio
Urban/Rural
Non-

smoker

1.1

0.7

2.4

3.6

2.3

4.0

3.0

(6.2)

2.9
±1.7

Cig.
smoker

-

2.8

2.8

3.9

1.8

1.35

1.7

(1.4)

2.3
±0.9

Note: Data from Table V of reference (28) are for Greater London vs. rural
areas; ratio urban/rural may be less than 1 for "other urban areas".

Data from reference ( 31) are for rural areas of north-west Wales where the
benzpyrene content may be as high as 7 ng/m3 of air {23), i.e. similar to that
in urban areas of the U.S.A. (29). Data for the two major studies on U.S.
populations (references S3 and 34) both indicate a clear gradation in
incidence of lung cancer with various degrees of urbanization. For example,
the ratio in urban/mainly rural areas for all men studied by Haenszel et al.
(33) is 2.0; this ratio increases to 3.7 when males living in a metropolis of
more than 500,000 population are compared with males living on farms. The
bracketed data from Hammond & Horn (34 ) exclude adenocarcinomas of the lung;
these particular cancers accounted for about 10% of all lung cancers in this
study and were not thought to be directly related to cigarette smoking.
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Table 6

Estimates of the Number of Lung Cancers Caused in Males by
Inhalation of Combustion Products with 1 ng Benzo(a)pyrene

(BP)per Cubic Metre of Air

Reference Method of calculation Fatal lung cancers
/(lu" males-year)

with 1 ng BP/m of air

Hammond ( 36)

Carnow ( 3?) and
National
Academy of
Sciences (25)

Pike et al. ( 23)

Present review

Present review

Study of U.S. population

Data on smokers and non-
smokers in urban and
rural areas: 1 ng BP/m3

produces 5% increase in
lung cancer deaths

Data on British gas-workers
and on smokers and non-
smokers in urban and
rural areas

Linear extrapolation from
effects of cigarette
smoking (Fig. 4)

Increase in lung cancer
in non-smokers in urban
areas of the U.S.A.
(Table 5)

No effect proven

0.21 - 0.36(a)

0.04 - 0.14 (b)

0.32 (c)

0.07 - 0.28 (d)

(a)

(b)
(c)

0.05 times lung cancer incidence for males in Canada and the U.S.A. as
given in Table 2.
Values quoted directly from reference ( 23) .
20 cigarettes/day is equivalent to about 600 ng BP or benzpyrene (22)
or to breathing 20 m3 of air (28) containing 30 ng BP/m3 each day.
20 cigarettes/day for about 50 years causes about 14 fatal lung cancers/
(1011 males over age 35-year) (Fig. 4) or 7 lung cancers/(lO* males-year)
in a zero-growth population. On a linear extrapolation model, 1 ng
BP/m3 of air for 50 years would produce 0.23 lung cancers/(lO1* males-year)

,d.or 0.32 lung cancers/(1011 males-year) for 70 years exposure.
Urban environments produce an increase of 0.8-3.3 fatal lung cancers/
(10" males over age 35-year) in the U.S.A. (Table 5). These values
were divided by 2 to correct to males of all ages in a zero-growth
population and further by 6 to correct for an average concentration of
6 ng BP/m3 in U.S. urban air in 1958-60 (Table 3).
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Fig. 4. Correlation between incidence of lung cancers in males

over 35 and reported number of cigarettes smoked per day. Data

are taken from references (.14), (IS) and (35). The solid line

indicates a linear extrapolation model; the dashed lines are

personal estimates of a best fit to the derived data. One of

the possible explanations of the discrepancy between these two

lines is that persons who smoke few cigarettes per day may tend

to associate in enclosed spaces with persons who smoke many

cigarettes per day (H.B. Newcombe, personal communication);

other explanations are also possible.
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(Hi) Total Cancer Hazard

The inhalation of combustion products from cigarettes is

known to produce an excess of other cancers in addition to lung

cancers (Table 7). The Kahn study (14) showed an excess of

other cancers equal to 50% of the excess number of lung cancers

in U.S. males over age 35 (Table 7) while the Hammond study

showed a slightly higher excess, 64%, for U.S. male age 45

to 79 (16). If we use the average value from these two studies,

inhalation of combustion products would be expected to induce

0.22 cancers at sites where the inhaled products would be

concentrated (buccal cavity plus pharynx plus larynx plus

esophagus plus bladder) and 0.35 cancers at all other sites

for each lung cancer induced in males. The total calculated

carcinogenic effect of 6 ng benzpyrene/m3 of urban air would

thus be increased from 0.72 lung cancers to 1.1 fatal cancers/

(101* males-year) (Table 8), again with a 3-fold order of

uncertainty in both directions. For a mixed population of

males and females, the total cancer hazard might be about 80%

of this value or 0.9 fatal cancers/(lO1* persons*year) .

One can further subdivide this total according to the

source of atmospheric pollutant, using the ranges given in

Table 4 for overall production of the three primary suspected

categories of carcinogens and co-carcinogens: sulfux oxides,

nitrogen oxides and polycyclic aromatic hydrocarbons such as

benzpyrene. The values (Table 8) are rather imprecise.

Combustion of fossil fuels for heat plus electricity might be

expected to be responsible for any value between 3% and 73%

of the total fatal cancers caused by atmospheric pollution in

urban areas, with 0.1% to 46% being caused specifically by

the combustion of fossil fuels for production of electricity

(Tables 4 and 8) .
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In one approach to a reasonable quantitative estimate,

the geometric mean of the range 0.1% to 43% (Table 4) can be

used to calculate the carcinogenic and co-carcinogenic potential

of chemical effluents (sulfur oxides, nitrogen oxides and poly-

cyclic aromatic hydrocarbons) from coal-fired power stations.

Assuming that 2% (range 0.1% to 43%) of all fatal cancers

caused by urban atmospheric pollution are due to coal-fired

plants, that 0.9 fatal cancers/ (101* persons* year) are on

the average caused by all urban air pollution, and correcting

for the fact that coal-fired stations produced about 0.48 kw

electricity per person in the U.S.A. in 1972-74 {8a), then

the chemical effluents from coal-fired power stations producing

1 kw per person would be predicted to cause about 0.04 fatal

cancers/dO1* persons*year). The carcinogenic risks suggested

by the National Academy of Sciences (25) (Table 9) would lead

to a 3-fold higher estimate, i.e., about 0.12 fatal cancers/

(1011 persons-year) .

An estimate in the region of 0.1 fatal cancers/ (101* persons-

year) with a 20-fold or greater range of uncertainty in both

directions would therefore appear to be reasonable for a coal-

fired power station producing 1 kW electricity per person.

As will be shown in the next section, the carcinogenic hazards

of nuclear power, again assuming that the linear dose-effect

relationship is correct (1,3,25) should be approximately

one hundred times smaller. The chemical effluents from power

stations using oil or natural gas should be considerably less

hazardous than those from coal-fired power stations (Tables 3

and 4) but should, on the basis of the same calculations, be

greater than those from nuclear power stations producing the

same amount of electricity.
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Table 7

Effect of Cigarette Smoking on Cancer Deaths in U.S. Males
over Age 3 5

Category and Site Cancer deaths/(IP1* males over 35»year)
Non-smokers Cigarette Increase due

smokers to cigarette
smoking

140-148: buccal
cavity and pharynx

150: esophagus

161: larynx

162-163: lung,
trachsa, bronchus

181 (now 188-189):
bladder

All other sites

Total

0.3

0.3

0.1

1.8

1.2

24.1

27.7

1.5

1.1

0.6

15.9

2.1

27.7

48.8

1.2

0.8

0.5

14.1

0.9

3.6

21.1

Note: All values are derived from reference [14). Similar values
can be derived from reference (16). The category numbers

given are those recommended for diagnostic classification by the
international cancer agency (ICDA) and used in most vital statistics
reports.
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Table 8

Suggested Number of Cancers Induced in Males by Life-Time
Inhalation of Combustion Products with 6 ng Benzpyrene/m3 of Air

Description Fatal cancers/
(10u males*year)

Location of cancer:

(a) Lung 0.7
(b) Selected sites (buccal cavity, pharynx, 0.16

larynx, esophagus, bladder)
(c) All other sites 0.25

Total 1.1
(range 0.4-3.3)

Source of pollutant (Table 4 ) :

(a) Transportation 0.02-0.55
(b) Combustion of fossil fuels for heat 0.03-0.80

and electricity
(c) Industrial processes 0.01-0.26
(d) All other 0.02-0.50

Total 1.1
(range 0.4-3.3)

Note: The susceptibility of females to lung cancer induced by
inhalation of combustion products may be anywhere from 100%

to about 20% of that of males (23) . Allowing for this possibility,
the total number of fatal cancers induced in a mixed population might
reasonably be assessed at 0.9/tlO1* persons «year) .
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(D) CARCINOGENIC HAZARD OF IONIZING RADIATION

The carcinogenic hazards of exposure to ionizing radiation

have been reviewed many times (2-S}6, 7,44-50) and can therefore

be summarized briefly here. Natural background radiation levels

of 100 millirem per year for life are predicted to cause about

0.12 fatal cancers/(101* persons year), assuming a linear

relationship between radiation dose and number of fatal cancers

induced (Table 9). This represents about 0.14% of all deaths

in the U.S.A. and Canada. The major increment in radiation

exposures is derived from the use of X-rays for medical

diagnosis of potential diseases (Table 9); the most recent

estimate indicates an average of 100 millirem per year to the

bone marrow of each person in the U.S.A. (2). On the basis of

a linear dose-effect relationship, medical X-rays would be

predicted to be responsible for about 0.14% of all deaths in

North America.

The average radiation doses to the general public from

the nuclear power industry are currently minute (0.003 millirem

per year in 1970) (3) but are increasing as the nuclear

power industry expands. Predictions for the future range from

about 0.4 millirem per year by the year 2000 to about 0.6

millirem per year to the general public (excluding occupational

exposures) if each person were to be supplied continuously with

1 kw of electrical power from nuclear sources (Table 10) .

These exposure levels represent the integrated effect over

50 years of all radionuclides incorporated per year of exposure

and include all phases of a hypothetical nuclear power industry,

i.e., mining, milling, reactor operation, reprocessing,

transportation, waste management and accidents (5., 50). The

value of 1 kw of electrical power per person can be compared

with the average utilization of 1.4 kw per person of

electrical power from all sources in Canada, of which 19%

or 0.27 kw per person was derived from the combustion of

fossil fuels {43) , and with an average utilization of

1.06 kw per person in the U.S.A. in 1973, of which 81%

or 0.86 kw per person was derived from the combustion of
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fossil fuels (8b). Thus, predictions for the future suggest

that the nuclear power industry could conceivably be responsible

for 0.0007 fatal cancers/(101* persons year) among the general

public in North America by the year 2000 (Table 11). Despite

the uncertainties involved in both estimates, it is apparent

that these suggested values for fatal cancers caused by nuclear

power (Table 11) are 50 to 1000 times lower than the calculated

numbers of fatal cancers in the general public caused by

combustion of fossil fuels for heat plus electricity in recent

years (Table 8).

The current design target for nuclear power reactors in

Canada is less than 5 millirem per year for persons living 24

hours per day at the boundary line. This level is routinely

achieved at the Pickering reactor (47), all concentration

factors in critical environmental food-chains being taken

into consideration. A value of 2 millirem/year or 0.002

fatal cancers/(10" persons*year) would seem a reasonable average

for the population living in the immediate vicinity of a

nuclear reactor (Table 11) (6,47).

The combustion of organic fuels for energy also affects

the concentration of radioactive materials in the atmosphere.

Eisenbud and Petrov (52) first drew attention to this question

and suggested that the biological effects of the radioactive

elements in the combustion products from a coal-fired power

station might be greater than those in the effluents from

a nuclear power station. Ilyin et. a_l. (S3) have recently

calculated that persons living near a 1000 MW coal-fired

power station in the U.S.S.R. could in theory be exposed to a

carcinogenic radiation hazard 30 times greater than that of

persons living near a 1000 MW nuclear power station in the

U.S.S.R. (Table 11). This particular calculation seems to

include the effects of those radionuclides from a coal-fired

power station which are deposited on the ground (5 3) and does

not appear to take account of the fact that the concentrations
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of radioactive elements in the coal fly-ash deposited on the

ground are r ot necessarily much different from the natural

concentratio is of radioactive elements in the local soil (5) .

A different estimate by Martin e_t a^. (5) is based only on

the amounts of radionuclides inhaled by persons living in

the down-wind plume from a coal-fired power station in the

U.S.A. This latter calculation suggests that the local

carcinogenic hazards of radionuclides from a coal-fired power

station should be similar to but slightly smaller than the local

carcinogenic hazards resulting from 2 millirem/year from a

nuclear power station (Table 11). The calculation was based

on direct measurements of radium and thorium in the air 3 to S

km down wind from a coal-fired power station which burned coal with

a radionuclide content similar to that of many other coals

(5,53) and which operated with 97.5% removal of the fly-ash

containing these radionuclides (5). More stringent standards

on emission of other, potentially more toxic materials from

coal-fired stations would, of course, be expected to decrease

the local radiation hazards of these stations while less

stringent standards could easily increase the radiation hazards.

However, the values obtained by Martin et a_l. (S) do provide

an approximate estimate of the local radiation hazard from an

operating coal-fired power station in North America at present.

The most recent United Nations report (2) includes an

estimate of the average dose in millirads * caused by inhalation

of alpha-emitters by persons living within 500 km of coal-fired

power stations. Assuming 1 kw per person from coal-fired

stations and using a quality factor of ten to convert doses of

alpha-radiation from millirads to millirems [1,2), the average

carcinogenic effect of the inhaled radionuclides on this

population is about one-twentieth of that predicted for a

nuclear power industry producing 1 kw per person (Table 11).

*1 rad = 10 mGy or 1 millirad = 10
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Various other estimates of radiation hazards from coal-

fired power stations are currently being compiled (Table 11);

these tend to be in the same range as those suggested by

Martin et al. (5) and the United Nations report (2). There

is also currently some debate as to the quality factor which

is most appropriate for calculation of rem doses from alpha-

emitters such as those released by coal-fired plants. Further

minor revision of these particular data may therefore be

anticipated.

The calculations on local carcinogenic effects of radio-

nuclides from coal-fired and nuclear power stations do not

present a complete or balanced account cf relative carcinogenic

effects on the total population of the world. Expansion of

the nuclear industry is predicted to produce a small world-

wide increase, approximately 0.07% of the natural background

level of 100 millirem/year, by the year 2000 (3,50). Since

fossil fuels contain less carbon-14 than currently present

in the biosphere, continued expansion of the combustion of

fossil fuels (coal, oil, natural gas) is predicted to produce

a small world-wide decrease of approximately 23% in relative

concentration of carbon-14 by the year 2000 or a decrease of

0.2% in natural background levels, in the absence of any other

perturbing factors (2). The net carcinogenic effect of radio-

nuclides liberated by the combustion of fossil fuels should

thus be slightly negative (i.e., a slight decrease in cancer

incidence) when world-wide exposures to all radionuclides are

taken into consideration (Table 11). This calculation concerns

only the effects of radioactive elements from combustion of

coal and does not, of course, include the much larger effects

of the carcinogenic chemicals produced by combustion of fossil

fuels (Table 8).
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Calculations of the effects of the nuclear power industry

are frequently expressed in terms of the collective dose

commitment, integrated over total world populations for many

thousands of years, that results from the release of long-

lived radionuclides into the environment (2,6,50). This

approach is extremely useful in that it allows for the effect

on future generations of products which are being produced at

present. The resulting values are in the range of 1-4 man-rem

to the general public per MW*year (2) or 1-4 millirem integrated

over many generations per kW-year*person (Table 10). When

occupational exposures are added to those of the general public,

the total future global dose-commitment resulting from a nuclear

power industry which includes fuel reprocessing is predicted to

fall in the range of 2-8 man«rem per MW*year (2,6,7,50).

Unfortunately the data for calculation of the corresponding

dose commitments resulting from carcinogenic chemicals released

by combustion of fossil fuels are not available, so that

reasonable comparisons cannot be made in these terms.

In order to complete the survey of radiation hazards from

various energy sources, other additional points could be

mentioned. Combustion of wood or other organic materials from

the contemporary biosphere would be expected to produce

approximately the same radiation hazard as combustion of coal

in the immediate, local vicinity of the combustion if other

conditions of combustions were similar in both cases; on the

other hand, combustion of contemporary organic materials would

not result in a world-wide decrease in natural background

levels of radiation since the relative concentration of carbon-

14 in these materials is similar to that normally present in

the remainder of the biosphere. The yearly emission of radium

from a 1000-MW oil-fired power plant is roughly 100 times less

than that from a 1000-MW coal-fired plant (4). The local

radiation hazards from an oil-fired (or gas-fired) plant are
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thus negligible in comparison to those from a coal-fired or

a nuclear power plant, while the effects on world-wide back-

ground radiation levels should be similar to those of a coal-

fired plant. Natural gas does contain appreciable amounts of

radon-222 but the average increment in radon concentrations in

a household using natural gas would appear to be very small

compared to the radon which emanates from the soil and from

the construction materials of the building {2,54). The major

carcinogenic hazard from the combustion of any type of organic

fuel is, therefore, that caused by the chemical carcinogens

produced (Table 3).
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Table 9

Predicted Number of Fatal Cancers Induced by Life-Time
Exposures to Various Radiation Levels

Description Radiation Fatal cancers/
levels in (101* persons*year)

millirem/year

Average normal background in 250 0.31
Colorado State

Normal background in 100 0.12
most areas

Increment due to medical 100 0.12
X-rays in 1970

Increment due to nuclear 0.003 0.000004
power in 1970

Note: Calculations are based on the prediction that 100 millirem or
1 mSv would produce 0.125 fatal cancers/10** persons in the

general population (1). The average annual dose to the bone marrow
from medical X-rays in the U.S.A. in 1970 is given as 103 millirem/
year in the most recent United Nations report (2). Radiation doses
in millirem/year can be converted to mSv/year by dividing by 100.
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Table 10

Estimates of Future Increments in General Radiation Levels for the
Public as a Result of the Nuclear Power Industry

Source of Increment

Increment in U.S.A.:

(a) Mining, milling and
fabrication

(b) Reactor operation
(c) Reprocessing
(d) Transportation
(e) Waste Management
(f) Accidents

Total

World-wide increment:

(a) Tritium
(b) Krypton-85
(c) Carbon-14

Total

Increment in millirem/year
BEIR (2):
year 2000

0.17
0.2

0.37

0.03
0.04
(0.003)

0.07

Pochin (6) :
1 kw/
person

0.1
0.43
0.004

0.05

0.6

_

-

GESMO (50):
i kvy
person

0.08
0.36
0.0001
0.000002
included

0.44

-

0.03

Note: The value in brackets for carbon-14 contribution is from
reference (52). World-wide increments in radiation levels

are attributable mainly to fuel reprocessing {2,50). Radiation
doses in millirem/year can be converted to mSv/year by dividing
by 100.

Radon from mine and mill tailings is not expected to be
detectable at appreciable distances (2,6,50). However, predictions
of the amounts of radon released from tailings over many thousands
of years can be made {SO). When total dose commitments from radon,
carbon-14 and other long-lived radionuclides are integrated over
all time on a world-wide basis, the projected values become 1.5
(6) or 1.1 {5 0) millirem per kw*year per person for a nuclear
power industry which includes fuel reprocessing. Similar values, in
the region of 1 to 4 man«rad per MW*year, or 1 to 4 millirem per
kW«year per person, are suggested in the most recent United Nations
Report (2) for "total collective dose-commitment in the future" to
the general population. These values do not include occupational
exposures; the total future global dose commitment including occupationa
exposures is estimated at 2 to 8 man«rem per MV7«year (2,6,50).
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Table 11

Local and Projected World-Wide Effects of Radioactive Elements
Released from Nuclear and Coal-Fired Power Stations

Description of situation Increment in
radiation levels
in millirem/year

Increment in
fatal cancers/

(101* persons year)

Local effects:

(a) average due to inhalation of radio-
nuclides from coal-fired power
stations supplying 1 kW per
person (2)

(b) average due to a nuclear power
industry (with fuel reprocessing)
supplying 1 kW per person
(Table 10)

(c) living near a 1000 MW nuclear
power station, U.S.S.R. {S3)

(d) living in the discharge plume
3-8 km from a 1000 MW coal-
fired station at Widow's Creek,
U.S.A. (5)

(e) living 1.6 km from the nuclear
power station at Pickering,
Canada (4?) .

(f) living within 18 km of a 1000
MH coal-fired station operating
for 20 years, U.S.S.R. (53)

+0.
+0.

+27
+7.

2
1

4

to
to

+0.

to
to

+ 2

bone
lung

.5

bone
lung

and

or

+0.00003

+0.0006

+0.0008

+0.0014

+0.0025

+0.024

World-Wide effects in year 2000:

(a) nuclear power (Table 10)
(b) fossil-fuel power (2)

+0.03 to +0.07
-0.2

1+0.00009
-0.0002

Note: Unless given specifically in the original publication, the number of
fatal cancers was calculated from the values given in ICRP 26 (1).

Radiation doses in millirem/year can be converted to mSv/year by dividing
by 100.

Other more recent estimates of the effects of radionuclides emitted
from coal-fired power stations range from 0.04-0.35 millirem/year (Health
Physics Society Newsletter, vol. 6, no. 3, p. 7, March 1978) to 2 millirem/
year whole body dose (British Nuclear Energy Society Newsletter "Nuclear
Energy", vol. 17, no. 1, p. 10, January 1978).
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(E) GENETIC HAZARDS

It is thought that a radiation dose of 100 millirem to each

parent should produce about 0.1 genetic defects/101* offspring

in the first two generations (1) and 0.2 to 0.3 genetic defects/

101* offspring at equilibrium when the parents in each generation

received the same radiation exposure for many generations {2,3).

Assuming an average of 30 years per human generation, an average

life-span of 75 years and a static population with zero growth,

then natural background radiation levels of 100 millirem per

year should produce £0.12 genetic defects/(10" persons«year)

(Table 12) . This value is essentially tlie same as the predicted

number of fatal cancers induced by 100 millirem per year (Table 9)

Many of these genetic defects are readily treated while some

result in a drastic shortening of the life span; accurate data

on overall effects are not yet available. For the present

purpose, we shall treat the numbers of genetic defects as

equivalent in severity to the numbers of fatal cancers. As a

first approximation, it can be thus assumed that the equilibrium

number of genetic defects produced by life-time exposure of

the whole population to any given dose of external radiation or

of uniformly distributed internal radionuclides (tritium, carbon-

14) is approximately equal to the number of fatal cancers induced

by the same radiation exposure (Table 12). A local population

exposed to 2 millirem per year in the immediate vicinity of a

nuclear power reactor for many generations should thus exhibit

an excess of <0.002 genetic defects/(101* persons• year).

No quantitative estimate of the genetic hazards of chemical

combustion products appears to have been published. It is known

that benzpyrene and other combustion products do produce genetic

alterations in lower organisms (19,22) and it is reasonable

to assume therefore that similar effects would be produced in

humans. Furthermore, benzpyrene (Table 3) and mutagenic materials

(55) are found in the urine of cigarette smokers; in fact,
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benzpyrene can be detected in the tissues of adults and of new-

born infants {19). Some portion of these inhaled combustion

products must therefore be distributed to all parts of the body

via the general circulation. As a first approximation, one

might, by analogy vith the effects of ionizing radiation,

suggest that the number of genetic defects induced by life-long

inhalation of urban atmospheric pollutants containing 6 ng

benzpyrene/m3 of air for many generations would be approximately

the same as the number of fatal cancers induced at non-specific

sites (Table 8). This suggested estimate would be equivalent

to £0.25 genetic defects/dO1* persons«year), and is thus roughly

100 times greater than that produced by 2 millirem per year in

the immediate vicinity of nuclear power stations (Table 12).

Both values are, however, very small in comparison to the normal

incidence of 6-10% genetic defects in the human population

(2,3); for a static population with an average life span of

75 years, the normal incidence at birth corresponds to

approximately 10 genetic defects/(10" persons-year) (Table 12).
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Table 12

Estimate of Numbers of Genetic Defects in Human Populations
Under Various Equilibrium Conditions

Description of condition Genetic defects/
(10 persons*year)

Normal level (in zero growth population) 8. to 13.

Increment caused by:

(a) Urban air pollution (at 1958-60 level) </).25
(b) Normal background radiation <0.12
(c) Medical X-rays (at 1970 level) <0.024
(d) Living 1.6 km from the nuclear power £0.0024

station at Pickering, Canada

Note: In view of the failure to detect increments in the number of
genetic defects in the children of parents who were exposed to

high radiation doses at Hiroshima and Nagasaki (3), it is possible
that all of the values given above for increments in genetic defects
caused by radiation and urban air pollution may be over-estimated.

Methods of calculating numbers of genetic defects are discussed
in the accompanying text. Normal background radiation levels were
taken to be 100 millirem/year as in Table 9 and increments in radiation
levels in the vicinity of the Pickering reactor were taken to be
2 millirem/year as in Table 11. The genetically significant dose from
medical X-rays in the U.S.A. in 1970 was taken to be 20 millirem/year
(2); this value is one-fifth of the average bone marrow dose for the
same year (Table 9 ) .
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(F) OCCUPATIONAL RISKS

Occupational hazards to workers in the nuclear power industry

have been considered in detail elsewhere (1,2,6,49,50,56-59)

and are summarized in Table 13. In this table, the total number

of fatal cancers or other fatal prescribed diseases has been

corrected for the effects of latent period on life span in order

to provide a more accurate comparison with numbers of immediately

fatal accidents. A similar correction was not applied in

previous tables on fatal cancers induced by life-time exposures

of whole populations; in this case, the magnitude of the

correction for life-time exposures is relatively small.

The number of lung cancers induced by inhalation of radio-

nuclides by uranium miners was calculated by two methods: The

lower value given in Table 13 was calculated from data given

in the BEIR report of 1972 (3) which suggests 6.5 fatal lung

cancers per million persons per year and per WLM after an

initial latent period of 15 years (where one WLM corresponds

to 170 hours exposure to an atmosphere containing radon daughters

that will produce 1.3 x 105 MeV of potential alpha energy per

litre). The most recent United Nations report (2) suggests a

range of 5 to 10 lung cancers per million per year and per WLM

with no allowances for initial latent period; the higher value

given in Table 13 was calculated from the maximum risk estimate

suggested by the United Nations report (2). In the past,

exposures to high concentrations of radon daughters in the region

of 50-1000 WLM/year have resulted in a high incidence of lung

cancers among uranium miners (58,59). When exposures to radio-

active materials are controlled to about 1 to 4 WLM/year as

they are at present in Ontario (58), the U.S.A. and France (2),

the major occupational hazard to uranium miners in terms of

life expectancy appears to be immediately fatal accidents (Table 13).
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The risks of fatal cancers or other fatal diseases associated

with occupations other than uranium mining are not yet as clearly

defined as are those for uranium miners. The average annual

exposures to radon daughters in non-uranium mines in six other

countries in 1972-76 were 0.9 to 8.8 WLM/year according to the

most recent United Nations report (2). Thus the current risk of

lung cancers being induced by radon daughters in the uranium

mines at Elliot Lake, Ontario (58) should not be appreciably

greater than that for radiation-induced lung cancers in many

non-uranium mines on the average.

A high risk for cancers associated with occupational ex-

posures to other carcinogenic agents has been associated with

past practices in a number of other industries, in addition to

mining, before exposure levels were controlled. For example,

over 1 in 5 of the deaths in workers in certain East German

asbestos factories were due to lung cancer induced by asbestos,

while 1 in 8 of the deaths in vinyl chloride polymerization

workers in the U.S.A. were due to induced liver cancer (60,61).

Workers exposed to high concentrations of benzene vapour from

solvents in various industries had a high risk of fatal

leukemia {60,61). Workers exposed to aromatic amines (benzidine,

3-napthylamine) in the dyestuff industry had about 30 times the

risk of the general population for fatal bladder cancer (60,61).

It has been suggested from various epidemiological studies that

18% to 33% of bladder cancers in males in the U.S.A. and in the

U.K. were caused by occupational exposures to various carcinogens

(62). Data obtained by Miller (63) indicate similarly that 10% to

35% of bladder cancers in males might be due to various occupa-

tional exposures in Canada. From data on incidence of fatal

bladder cancers in males in Canada in 1973 (12) , it can thus

be calculated that 0.1-0.3 fatal bladder cancers/(101* males over

age 20^year) might be caused by occupational exposures to various

chemical agents in various manufacturing industries.

A recent review suggests then that, on the whole, 1 to 5% of

all fatal cancers in U.S. males could be caused by occupational
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exposures to various carcinogens (6 4) . Using the geometric mean

of this range, this estimate would be equivalent to about 0.36

fatal cancers/(10'* males «year), with a 2-fold range of uncertainty

in both directions. The suggested value for females is, as yet,

much lower (64) and the average for the whole population should

therefore be about 0.2 fatal cancers/(10'' persons«year) . This

averaye total is not inconsistent with the data mentioned above

for specific high-risk industries.

The total incidence of fatal occupational cancers plus other

fatal occupational diseases recognized by worker's compensation

boards in Canada (Table 14) averages 0.14 fatalities/ (10*• workers-

year). This is similar to the average for Ontario (Table 14) but

somewhat lower than the figures suggested by the epidemiological

studies above. The major hazard of fatal occupational diseases in

Canada is associated with i_he mining industry (66) , with another

considerable contribution from manufacturing industries (Table 14).

Other industries contributed very little to this total. Together,

asbestos manufacturing and processing, nickel operations, and

uranium mining were held responsible for 32 out of the total of

38 recognized occupational cancers in Ontario in 1976 (67). The

working conditions responsible for the high incidence of occupational

cancers in the uranium mines and nickel industry in Ontario have

been terminated or greatly improved over the years since 1958

(5 8) and it is to be expected therefore that the incidence will

be decreased in future.

Occupational diseases, mainly fatal cancers, thus accounted

for about 13% of all recognized occupational deaths reported in

Canada (Table 14). An incidence of about 0.5 fatal occupational

diseases/(lO1* workers-year) or 45% of all recognized occupational

deaths was reported for the U.K. in 1969-70 (68). When this

range of values is corrected by a factor of 2.5 to allow for the

effects of latent period of life span (49,56, 57) , about
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90% (range 83-94%) of the loss of life expectancy due to oc-

cupational hazards is found to be caused by immediately fatal

accidents on the average (Table 13).

The above comparisons do not include non-fatal cancers

or genetic defects induced by occupational exposures. This

question has been considered in detail in ICRP 27 (57) for

the case of occupational exposures to ionizing radiation.

It appears that non-fatal cancers and genetic defects do

not add greatly to the total "index of harm" caused by oc-

cupational exposures to ionizing radiation. Similar con-

clusions are probably valid for occupational exposures to

chemicals which have both carcingoenic and mutagenic effects.

(The same conclusion does not apply to the effects of life-

time exposures of whole populations, in which case the excess

number of genetic defects is predicted to be similar to the

excess of fatal cancers, as noted in section E.)

On the basis of ICRP 27 (57), it can be concluded that

the total carcinogenic and genetic harm caused by an average

occupational exposure to 1.5 rem/year from age 18 to 65 would

be equivalent to the harm caused by 1 fatal accident/( 10 "*

persons-year). This value is generally accepted as the upper

limit for a relatively safe occupation at present (1) . It

should however be noted that fatal occupational hazards are

generally decreasing with a half-life of about 30 years, owing

in part at least to increased emphasis on safety (Fig. 5); a

similar half-life applies to fatality rates in factories in

the U.K. which decreased from 1.75 to 0.45/dO1* workers-year)

over the period 1901-10 to 1961-70 (68). The limits for fatal

occupational hazards in a relatively safe industry should

therefore not be considered to be static.



Table 13

Comparison of Occupational Hazards in the Nuclear Power industry
and Other Industries

Conditions of exposure Fatal cancers or diseases
/(IP1* workers'year)

Total,uncorrected
for effect on

life-span

Equivalent in
immediately

fatal accidents

Fatal accidents
/(10" workers-year)

Total in
equivalent
immediate
fatalities

Nuclear reactor workers:

(i) Total lifetime
dose of 50 rem over
50 years

(ii) Maximum permissible
dose of 5 rem/year
for 35-50 years

Uranium Miners:

(i) Total lifetime
dose of 50 WLM over
50 years

(ii) Maximum permissible
dose of 4 WLM/year
for 35-50 years

Average for all occupations

Average for workers off-job

Average for all Canadians
over age 20

1. (a)

<0.5 (g)

103. (j)

0.5 (a)

1 .

4 .

5. v"'

( d >-3 .2

4 ( d >-12

(e)

. 8 ( e )

1.

0 .

1 .

7 - 2 . 5 '
2.2<d)

4-1 .3

5-5.1

(c)

<0.2

41.

0.5)

(a)

(a)

6.3

6.3

1.0

4.4

9.4

(f)

(h)

(i)

(j)

<2.5

.7-7.6

.8-11.4

50.

( a )These values are derived from Wilson (5ft). More extensive experience in the nuclear industry
indicates 0.14 fatal accidents/ do1* workers• year).

in the U.K.

Continued on Next Page
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This value is based on the estimate of 1 fatal cancer/do"1

males*rem) or 1 fatal cancer/(102 males*Sv) given in ICRP
26 (1). The value for a mixed population of males and females

. .could be 25% higher (2).
j^JThis value is derived from ICRP 27 (57).

These values are taken from a previous review (49) and are
, ,based on data given in the BEIR report (3).

These values are calculated on the assumption that radon
daughter products induce 10 lung cancers per million persons
per WLM and per year (2), with no allowance for latent period
and assuming an excess of lung cancers from the time of exposure

,f,to death at an average age of 73 years.
The incidence of fatal accidents in uranium mines was assumed
to be the same as the value given for all miners in the U.S.A.
in 1975 (65). This value can be compared with values of 5.4,
4.3 and 7.8 fatal accidents/(10 "* workers*year) for all persons
in the mining industry in Canada in 1975-76 (Table 14), for all
mining operations in Ontario in 1970-74 (58) and for uranium

, .miners in Ontario in 1970-1974 (55) respectively.
g The range of values given is discussed in the accompanying
...text and is based on data from a variety of sources.
j.JThe value given is the average for Canada in 1975-76 (Table 14).

This value represents the average as given for workers off-
, ..the-job in the U.S.A. in 1975 (65).
-'These values are calculated from Canadian vital statistics for

1973 (8).
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Table 14

Fatal Occupational Accidents and Occupational Diseases Receiving Workers'
Compensation in Canada (average for 1975 and 1976).

Industry
Deaths/ ( 10 ** workers-year)lO1* Workers

employed Occupational Occupational
accidents diseases

Total
fatalities

Fishing, hunting,
trapping

Mining, quarrying,
oil wells

Forestry

Construction

Transportation, communication,
electric power, utilities

Public administration,
defence

Manufactur ing

Trsde

Agriculture

Services

Finance, insurance,
real estate

12.4 0.0 12.4

14
(4)

7

62

82

5.4
(5.3)

9 .0

3 .0

2 . 5

5.4
(8.2)

0 .0

0 . 1

0.04

10.8
(13.5)

9 .0

3 . 1

2 . 5

66 1.0 0.02 1.0

195

165

48

255

48

0.77

0.37

0.30

0.26

0.10

0.21

0.01

0 .0

0 .0

0 .0

1.0

0 .4

0 . 3

0 . 3

0 . 1

Total for Canada (66)

Total for Ontario (67)

944

-\-385

0.97

0.68

0.14

0.12

1.1

0.8

Note: Data for Canada supplied by R.S. Clark, Labour Canada (68). Data for
Ontario, 1976, were supplied by W.S. McCracken, Workmen's Compensation

Board of Ontario (67). The values in brackets are calculated from data on
workers in the mining industry in Ontario in 1974 (58). In as far as specific
categories can be compared, the data for Canada are not greatly dissimilar
from those for the U.S.A. (65) with the exception of agriculture. The data
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for agriculture in the U.S.A. are nearly 20 times higher and
include essentially all accidental deaths of persons who lived
on farms, whether these accidents occurred on or off the farm,
but exclude fatalities to employees who were not resident on
the farm (65). Data for agriculture in the U.K. (68) relate to
farm employees only and exclude accidents to farmers and their
families. There are, thus, considerable differences in methods
of reporting agricultural fatalities in different countries.
The incidence of fatal accidents in the mining industry in the
U.K. (57) is considerably lower than that in the U.S.A. (65)
or Canada (66); this difference does not appear to be due to
variations in methods of reporting.

According to a recent report in the Newsletter of the
British Nuclear Energy Society (Nuclear Energy, vol. 17, no. 1,
p. 12, January 1978), the U.K. Secretary of State has released
the following data on fatal accidents to workers in various
fuel industries in the U.K.:

Fatal accidents
Industry /(lO1* workers «year)

averaged 1972-76

Offshore oil and gas 15.0

Deep-mined coal 2. 3

Electricity (non-nuclear causes) 1.0

Oil refining 0.9

Gas 0.7

Nuclear (non-nuclear causes) 0.14
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Fig. 5. Changes in rates of fatal accidents in two occupational

categories and for workers off-the-job in the U.S.A. Data

are from reference {65).
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(G) DISCUSSION

The present review of the carcinogenic and mutagenic effects

of materials discharged in effluents from various energy sources

substantiates previous conclusions (4-7) that the general health

hazards of combustion of coal are appreciably greater than those

of nuclear power. To place these hazards into perspective, a

summary of some of the fatal hazards common to the North

American culture is given in Table 15. Values for some of the

other causes of death can be readily derived from Table 1.

The data in Table 15 include estimates (marked with an

asterisk) of numbers of fatal cancers caused by urban air

pollution with combustion products and by low radiation levels,

as calculated on the basis of a linear dose-effect relationship.

There is, of course, no proof that these low levels of

combustion products or of radiation cause any fatal cancers at

all. Hammond (36), for example, has suggested that general

urban air pollution (as distinct from urban occupational

exposures and from living in the immediate vicinity of certain

factories) may not have any appreciable effect on risk of lung

cancer. Selikoff (40) has similarly indicated that human

epidemiological data on workers in nickel smelters and

asbestos factories suggest that "sharp reduction of total

carcinogenic burden by good engineering practice...could well

be followed not only by equivalent reduction in the total

number of cancers that might occur but also those that did

result would tend to appear at the end of, or beyond, the normal

human life-span". The data given by Evans (41), Park (69),

Richmond (70) and Thompson (71) similarly suggest that low

levels of internal radioactive nuclides (plutonium, radium)

may not produce any fatal cancers within the normal life-span.

Frigerio and Stowe (72) have concluded from their studies of

U.S. populations in areas with different levels of natural

background radiation that "low-level, low-rate radiation probably

does not constitute an environmental hazard of significance".

Thus it is quite possible that the values in Table 15 which were
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calculated on the basis of a linear dose-effect relationship

may grossly over-estimate the carcinogenic hazards of low

levels of combustion products and of radiation.

A number of different models exist for calculation of the

life-time effects of low doses of carcinogenic agents (1-3,41,

42,73-76). The linear dose-effect model is usually considered

to be the most conservative and predicts much higher risks at

low levels of carcinogen than do most other models (Fig. 6).

The practical hazards of over-emphasis of the linear model

have been emphasized by the National Council of Radiation Pro-

tection and Measurements, U.S.A. {76) and by the International

Commission on Radiological Protection (2). The linear model

has been used in the present review for reasons of prudence,

as emphasized by the N.A.S. committees (3,25), and in order to

provide a basis for comparison of maximum predicted risks of low

levels of different carcinogenic agents (Table 15).

Table 15 shows clearly that the risk of fatal cancer due

to carcinogenic by-products associated with the production of

electricity by any of the current techniques is remarkably low

compared with the risk of most other fatal hazards in North

America. For comparison, it might be noted that the average

life expectancy in Canada and the U.S.A. (72-73 years) is

about twice that observed in most areas of the world which

have not yet developed these techniques and cannot as yet

afford the concomitant health services (7 7) . The discrepancy

becomes even greater when the average life expectancy in Canada

and the U.S.A. at present, i.e., 72-73 years, is compared with

that for the same area of the world around 800-1100 A.D., i.e.,

20 years at birth or 23 years at the age of one in an aboriginal

population which is described as "robust" and "successful" (78).
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The average life-span of the population in a given country

is obviously not dependent only on average energy consumption

per capita (7 7) but depends upon a complex cultural system which

can provide adequate food, housing, education, public health

and medical services (.77). In the more advanced areas of the

world, the energy which permits this system to function is

largely derived from hydro, from the combustion of fossil fuels

and from nuclear power. A certain carcinogenic hazard is

presumably associated with the manufacture of the cement, steel

and other items required for the construction and maintenance

of any type of power station, whether conventional or non-

conventional. These hazards were discussed in general terms

in section F and would be expected to have a much smaller effect

than immediately fatal accidents upon the life expectancy of

the workers. The carcinogenic hazards associated with the

operation of hydro power stations should be close to zero.

The maximum predicted carcinogenic and mutagenic hazards

associated with the operation of fossil fuels and nuclear power

stations are relatively minute (Table 15). In terms of life

expectancy only, and leaving out any consideration of the

desirability of different standards of living, the carcinogenic

risks to health associated with producing the energy (Table 15)

to support the cultural system would appear to be extremely

small in comparison with the known benefit of an increase of

25 to 50 years in life expectancy (77,78).

It is possible to calculate approximate numerical estimates

for the ratio of benefits gained by the known increase in life

expectancy divided by the costs in terms of maximum number of

man years lost in the whole process of production of the energy

required to support the cultural system. Table 16 indicates the

benefit:cost ratios obtained on the basis of Inhaber's data

(4a), assuming that one MW«year would supply all the energy

requirements for 84 Canadians (cf. 4a) and that the average

increase in life-expectancy of each Canadian concomitant with
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this energy production is approximately 35 years (cf. 77,78).

The minimum values of these ratios range from about 500 to 200,000

depending on the source of energy. The present data on car-

cinogenic and mutagenic effects of fossil fuel combustion

(Table 15) do not provide reason to expect that the inclusion

of these particular effects in Inhaber's data (4a) would alter

the ratios given in Table 16 by a major factor. The maximum

values of the benefit: cost ratios could be roughly 30 times

greater in the cases of coal, oil and nuclear power and roughly

6 times greater in the case of natural gas according to the

range of health risks given in this report (4a), i.e., the

maximum values of these ratios could range from about 15,000

to 1,000,000. Similar values can be derived from another recent

assessment of the health hazards of conventional energy sources

(79).
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Table 15

Comparison of Estimated Rates of Selected Fatal
Hazards in North America

Cause of death Deaths/ ( 101* persons «year)

Cardiovascular diseases

Cancers associated with:

43.

(a)
(b)

(c)
(d)
(e)
(f)
(g)
(h)
(i)

(j)

tal

(a)
(b)
(c)
(d)
(e)
(f)
(g)

diet
inhalation of products of
tobacco combustion
unknown factors
past urban air pollution
sunlight
occupation
natural radiation
medical X-rays
combustion of fossil fuels for
production of electricity
predicted effects of nuclear
power industry in future

accidents:

motor vehicle
falls
drowning
fires
industrial
poisoning
other

6.5
4.5

3.
0.9*
0.2
0.2
0.12*
0.12*
0,1*

0.001

2.8
0.8
0.5
0.4
0.4
0.3
0.7

15.7

5.9

All other causes 20.

Note: All of the above values are averages derived from vital
statistics for the U.S.A. and Canada (see Table 1) combined

with estimates of the proportion of total fatal cancers caused by
various environmental factors (64). The five values marked with
an asterisk were calculated from known effects at high doses of
combustion products or of radiation by extrapolation on a linear
model as discussed in the text, and may be over-estimated for this
reason. The cancer values given under " j " represent the predicted
effects of nuclear power on the general public; occupational exposures
are not included. Assuming that total occupational exposures are
1-4 man»rem per MW«year (236, 50), then a nuclear power industry
supplying 1 kW per person might be predicted to cause at most
another 0.001-0.005 fatal cancers/dO1* persons«year) in cancer category
"f". The value given above for occupational cancers in "f" is an
average for males and females (64).
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Table 16

Comparison of Beneficial Effects of Utilization of
Various Energy Source in Terms of Life Expectancy

Estimated maximum Man-years gained
man-years lost Man-years lost

per MW-year

Coal 5.7 500

Oil 5.3 600

Methanol 3.5 800

Wind 2.3 1,300

Solar (thermal 1.8 1,600

and photovoltaic)

Hydro 0.13 20,000

Ocean thermal 0.086 30,000

Nuclear 0.028 100,000

Natural gas 0.016 200,000

The values given are derived directly from Inhaber {4a) and do
not include estimates of carcinogenic and mutagenic effects

,,, except in the case of nuclear power.
The number of man-years gained was assumed to be 2,940, i.e.,
an average of 35 years increase in life expectancy multiplied by
the 84 persons whose total energy requirements amount to 1 MW.
The resulting ratios are intended to indicate only approximate
values and are rounded off to avoid the suggestion of precision.
The above ratios are thought to represent minimum values.
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Fig. 6. Projected effects of low doses of a chemical carcinogen

according to three different dose-response models. The experi-

mental points (•) are from a study on mice with methyl cholan-

threne {73). The study included another 158 mice at doses

ranging from 0.24 to 3.9 yg irethylcholanthrene; 4 mice with skin

cancers would have been predicted on the basis of a linear dose-

effect model and 0 were observed. The original authors used a

probit curve to fit their data (73) and this model has been

adopted by the Food and Drug Administration in the U.S.A. (74).

A threshold model, which fits the experimental points equally

well, has been proposed on the basis that some of the carcino-

gen is known to be inactivated in the body (74). A threshold

model can also be derived from the linear dose-effect model if

the time to appearance of the cancers at low doses of carcinogen

becomes longer than the normal life-span (41, 75). The original

data do, in fact, show an increase in latent period as the dose

of chemical carcinogen was decreased (73).
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