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Foreword

A conference on Health Effects of Energy Production was held at the Chalk River
Nuclear Laboratories on 1979 September 12-14. This conference was organized at the time of
the retirement of Dr. H.B. Newcombe after 32 years of service with Atomic Energy of Canada
Limited. A brief summary of Dr. Newcombe's distinguished career and a list of his
publications has been appended to the end of the Proceedings of this conference.

Financial support and facilities for this conference were provided by the Atomic
Energy of Canada Research Company, of which the Chalk River Nuclear Laboratories form a
part.

The conference was intended to help clarify the risks and benefits not only of nuclear
power but of other energy options as well. This area is of scientific concarn to Atomic
Energy of Canada Research Company as well as to many other organizations and individual
persons; Dr. Newcombe had of course been directly involved in research on this topic for
many years. In order to provide a wide coverage of viewpoints on the health effects of
energy production, invited speakers included a wide spectrum of research scientists as well
as representatives from various organizations with a direct interest in the topic.

The conference organizers are indebted to many persons at the Chalk River Laboratories
for their assistance with this conference. In addition to the conference speakers, the
chairpersons of each session and the editors of the Proceedings, particular thanks are due
to H.C. Birnboim, F.P. Blackstein, J.D. Childs, L. Evans, G.C. Hanna, A.M. Marko, R.E.J.
Mitchel, D.P. Morrison, D.K. Myers, M. Myers, C. Nagy, and P.J. Smith. Much of the work
involved in preparations for the conference, in arranging practical details of the
conference and in preparation of the Proceedings was carried out by Colleen Walters, whose
unfailing assistance is gratefully acknowledged.



EDITORS' MESSAGE

Humans are becoming increasingly aware that all their activities entail some measure
of risk to the environment and to their being.

The production of energy entails both quantifiable risk and measurable benefit. The
risks include detrimental effects on human health, and it is perhaps a sign of our times
(and prosperity) that some people put a disproportionate emphasis on these aspects to the
exclusion of the benefits. Higher levels of energy production and the increased standard
of living which accrue have led to pronounced improvements in general health, well-being
and longevity. The appreciation of this point, amongst those charged with evaluating
detrimental effects of energy production, is evident in these Proceedings.

The calculation of potential detrimental effects by one analysis, however, and the
results from similar exercises by others, are not fully comparable. The differences
between the relative risks assigned by various analyses reflect differences in underlying
assumptions, methodological approaches, and other, perhaps unconscious, biases. The
recognition of sources of bias is one of our most pressing concerns if a common basis of
risk accounting is to be agreed upon and used.

Perhaps a key benefit of this conference was the communication itself; concerned
people talked in one room about all kinds of risk, in an attempt to reach common ground.
If we have succeeded, this first conference on health effects of energy production should
lead to more cogent views and rational approaches in the future-

Norman E. Gentner, Ph.D.
Paul Unrau, Ph.D.

Paul Unrau, Colleen Walters, Norman Gentner
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WELCOMING ADDRESS

E. Critoph
Vice-President & General Manager
Chalk River Nuclear Laboratories

First, let me welcome you all to
Chalk River Nuclear Laboratories (CRNL)
for this Conference on the Health Effects
of Energy Production. We appreciate this
opportunity to play host to you for a few
days. As you probably noticed on your
trip here, we tend to be somewhat isolated
geographically. Visits such as yours help
to ensure that we don't become intellect-
ually isolated as well.

We are hosting this conference to
honour Dr. Howard Newcombe, on the occas-
ion of his impending retirement from
Atomic Energy of Canada Limited (AECL).
I'm sure most of you know Howard, if not
personally, then by reputation. He has
been employed at CRNL for some 32 years;
from 1949-1970 as head of the Biology
Branch, and since 1970 as head of the
Population Research Branch. During his
career, Howard has become internationally
recognized for his work on genetic effects
of radiation and epidemiological research
using computers for medical record linkage.
He has also served in various capacities
on many national and international groups,
in particular: the International Commis-
sion on Radiological Protection, and the
Expert Advisory Panel on Human Genetics of
the World Health Organization. So you can
see that the topic of this conference fits
well with his main contributions and
accompl ishments.

The Chalk River Laboratories hold a
unique position in the Canadian nuclear
scene. Established in 1945, they were
the source of the Canadian nuclear power
reactor concept, and the effective origin
of many of the people now directly invol-
ved in the nuclear power industry. CRNL
continues to play a strong research and
development support role for Canadian
power reactors. So, to say that we have
an interest in the Canadian nuclear power
program would be an understatement.

Nevertheless, it would be wrong to
interpret this strong interest in things
nuclear as synonymous with an exclusive

interest, or as implying that all our opin-
ions of necessity have a pro-njclear bias.
In fact, there is a wide spectrum of people
at CRNL with different disciplines and
backgrounds, resulting in many different
viewpoints and concerns. One thing we do
tend to have in common is a dedication to a
scientific or logical approach to problems.

In this regard, I would like to make
a point, which has general relevance to
this conference. Many of us at Chalk River
strongly believe that assessments, on which
decisions in the energy field are based,
should not consider a particular option in
isolation. Rather, decisions should be
based on an evaluation of the risks and
benefits of the range of realistic alter-
natives.

There seems to be some confusion on
this point. Many people talk glibly of
"cost/benefit ratios" and "balancing risks
against benefits" as though a decision
should be made on each alternative in turn.
This perception must arise from a tacit
assumption that there is some agreed stand-
ard to which all other options can be nat-
urally related, and that this standard
should be followed until something better
is found.

Bui what is this standard? It can't
be "doing nothing" since "doing nothing"
is obviously not neutral with respect to
risks and benefits, -.'jperficially, the
most logical standard would be the "status
quo". But the "status quo" is not an
option open to us. The reasons include
world population growth, progressive con-
sumption of resources, the impermanence of
man-made facilities, the present inequit-
able and unstable world distribution of
wealth between the "haves" and the "have
nots", and human psychology itself.

I hope you will agree that the only
rational approach to energy decisions
involves the comparative assessment of
the range of realistic alternatives.



We do not yet have the necessary assessment concerns health and the envir-
technical knowledge to carry out such an onment. Since the job of this conference
evaluation accurately enough to achieve is to review just this area, I'd better
an adequate consensus. (The mosv serious let you get on with it.
shortfalls in information are not, I
believe, in the nuclear field.) One of Thank you!
the most important areas for such an
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PERSPECTIVES OF U.S. ENERGY PROBLEMS

William P. Kimel, Dean
College of Engineering, University of Missouri-Columbia

Columbia, Missouri

Those who have been chosen to
lead our nation as elected officials
are facing extremely difficult is-
sues. As in the case of energy
policy, many of these issues are
highly technical, yet have many
social, political and moral impli-
cations. In addition, there exist
many special interest groups (often
suffering from severe cases of
tunnel vision) which are lobbying
for our elected representatives'
vote. It would seem to me to be an
almost impossible task for them to
sift through this morass of in-
formation and come to rational
decisions. And, of course, almost
any man on the street will tell you
that politicians are inept, looking
to the future in the narrow context
of getting re-elected, etc., etc.,
ad infinitum. Yet, our elected
representatives are doing their
best to reflect their constituents'
views. Does the elected rep-
resentative in the United States
know our citizens' views? Probably
not, but I can assure you that he
does know the views of the vocal
extremists. The media does see to
that.'

Engineers have a very great
propensity for numbers, and the
facts concerning something like the
energy situation must be substan-
tiated by these numbers and the
inescapable facts of life that they
represent. This is not to say that
we are ignorant or oblivious of the
social and moral implications of
what we do, for indeed we are not,
nor that we have all of the an-
swers, for indeed we do not, but
that we have studied energy systems
within an engineering context and
within the laws that govern nature.

With this introduction, I
would like to discuss with you the
problems I perceive with the United
States' energy situation.

STATEMENT OF U.S. ENERGY POLICY
Half a decade ago, our na-

tional energy problems were brought
dramatically into focus by the Arab
oil embargo. Now, five years and
three presidents later, Congress
has passed, and the current Chief
Executive has signed, five bills
making up what is being called the

National Energy Act or the compro-
mise National Energy Plan. Two of
these bills--the National Energy
Conservation Policy Act and the
Energy Tax Act of 1978—require the
federal government to involve itself
in the minutiae of conservation,
ranging from tax credits for storm
windows to stringent standards for
refrigerators.

Another bill, the Public
Utilities Regulatory Policy Act, re-
quires, among other things, that
state regulatory agencies consider
seasonal factors and the time of day
when reviewing utility price
structures.

The fourth bill, the Power
Plant and Industrial Fuel Use Act,
requires that new electric power
plants and most new industrial
facilities use coal as boiler fuel
and that existing power plants stop
using natural gas by 1S93. Con-
verting to coal is an admirable con-
cept; but the bill does not relax
the needlessly stringent environ-
mental standards which make it ex-
tremely costly and difficult, and
perhaps even impossible if current
trends continue, to either mine,
transport or even burn c*. 1.

Finally, there is the center-
piece of the compromise National
Energy Plan, the Natural Gas Policy
Act. This act, also an admirable
concept, is so swaddled in vague-
ness and complexity as to be in-
decipherable—that therefore, to a
great extent, unworkable until
clarifications by legislation or
court decisions are made. The
Department of Energy for instance,
can't even agree on how many
categories of natural gas the new
law established for pricing pur-
poses. Current estimates range
from 17 to 33.

And the ultimate paradox to me,
in reading the National Energy Act
General Information Bulletin by the
Department of Energy on this
solution to our energy problems;, is
that the word nuclear is not oven
mentioned. If all of these plans
work precisely as outlined, it is
estimated that by 1P85, we will be
saving 2.5 million barrels of oil



per day. This, in my opinion, will
be comparable to projected increases
in oil consumption over the same
period notwithstanding the Pres-
ident 's recently announced oil im-
port restriction which will leave
us in essentially the same de-
plorable situation we are in now.
Any shortcomings or failures in
this plan will worsen our situation.
President Carter did not mention
nuclear energy in the first of his
recent dramatic energy addresses on
July 15, 1979, although he did
speak positively about nuclear
energy in his second address on
July 16.

A summary of President Carter's
July 15 and 16 10-year Energy Blue-
print proposals, most of which yet
require action by Congress follows:

"Import quotas: Annual limits
will be placed on oil imports, be-
ginning with a ceiling of 8.2 mil-
lion barrels per day for 1979.
New limits will be set year by year.
The country's use of foreign oil—
now near the limit set by Carter
for this year—will be cut in half
to 4 or 5 million barrels per day
by 1990.

"Synthetic fuels: A government-
chartered energy-security corpor-
ation will develop a synthetic-fuel
industry. The goal is production
by 1990 of at least 2.5 million
barrels per day of oil substitutes
from shaie, coal and other sources.
The corporation will have 88
billion dollars to spend on the
task.

"Speeded energy development: A
new cabinet-level energy mobiliza-
tion board will be set up with far-
reaching powers to insure that
environmental, procedural and other
federal and state regulations do
not cause long delays in the cre-
ation or expansion of plants,
ports, pipelines or other energy
facilities.

"Gasoline rationing: A stand-
by system for rationing gasoline
supplies will be ready for use
during severe oil shortages.

"State conservation targets:
Each state will be given a target
for reducing the use of gasoline
and other fuels within its borders.
If a state fails to adopt a plan for
meeting the goal, federal officials
will impose their own plan.

"Conservation by homeowners:
Interest subsidies totaling 2 bil-
lion dollars will help owners of
homes and commercial buildings meet
the cost of extra insulation or con-
version of oil heating to natural
gas.

"Conservation by utilities:
Utilities will have to cut their use
of oil in half over the next 10
years. Conversion to coal, nuclear
power or other energy sources will
be financed in part by grants and
loan guarantees.

"Nuclear power: The 94 nuclear
power plants now being built or
planned will be completed. Any ad-
ministration commitment beyond this
is being held in abeyance while a
review of nuclear policies is com-
pleted by a blue-ribbon commission
established after the Three Mile
Island nuclear accident.

"Transportation: Plan is to
spend 10 billion dollars to improve
bus and rail systems and 6.5 bil-
lion dollars to upgrade the gas-
oline efficiency of automobiles.

"Aid to poor: Some 2.4 billion
dollars each year will go to low-
income people to help them cope with
higher energy prices.

"Solar: A government "solar
bank" will be set up to subsidize
loans for installation of solar-
energy systems in both homes and
businesses. Tax credits also will
be provided.

"Financing: All told, more than
142 billion dollars will be funded
by the federal government into im-
plementing the Carter plan by 1990.
Almost all of this money will come
from an energy-security trust fund
financed by a tax of 50 percent or
more on the windfall profits earned
by U.S. oil companies as price con-
trols are phased out. In addition,



the government would sell up to 5
billion dollars in energy-security
bonds to members of the public for
use by the energy-security corpora-
tion." (ref. 1)

Although many of the notions
proposed in President Carter's
"10-year Energy Blueprint" are
needed and logical, I cannot resist
the temptation to observe that in
my opinion, the free market is a
far more effective, efficient and
cheaper regulatory mechanism than
any government bureaucracy. How-
ever, the objectives of President
Carter to establish a cabinet-level
energy mobilization board to help
cut regulatory red tape in the
expansion of plants, ports, pipe-
Tines and other energy facilities
are excellent.

WHERE WE ARE TODAY
We are living in the fossil

fuel age and presently 93 percent
of our energy in the TJ.S. comes
from fossil fuels. 93 percent!
And half of this comes from oil.
Unfortunately, we are incapable of
producing this much oil domes-
tically; in fact, only about one-
half of it. In 1970 we imported
20 percent of our oil; at the time
of the oil embargo of 1973 we im-
ported 33 percent. Having learned
our lesson in 1973, we imported in
1978, 47% of our oil; that is 20%
of our total energy needs at a cost
of merely 46 billion dollars. Be-
fore the most recent increase i.n
OPEC prices, Mr. Schlesinger had
predicted that we would spend 62.5
billion dollars in 1979 for import-
ed oil. With the latest OPEC in-
creases that estimate is over 70
billion dollars. With a trade
deficit for 1978 roughly compar-
able (36 billion dollars) to our .
imported oil bill, the trade
deficit for 1979 will clearly make
1978's look puny. In addition,
this outflow is approaching 600
billion U.S. dollars held outside
the U.S. today.

I don't know what your per-
ception of 600 billion dollars is,
but I have some difficulty with
this magnitude. So let's look at
what 600 billion dollars would buy.
If you assume that Lund could be

purchased at an average of $1000 per
acre, these dollars could be spen"
to buy the states of Missouri,
Kansas, Nebraska, Iowa, Arkansas,
Oklahoma, Illinois, South Dakota,
North Dakota, Indiana, Minnesota,
Wisconsin, Michigan and Colorado.
For the projected 62 bil]ion foreign
oil bill next year, even before the
latest OPEC increase, you could
purchase Missouri and Tennessee.

Vie are so vulnerable to this
foreign oil and the 1973 OPEC em-
bargo together with recent events
surely emphasize this fact of life.
The 1973 oil embargo resulted in
only an 8 percent drop in our oil
imports. Last year, Iran supplied
only 6 percent of our needs (12
percent of our imports), but the
strikes, turmoil, and now Iranian
government policy there have already
caused energy cost increases in the
U.S. and dire effects this will have
on our economy and that of other
nations. And we are now beginning
to feel this shortage at the gas-
oline pumps. Imports from Iran are
evidently not going to be re-
established very soon, if ever.

President Carter announced his
inflation fighting policies a few
months ago, hir> latest announced
policies on energy a few weeks ago,
and other such addresses will
doubtless come regularly in the next
election year, 1980. Paradoxically,
his inflation message, which did
not even mention the energy problem,
might have had at least a chance
until OPEC prices increased 15 per-
cent shortly thereafter and another
25 percent tlais month. From a
national security standpoint, I have
heard plausible arguments that we
could not fight a major war in our
own defense today. The immediate
loss of half our oil needs at the
onset would be devastating. And I
am sure our international adver-
saries are very much aware of this
posture.

So today we see a huge oil bill
of 70 billion dollars per year and
going up; we see an ever upward
trend, currently approaching 600
billion dollars held outside the
U.S.; soma of us see our national
security threatened, and we see an



attempt to fight inflation in spite
of excessive trade deficits and
rising energy costs. Are we com-
fortable with this situation? Does
our new energy policy really
address this situation?

You might ask, what about the
Alaskan pipeline? Today the Alas-
kan pipeline provides less than 8
percent of our domestic needs and
will never provide more than about
12 percent. And it too will be
used up in roughly 12 to 15 years
at the projected rate of use. How
about the recent oil find in Mex-
ico? Proven and probable reserves
are now estimated at about 40
billion barrels, with speculative
reserves as high as 200 billion
barrels. If the U.S. could get its
hands on all of those 40 billion
barrels of proven and probable
reserves, at today's consumption
rates, they would last us ... 12
years at our current rate of
imports. Of course, we haven't
discussed the cost. If the nat-
ural gas deal with Mexico is any
indication (the asking price was
$2.60/1000 cu. ft. compared to
domestic prices in tne $0.60 to
1.45/1000 cu. ft. range) we will
be paying at least OPEC prices—
and possibly even a premium.

And what about natural gas?
Since 1968 our use of natural gas
has exceeded the amount we have
found. We are finding some addi-
tional new gas through recently
announced price increase incentives
but production will inevitably
decrease and the price will in-
evitably rise. The proven reserves
we know today in the U.S. will only
last us about 11 more years.

I realize that everyone has
his own set of numbers as to re-
serves, years of fossil fuel sup-
plies, etc. And chances are that
my numbers here do not exactly
agree with others you might have
heard. There is an old Chinese
saying, "Forecasting is a very
difficult business, especially when
it deals with the future." How-
ever, the inevitable conclusion is
that we are running out of fossil
fuels, those energy sources which
now account for over 90 percent of

our demand.

SOLUTIONS
V.'hat are some of the alter-

natives to this situation? It is
evident that increases in the pro-
duction of domestically available
resources are vital to our future
and these resources can be found in
several different areas.

The first is coal and it cer-
tainly must be utilized as fully
as possible within constraints
posed by the environment. With
economically usable coal reserves
in the U.S. estimated at about 600
billion tons and present consump-
tion rates at only 680 million tons
per year, it appears that we have a
significant cushion. President
Carter has recognized this fact in
formulating our energy policy and
this policy is designed to, hope-
fully, encourage coal utilization.
However, the environmental problems
may become staggering, not to men-
tion transportation problems on a
rail system that is in poor con-
dition because of severe government
regulations in the early part of
this century. Deaths and injuries
related to mining are high due to
mine accidents and black lung dis-
ease. Costs of these deaths and
injuries are also high, about 1
billion a year now for black lung
disease alone. Air pollution from
the burning of coal accounts for a
minimum of 2000 deaths per year due
to various lung disorders. If we
choose to burn even l/10th of our
estimated 600 billion tons of coal
reserves, we would generate 15 tons
of wastes for every acre of land in
the U.S. I do not wish to dis-
courage coal as an energy option;
indeed, I want to encourage it, but
we must be realistic about these
effects and the problems we will
face.

What about solar energy and
other related "soft" technologies.
These too should be pursued with
great vigor and I believe in these
as a necessary part of our energy
nix. However, we must also keep
these in perspective. If we in-
stalled solar units to supply all
the heating and air conditioning
needs for all 100 million U.S. homes,



at current prices the cost would be
500 to 800 billion dollars. And for
this expense we would be supplying
only about 10 percent of our total
energy needs. At the current price
for electricity from nuclear power
plants, for example, this same
investment would generate at least
4 times as much energy. Surely
though, use of solar energy must
indeed be increased, where we can
afford it. It is important to rec-
ognize that only a very small per-
centage of our total future energy
needs will be derived from solar
energy because of the cost perspec-
tive I have already presented. I
am extremely skeptical that Mr.
Carter's goal—20% of our total
energy from solar by the year 2000
—can be achieved.

Conservation is another energy
"resource". President Carter has
stated, correctly I believe, that
the cheapest barrel of oil is the
barrel we save. We do waste energy
in our society and we will be
forced to waste less in the future.
Unfortunately, only the first few
percent are easily saved and it
then becomes more and more expen-
sive to save the next increment of
energy. Consider a simple example;
you can stop wasting energy by
properly insulating your home. For
a poorly insulated home, you might
cut your waste by 50 percent for,
say $1000. But let's say you want
to do better and you choose to
spend $2000. Unfortunately the
second $1000 will save you only an
additional 25 percent of your eneigy
needs. Your effectiveness per dol-
lar has been reduced by one-half.

This finally brings me to
nuclear power. As a note of his-
torical perspective I would like
to quote from the Congressional
Record of 1875:

"A new source of power, which burns
a distillate of kerosene called
gasoline, has been produced by a
Boston engineer. Instead of
burning the fuel under a boiler,
it is exploded inside the cylinder
of an engine. This so-called
internal combust ion engine .. .
begins a new era in the history of
civilization ... Never in history

has society been confronted with a
power so full of potential danger
and at the same time so full of prom-
ise for the future of man and for
the peace of the world.

"The dangers are obvious. Stores
of gasoline in the hands of people
interested primarily in profit would
constitute a fire and explosive
hazard of the first rank. Horse-
less carriages propelled by gasoline
engines might attain speeds of 14 or
even 20 miles per hour. The menace
to our people of vehicles of this
type hurtling through our streets
and along our roads and poisoning
our atmosphere would call for prompt
legislative action, even if the
military and economic implications
were not so overwhelming ...."

I am reminded of John F.
Kennedy's comment, "Too often we
enjoy the comfort of opinion, with-
out the discomfort of thought."

I believe nuclear power must
play a significant role in our
energy future because it is a "now"
technology that has been proven
economical, safe, dependable and
the best energy source we know from
an environmental perspective. It is,
in terms of light water reactors,
developed and economically proven
in all areas of the U.S. and in many
other countries of the world. 46%
of the electrical energy in the
Chicago area was supplied by nuclear
power in 1978 by Commonwealth Edison.
You may not recognize the nuclear
power I am talking about if you have
been reading much of the popular
literature recently. You know
the purportedly catastrophicaliy
dangerous nuclear power plants with
core meltdowns, millions of persons
dead, an area the size of Penn-
sylvania devastated, etc. •— which
have in fact operated safely for
22 years without a single citizen
being injured or killed. Con-
servative estimates predict the
consequences of the "disaster" at
Three Mile Island as 1 to 10
additional cancers over the next 30
years, in addition to the expected
350,000 cancers from other causes,
You have heard about unreliable
nuclear power plants with constant
system malfunctions, always off-
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line for repairs—which in fact
produced over 12 percent of our
electrical energy needs last year
even though only 9 percent of our
total capacity is nuclear (i.e.,
nuclear power plants were on-line
33 percent more than other power
plants). You have heard about the
low level radiation emitting plants

- which cause cancers and birth de-
fects — which, in fact, account
for less than only l/200th of your
average radiation dose, compared to
approximately 50 percent from the
natural environment and approximate-
ly the other 50 percent from other
man-made sources such as television
sets, medical X-rays, etc. (If one
is really concerned about low level
radiation, one should turn off his
TV or forego a medical X-ray.) You
have heard about the high level
waste generating plants, creating an
unmanageable amount of wastes —
which to date is only l/7OOth of the
7 million cubic feet of high level
wastes already produced by our
military weapons program and by the
year 2000 will only be l/33rd of
the military produced wastes even
if we install nuclear plants at a
significantly increased rate.
Stopping the nuclear power industry
will not rid us of nuclear wastes,
because our past generation has
already created these wastes in our
military defense programs. Nuclear
waste disposal is not a question of
feasibility; rather it involves
selecting the best process and
getting on with the job. The tech-
nology for nuclear waste disposal
indeed does exist and has existed
for some years. And by law, this ds
a decision only our U.S. government
can make. Man-made plutonium, for
example, has been in existence
since the early forty's and we have
handled literally tons of it in our
nuclear weapons program without
difficulty in the past 30 years
under conditions far less secure
than those that will be imposed on
nuclear reprocessing plants.

Of course, much of what I say
about nuclear power will now be
weighed in your minds in light of
the recent incident at Three Mile
Island. This incident, although
unfortunate, provides opportunity
for those responsible for safe,

dependable energy including reactor
vendors, utilities and regulators,
to further improve on their 22-year
safety record which is by far the
best for any technology yet developed
by man. TMI will surely affect the
progress of nuclear power in the
United States and the worsening
United States energy future. Over-
reaction in either direction would
be a mistake, i.e., either shutting
down all nuclear power plants or
dismissing this "incident" with the
reality that no one was killed or
injured. We will see positive
effects from these events. First,
we will learn some valuable lessons
from Three Mile Island which will
ultimately make nuclear power even
safer than it has proven to be with
its excellent safety record to date.
This must always be our goal. Sec-
ondly, many have realized for the
first time that nuclear power is,
in fact, a significant part of our
energy supply today, that it is
basic to our economy and our stand-
ard of living. Much of the mystique
about nuclear power has been removed
and many are learning about nuclear
systems for the first time. The
fear of the unknown is one of our
greatest fears. The energy crisis
is worsening daily and we must con-
tinue to realize the vital role
nuclear power must play, a role
which I believe we cannot do without.
In fact, I believe that our nation's
future well being in a peaceful
world makes increasing electrical
power from nuclear energy mandatory.

In summary, I do not advocate
a total reliance on any single
source of energy, but I do believe
that nuclear power must play a major
role in meeting our energy needs.
In my view, nuclear energy is
literally "God given" at this time
in history when the world's people
sorely need energy. Experiences
at Three Mile Island must and will
be used to make nuclear power an
even safer source for generating
electric energy. 16% of our
electrical energy today is being
generated by burning precious o i l —
about 2 million barrels per day.'

CONCLUSIONS
I expect our country to offer

its people a future of improving
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expectations. Cheap energy has
made possible the America that we
have known and has been developed
through hard work and the American
system over many previous gen-
erations. Literally millions of
people have immigrated to this
country not to seek just freedon/
for themselves and their children
but economic security and a future
of widened expectations. They ex-
pected their children would re-
ceive an education, that their
children could start and build
businesses or enter the professions.
And for many that dream was
realized. Unfortunately, that type
of future is now clouded by a maze
of governmental red tape, the
success of no-growth zealots, bad
political decisions and perhaps
most importantly, the apathy of
middle America.

There is a cloud over this
dream that can be delineated in
terms of our current increases in
productivity. Productivity, de-
fined as the average output per
hour of labor, is increasing only
very slowly in our country. A
recent report shows that the U.S.

has increased i ts productivity in the
decade from 1967-77 by 27 percent.
This is the same amount as Great
Britain which has often been regarded
as a country in technological decline.
Meanwhile, Japan increased 107 per-
cent, France 72 percent, West
Germany 70 percent, and the sick man
of Europe - Italy 62 percent and
Canada 43 percent. It is recognized
that lack of incentive for capital
investment by industry, lack of
incentive through industry profits,
unreasonably high taxes on capital
gain, inflation and labor climate
all play a role in this decline of
productivity increase. I also
believe tl it solutions to our energy
problems would have a major impact
upon stimulating increased
productivity.

This energy crisis is for real;
We need every energy source we can
generate; we need to stop excessive
regulations which hamper our prog-
ress and productivity; we need a
governmental environment conducive
to continued production. Together
we can, hopefully, find solutions
for a continued strong America and
a strong and more prosperous world.

1. "Can It Be Done?", U.S. News & World Report, Inc., page 20, July 30, 1D79

DISCUSSION

G. Cowper: When President Carter
refers to 20% of to ta l energy being pro-
duced from solar by 2000 is i t not the
case that he includes in th is category -
windmi l ls , t i da l and hydroelectr ic power.

Answer: I continue to believe that
20% of U.S. to ta l energy from solar by
the year 2,000 is a wholly unrea l i s t i c
expectation. The question remains,
despite our attempts at categorizat ion of
sources and supplies of energy, w i l l we
be able to supply our needs by the year
2,000 using whatever technologies are
available? I am concerned about adequacy
of those supplies and do not believe that
some of the "newer" technologies w i l l be
a large part o f the to ta l mix. I do not
know the answer to your question but I
believe the answer is "yes".

L. Ber t in : With the U.S. nuclear i n -
dustry dying on i t s legs because of the
a c t i v i t i e s of the pub l ic , the Congress and
the presidency towards nuclear power, can
we look forward to a change fol lowing the
next election?

Answer: I do not agree that the "U.S.
Nuclear Industry is dying on i t s legs"
because 70+ power plants are on- l ine and
80+ are in various stages of planning and/
or construct ion. I would agree that the
industry is experiencing great dif f iculty
for the reasons you stated, but also in
large part because of economics. These
problems are not unique to the nuclear
industry but are also applicable to all
capital intensive industries. I believe
that in our U.S. democracy, the truth
ultimately bubbles to the top, although
the time for that phenomena to occur with
respect to nuclear energy is becoming
agonizingly lengthy. That is probably an



12

indictment of apathetic middle America.
Election pol i t ics w i l l , in 1980, be com-
pelled to focus on the energy problem. I
expect the next President must push
nuclear energy vigorously along with a l l
other feasible energy sources.

L.D. Hamilton: The reference to 20%
of energy coming from solar by the year
2000 real ly applies to renewable sources
of energy. Thus in addition to sources
mentioned by the previous discussant
burning of waste is important. At this
time there is a proposal for a 750 MWe
coal plant for Arthur K i l l in New York
City; about 25% of this energy w i l l come
from burning of municipal waste. One
should not put too much emphasis on the
year 2000; there may well be a dramatic
take-off in solar technologies shortly
thereafter as a result of possible break-
through in photovoltaic technology. In
the meanwhile to reduce dependence on
imported o i l one needs to deploy maximally
aJ2 available technologies--coal, nuclear,
and renewable—with appropriate environ-
mental controls, in addition to conser-
vation.

Answer: I agree that categorizations
of energy sources have become a confusing
issue. I have even heard certain persons
categorize the burning of coal, o i l and
gas as solar energy since they were a l l
derived from the sun. This kind of
categorization of solar energy only begs
the issue. As we move toward the year
2,000 we w i l l most certainly be using as
much energy as we are today, and quite
probably a great deal more than we are
today. Where w i l l this energy come from?
There is the prediction that "newer"
technologies such as synfuels, solar
heating, windmills, etc. w i l l provide a
signif icant portion of this demand. I
fervently hope that this prediction is
correct, but I remain skeptical.
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Introduction

Let me begin by saying how much I
appreciate the opportunity to participate
in this Conference. As someone who spends
most of his time trying to bring together
the results of other people's work in a
way which is useful for the formulation of
energy policy, I clearly recognize the
contribution of those of you who have
the time and ability to generate the
results on which policy decisions must
be based.

Let me also say, at the start, that
my perspective on energy issues is an
economic one, and I will be addressing the
theme of this Session, "The Need for
Energy", in that context. More specifi-
cally, any references to costs and the
comparative economics of energy projects
or options will be in terms of the full
costs to Canada as opposed to the costs
which individuals perceive. This
difference between private and full
economic costs can be substantial in a
world in which taxes and subsidies are
significant. Needless to say, the comments
I make represent my own view of the world.
Any relationship between them and the
federal government's emerging view is as
much good luck as good management.

Currently, as you know, energy issues
command a significant amount of public and
media attention: Petro-Canada; oil self-
sufficiency and oil self-reliance;
conservation; oil prices and economic rent;
renewable energy; oil shortages; oil
spills; pipelines; heavy oil; fiscal
incentives; Arctic exploration; off-shore
drilling; Three Mile Island; Rolphton;
Atomic Energy Control Board; Atomic Energy
of Canada Limited; acid rain; waste
management; reactor safety. The list goes
on and on.

Over the next few months the federal
and provincial governments will be
discussing many of these important issues.

particularly oil prices and related
questions. At the same time the
Prime Minister will be implementing his
promise to establish a Nuclear Inquiry in
the form of a Parliamentary Committee. Out
of all this a consensus on an appropriate
energy strategy for Canada will hopefully
emerge.

My purpose in addressing you here
today is to discuss the role of nuclear
power and electricity in terms of the
problems that arise and the opportunities
they present. Briefly, the argument that
I will be trying to make is that Canada
currently faces two significant energy
problems, an oil problem and a nuclear/
electricity problem, that these two
problems are largely separable, and that
recognition of this separability has
important policy implications.

The Oil Problem

Most importantly, and most immediately,
we have an oil problem. Although there is
much public discussion of the energy
problem and energy strategy, the reality is
that for Canada, and many other countries
as well, the immediate problem is an oil
problem and the strategic question is how
governments should respond to the
possibility of interruptions in imported
oil supplies. The ma jo:' options include
the encouragement of alternative energy
sources and substitution away from oil,
and energy pricing and other measures to
encourage domestic oil supply expansion
and demand restraint. The domestic pricing
of oil has emerged as one of the most
important issues and, in terms of improving
the oil balance, moving prices rapidly
towards world levels is crucial.

From a broader perspective, the
problem is more complex. Significant
increases in oil prices will generate
enormous additional revenues, the distri-
bution of which will have important
individual and regional impacts. Some
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industries such as petro chemicals, cement,
and lime will be particularly hard hit by
higher oil prices. The macro-economic
employment and inflation effects of higher
prices could be significant. The large
econometric models suggest that every one-
dollar increase in the domestic price of
oil, unless offset by policy initiatives
such as tax cuts, will increase the
number of unemployed by about 10,000, and
the rate of inflation in any year by about
0.5%. But the difficulty is that these
effects will be largely felt in those
regions whose governments, with the present
distribution of resource revenues, are
least in a position to undertake compen-
sating fiscal measures. Thus, while
higher oil prices can provide an important
signal to producers and consumers, a
substantial movement towards world prices
will require a satisfactory solution to the
individual, regional, industry, and macro-
economic problems to which such a movement
in prices could give rise.

What is the role of nuclear in solving
Canada's oil vulnerability problem? More
generally, what is the role of any partic-
ular energy option: coal, hydro, oil sands,
heavy oils, tight gas, frontier resources,
renewables? The answer is probably that
no single energy option is critical.
Canada is well supplied with energy
resources. Technically, we have the
resources and expertise to solve our oil
import problem over time. The real issue
is the degree to which we can substitute
domestic energy for imported oil at
acceptable costs.

To date, much of the public discussion
has been crisis oriented. There has not
been much discussion of what are acceptable
limits to the costs of reducing our oil
import vulnerability. Even the title of
this Session, "The Need for Energy",
connotes the idea, if I can exaggerate a
little, that energy is so critical that
its development in Canada must proceed at
full speed and at any cost.

In the final analysis, I would be
surprised if Canadians opted for oil self-
sufficiency "at any cost"., What is likely
to emerge is a recognition that some
projects which have lower rates of return
than would normally be acceptable may be
worth undertaking to reduce our oil import
vulnerability, but that the premium to be
attached to this security is less than
infinite.

This is essentially the public policy
problem for many of the major energy
projects currently under consideration.
They may involve substantial environmental
impacts and/or be only marginally economic.
The question is whether these less than
normal rates of return - which in other
sectors of the economy would be unaccept-
able - are offset by the security value
which Canadians attach to reduced oil
import vulnerability.

The substitution of Canadian conven-
tional and non-conventional oil and gas
for imported oil appears to be economic
or close to it. These sources provide the
most obvious opportunities for reducing
our oil import vulnerability. What about
the accelerated substitution of electricity
for oil? While this is a possibility, it
is probably not a significant one. In the
residential and commercial sector, the
increased use of electrical space and water
heating provides some substitution possi-
bilities, but in many parts of Canada such
substitution is not economic even at world
prices for oil. Studies at Energy, Mines
and Resources suggest that electric heating
costs in Ontario are in the order of 25%
higher than oil heating costs. As I
mentioned initially, these comparisons are
based on full economic costs - world prices
for oil and the replacement cost of
electrical generation capacity - rather
than on the market prices which individuals
face.

In the longer term, electrification of
public and private transport systems may
occur, but oil prices will have to rise
further and technical improvements will be
required before economically viable
substitution takes place.

The historical data suggest that there
is some responsiveness of electricity demand
to changes in oil/gas prices and vice-versa,
but that this responsiveness - or more
formally, the cross-price elasticity of
demand - is much lower than the respon-
siveness of oil or gas demand to changes
in each other's price.

Forecasts at Energy, Mines and
Resources suggest that, under a variety
of assumptions about the relative prices
of oil and natural gas, the growth rate of
electrical demand over the period to 2000
is likely to average somewhere between
3% and 4%. This range, in the face of
significant variations in oil and gas
prices, is not large.
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In summary, significantly expanded
substitution of electricity for oil would
be difficult to induce and, where policy
might induce substitution, it could be
quite uneconomic. The exception to this
generalization is the Atlantic provinces
where a substantial amount of electricity
generation is oil-fired. This is
increasingly uneconomic and the use of
coal, hydro, and nuclear of fers significant
possibilities for lessening the region's
dependence on oil.

I have tried to be careful in phrasing
the argument about electricity by noting
that there appears to be little justifi-
cation for a policy induced accelerated
shift towards electricity. Historically,
the share of electricity in total energy
demand has been rising, and this is
likely to continue in the future. Further,
there is no doubt that without the role
electricity has played in the evolution
of Canada's energy supply system our
dependence on oil in general and imported
oil in particular, would be greater than
it is. The argument being made here does
not question the importance of this
contribution. Rather, it indicates that
there does not appear to be much scope
for expanding the substitution of
electricity for oil beyond that which will
occur in response to market forces and
that public policy should not attempt to
accelerate this longer term movement. As
long as electricity is not seriously under-
priced - the pricing of electricity is an
important issue in itself and is now
under fundamental reassessment by the
Ontario Energy Board - then expansion in
the market share of electricity, particu-
larly to the extent that oil is displaced,
is desirable.

It is also important to emphasize
that the argument reflects a time frame
which looks out only to the 1980's and
1990's. The benefits which electricity,
and nuclear power in particular, appear
to offer - a constant cost source of
energy - are likely to become more
significant only towards the end of this
century and beyond the year 2000. Thus,
the argument that accelerated electricity
growth may not be justifiable or relevant
to the solution of an oil problem which
must be addressed in the near term is
still consistent with the view that nuclear
power and an increasingly electrical
society may be Canada's best bet in the
late 1990's and beyond.

The Nuclear/Electricity Problem

The oil problem aside, there is a set
of important nuclear/electrical issues of
concern to Canadians. While these may be
widely considered as part of the "energy
problem", they are largely a distinct set
of issues which should be addressed quite
independent of the existence of problems
with oil import vulnerability.

Even if electricity growth over the
next twenty years is substantially less
than the historical average, additional
electrical generation capacity will be
required. The existence of excess capacity
at present will result in the bulk of this
expansion taking place in the 1990's.

The nature of the new generation
capacity will vary substantially between
provinces and will likely differ substan-
tially from the existing composition.

Currently, for Canada as a whole, the
bulk of electrical energy (70%) is hydro
based. Despite the overall pre-eminence
of hydro electric power, there is
substantial regional variation. Newfound-
land, Quebec, Manitoba, and British
Columbia rely almost exclusively on hydro
for their electrical generation. Saskat-
chewan and Alberta are heavily dependent
on coal, while Ontario, the only province
utilizing nuclear power at present, has
significant amounts of hydro, coal, and
nuclear generation. Unlike Alberta and
Saskatchewan, Ontario is heavily dependent
on imported U.S. coal, although it is now
looking to more secure, but more expensive.
Western coal. The difficult problem for
the Maritime provinces is their dependence
on imported oil as the major source of
electric generation.

Future capacity expansion will likely
entail a reduction in the overall
importance of hydro and an expanded share
for coal and nuclear generation. Again the
provincial patterns will be quite different.
The picture for Newfoundland depends on
decisions about its Lower Churchill hydro
sites. For the Maritime provinces, oil
will become less important, while coal and
nuclear facilities expand their share. In
Quebec, the government has announced its
intention to concentrate on hydro
development. It will, however, re-examine
its position on nuclear expansion beyond
Gentilly II in a year or so. In Ontario,
generation expansion will consist of coal
and nuclear facilities. In the West,
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Alberta and Saskatchewan will continue to
rely on coal-fired generation while in
Manitoba and British Columbia, the emphasis
will be on hydro development.

The amount of capacity required
clearly depends on the growth rate of
electrical demand. Historically (1963-76),
this averaged about 6.7%. Regional
variation around this trend ranged from
annual growth in Alberta of 10.4% to 5.5%
in Quebec.

The expectations for future electrical
demand growth are much lower. Energy,
Mines and Resources' own demand model
suggests a growth rate for Canada of 3.7%
over the period to 2000, and 3.4% for
Ontario over the same period. These
reductions from historic growth rates are
largely a reflection of expectations about
the growth of real domestic product. This
is the most important determinant of
electricity demand, and is assumed to grow
at 3.7% annually to the year 2000. The
historical experience has been about 6.7%.

Over the next 20 years, nuclear power
will make its largest contribution in
Ontario, although there are possibilities
for a second reactor in the Maritimes,
for expansion beyond Gentilly II in Quebec,
and for a reactor in Manitoba or British
Columbia.

Ontario Hydro has recently released
a study* which, under various assumptions
about load growth and the division of
incremental capacity between coal and
nuclear, indicates that beyond the
completion of Darlington, but before 2003,
the province could require as little as
3,400 Mw(e) of additional nuclear capacity,
but as much as 24,000 Mw(e).

In summary, even based on conservative
forecasts, significant generation expansion
in the 1990's will be required. For
Canada, the difficult question is what
kind of additional capacity should be
installed. There are important economic,
environmental, health and safety,
industrial, and commercial considerations
which must be addressed in arriving at a
satisfactory answer: how do the economics
and environmental impacts of alternative
generation sources compare - the coal/
nuclear comparison is particularly crucial;
does Canada have in place appropriate

* System Expansion Program Reassessment
(SEPR) Study, February 1979.

uranium, reactor, and electricity export
policies; what should be done in the short
and medium term about the difficulties
faced by Canada's nuclear industry; what
is the appropriate federal/provincial
division of nuclear regulatory responsi-
bilities; and spanning all of these, what
can be done about the public concern with
the uncertainty about nuclear power.

The Prime Minister has announced his
intention to examine these issues in a
Parliamentary Inquiry. They are important
issues, the resolution of which is
essential if nuclear power and the Canadian
nuclear industry are to have the opportunity
to make an expanded contribution to
Canada's energy production in the longer
term.

The fundamental point made here is
that these issues are important in their
own right. They will be difficult to
resolve. The problem should not, and need
not, be further complicated by attempting
to address these issues within the broader
context of Canada's oil import strategy.

This argument that the nuclear and
electricity issues should be treated
independently of the oil problem is an
empirical judgement. It is based on
statistical relationships which indicate
that the sensitivity of oil -rid gas demand
to changes in electricity prices (and
vice-versa) is limited and on an economic
judgement that, if electricity for oil
substitution could be accelerated by price
or other measures, it would not be a
sensible economic decision in the short or
medium term.

Why belabour the point? There are a
number of reasons for doing so. One is
the concern expressed earlier that the
initial reaction of many Canadians to the
oil problem is to "solve" it as soon as
possible, and at any cost. The temptation
to implement clearly non-economic oil and
gas projects must be resisted - while
recognizing that some premium for security
of supply is jus<-ifiable. This is not the
time for a r.olicy induced accelerated
movement towards an electric society. The
major area of immediate substitution,
home heati.ig, is non-economic and in other
areas, particularly transportation, there
are botl -:onomic and technical problems
which re ±n to be solved. There are some
areas where electrical substitution will
occur. Heat pumps may be a good example.
The suggestion here is that such substitu-
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tion be allowed to take place at its own
pace. It would be a mistake, for example,
to adopt a low price policy for electricity
on the grounds that this represented a
significant contribution to solving the
oil import problem. The temptation to do
so is particularly great in the current
excess capacity situation.

Secondly, it is important to recognize
that the electrical/nuclear issues are
important in their own right and would
have to be addressed even if oil import
vulnerability were not a problem. Questions
about the economic, environmental, health
and other impacts of electrical expansion,
and particularly nuclear expansion, have
to be addressed. The work of people at
this Conference plays an important role
in shedding light on what is often an
irrational debate on many of these
questions. The point, though is that these

issues can legitimately be addressed in
their own right, and should be. The
debate should not be confused with "energy
crisis" overtones that stem largely from
oil concerns.

Finally, the question of timing is
important. The oil problem is immediate.
Decisions will be made in the near term
to address the problem. The nuclear/
electrical issues are less pressing.
Electrical utilities currently have excess
capacity. Darlington represents he last
of the currently committed nuclear stations.
While decisions about the amount and kind
of additional capacity for the 1990's will
have to be taken in the 1980's, we have a
few years before those decisions need be
made. This is a valuable breathing space
in which Canadians can decide - through
vehicles like the Parliamentary Inquiry and
on the basis of on-going work like yours
and like AECL's waste management work - how
we should be proceeding.

DISCUSSION

P.J. Dinner: It seems to me that
your position with respect to electrical
substitution is inconsistent with EMR's
report on Energy Futures for Canadians.
You have observed statistical relation-
ships between energy price and use affect-
ing energy substitution, but do not appear-
to be considering the impact on these
relationships of technological innovation.
You also seem to be saying we should not
encourage this technological innovation in
saying that "substitution should be
allowed to take place at its owin pace".

Answer: As to your first point, let
me repeat that my remarks do not represent
government policy anymore - or less - than
does Energy Futures for Canadians to which
you refer. I'm not sure though that the
inconsistency is as great as you suggest.
I agree with a major hypothesis of the
Energy Futures report which is that the
share of electricity in Canada's total
eneray consumption will increase over
time. As I tried to emphasize, my concern
was the appropriateness of policies which
attempt to accelerate this longer term
trend with a view to reducing our oil
imports.

Your second point - that historical
statistical relationships cannot take
account of future technological changes -
is quite right. There may well be tech-
nological changes which make electricity

much more economic for space heating, in
transportation and in other applications.
I did not mean to imply that such
technological changes should not be en-
couraged. Governments certainly do have
a role to play in the development, funding,
and demonstration of many of these tech-
nological changes. As Canada moves towards
world prices for oil, these changes will
lead naturally towards the substitution of
electricity for oil, and this is desirable.
In the meantime, though, I see no justifi-
cation for a policy induced accelerated
substitution.

L. Hamilton: Are you aware of the
Brookhaven economic analysis that shows
for the U.S., increase in the cost of oil,
approximately in the late 1980's, will
lead paradoxically to substantially
increased demand for electricity?

Answer: There are a number of stat-
istical estimates of the economic substit-
utability of oil and electricity, and they
vary over a wide range. On balance I
would say they support my argument that
the "cross-price elasticities" are quite
low - much lower than the corresponding
elasticities for oil and gas. The Brook-
haven analysis - which I have not seen -
must incorporate elasticities in the upper
end of the range. Alternatively, it may
be based on expectations of significant
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increases in the real price of oil which
will lead, even with low cross price
elasticities, to "substantial" electrical
expansion.

R. Wilson: How much importance do
your studies place on security of supply.
If I were building a house just now, I
would insulate it very highly and then
because of assured security of supply, I
would heat it electrically.

Answer: I would not argue that your
decision is a bad one. For a well desig-
ned, well insulated house which cuts heat
requirements by a significant enough mar-
gin, electric heating may be the best bet.
As heating requirements decline, the low
front end cost of electricity relative to
oil or gas makes it increasingly attrac-
tive. It will, in some circumstances, be
clearly the cheaper approach and you need
not pay any premium for security of supply.

As you know, though, the number of
new houses built each year changes the
total housing stock only very slightly so
that even if all new houses were built
this way, the impact on oil consumption
for home heating would not be that great.
As you imply, though, even if your option
were not the cheapest you would be willing
to pay some premium for security of supply.
One of the points I have tried to emphasize
is that, as a country, we should address
explicitly the cost premium we are willing
to pay for that security.

H. Inhaber: The previous speaker dis-
cussed governmental regulations in the
United States with respect to conserva-
tion of energy. On the other hand, some
people say that with rising energy prices,
market forces will automatically produce
substantial conservation. What do you
think about these issues?

Answer: I think the evidence is
fairly clear that oil demand, like the
demand for most products, responds to
changes in price and that a movement
towards world prices for oil - assuming
the problems which go with it can be
solved - is the single most important
conservation measure we could put in place.
To the extent that such a price movement
does not take place, more interventionist
measures in the form of government pro-
grams or regulations will be required to
do the job.

C.P.L.-ZaTeski: 1} You mentioned in
your discussion $16 to $25 per barrel as
the probable cost of oil from tar sands.
In your analysis of replacing usage of oil

by electricity, would it not be proper to
use the projected World market price?
2) If so, what price would you use for
the 1980's and 1990's?

Answer: You are quite right in sug-
gesting that an economic comparison of oil
and electricity in various uses be based
on world prices of oil. Similarly, for
electricity the appropriate price is the
replacement cost of the facilities and
fuel required to produce it. For a
comparison which extends into the 1980's
and 1990's, the approach we use in our
work at the Department of Energy, Mines
and Resources is to examine the effects of
various rates of increase in real oil
prices ranging from 0% to 5%. Thus, rather
than asking whether electricity is more
expensive at a single forecast rate of oil
price increase, we determine the rate of
increase of oil prices which would be
required in order for electricity and oil
to'be equally economic in any application.
Implicitly, it is assumed that the real
rate of increase in electricity costs is
zero. This is probably an underestimate
so that the increases in oil prices might
more accurately be interpreted as the dif-
ferential increase of real oil prices
relative to electricity.

W.B. Lewis: You opened by stating
that nuclear energy and oil were separate.
Are you aware of the work being done
studying a major project of using nuclear
energy in a coal liquefaction process to
produce about 100,000 barrels of gasoline
equivalent per day? I have been urging
the combination for at least six years.

Answer: Nuclear power does have pos-
sibilities beyond electricity generation.
As you suggest, coal liquefication is a
possibility. Another one which AECL is
studying is the use of an organically
cooled reactor for heavy oil development.
My comments on the separability of the oil
and electricity issues were in the context
of policy formulation. The possible
technical complementarity of oil and nuc-
lear energy in some kinds of applications
is not the issue.

J.D. Shewchuk: If our national
strategic planning policies in this area
of energy production must by necessity be
directed to solving current problems of
oil dependency, then what are your real
expectations for alternative energies
R&D (solar, biomass, marine, wind, etc.)
over the next 7-10 years if, as you imply,
nuclear electricity development will be
able to satisfy any anticipated shortfall
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in gentr^ting capacity beyond 1990?
Answer: As you know the federal gov-

ernment is already funding R&D in the re-
newable energy field and in some cases -
solar, for example - has a substantial in-
dustrial development program in place. I
don't think there is any doubt that these
renewable energy sources are becoming in-
reasingly competitive and the difficult
question is not whether they will make a
contribution, but when they will. The
timing depends on the rate at which tech-
nical advances can be made in some cases
but, more importantly, on the rate of
price increase of the fuels with which

they compete in particular applications
and on the elimination of institutional
and other constraints. I would be sur-
prised if renewable energy sources of the
kind you mention make a significant con-
tribution over the next decade, but clearly
the R&D and demonstration phase should be
pursued vigorously and, in those applica-
tions where these energy sources are
economic or close to it, they should be
encouraged to penetrate the market.
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THE NEED FOP ENERGY

AN ADDRESS TO THE

CONFERENCE ON HEALTH EFFECTS OF ENERGY PRODUCTION

Chalk River, Ontario - 12 September 1979

C. Neil Reimer, National Director
Oil, Chemical and Atomic Workers International Union

It is indeed a privilege for me to
address this gathering where you are
honouring the retirement of Dr. Newcombe.
It is also a privilege for me to address
you because I am no expert, as so many
invited guests are. I have, however made
an attempt to study the energy industry
for many years.

In this address, I want to talk
with you about health and safety and
comment on the current energy scene,
and the need for energy, with particular
emphasis on employment.

I must say to yov. that ths Canadian
Labour Congress, which represents 2.2
million people, is in the process of
developing energy policies of its own
and will have its own conference shortly.
We hope some of you will be able to
attend.

Certainly it would be wrong for me
to suggest to you that I am speaking for
every member of the Canadian Labour
Congress as C.L.C. Energy Committee
Chairman. There are varying points of
view and there is also a certain amount
of polarization on the question of
nuclear energy.

In talking about health and safety,
particularly in the nuclear industry,
it is helpful to know the position of
employees that are working in any enter-
prise. Usually the employees of this
industry are sufficiently perceptive
and will let us know whether or not the
environment inside a plant is healthy
and safe. This is what the employees
of the Atomic Energy of Canada Limited
plant at Chalk River, Ontario have to
say about the programme inside their
plant:

"In our daily work we en-
counter radioactivity in

many of the buildings we
work in but due to the
excellent and most competent
radiation and industrial
safety branch, we feel
quite safe in our work.

In the twenty-six years
of operation, we have not
had any industrial accidents
pertaining to radioactivity,
and that is attributed
mostly to the high standard
of safety that is maintained
at Chalk River."

Representations which the Canadian
Labour Congress Energy Committee has
received from Ontario Hydro are the
same. The United Steel Workers of
America have raised reservations and
say that companies generally lack
credibility in the areas of water
quality, milling, waste management and
radioactivity, with respect to health
and safety,

However, the fact that some corp-
orations are safe does not mean that the
total industry is safe. And it is with
due respect that I suggest that the
approach used by the nuclear energy
industry regarding health and safety
presents some difficulty to many people.
For example, I doubt if Kerr McGee
workers, indeed I know Kerr McGee workers
did not speak highly of the safety pro-
gramme in place at their Company's plant.
Indeed, the Company's defense with
respect to Karen Silkwood, and their
insistence that they did meet standards
really does youj industry no good. In
other words, averages do not mean very
much. If the same effort in health and
safety was spent in the coal mines, you
would likely get a much larger improve-
ment in the safety record of that in-
dustry. The facts are that here in
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Canada, the atomic energy corporations
pay a great deal of attention to health
and safety and other industries do not.
The comparison therefore is somewhat
short of being completely credible.

Safety in an industry can only be
assessed on a plant ty plant basis. For
example, all casualties and all deaths
in one industry may very well come from
one unsafe plant.

The nuclear industry, instead of
comparing health a.'.1 safety figures of
other industries saould address itself
to the public concerns. I say this
because the public is generally not
excited about what goes on in a plant.
There is no alarm raised about working
conditions. After all, there is a
general view prevailing that a worker
has the choice to quit. That is an
unfortunate attitude; it is not meant
to be cynical but nevertheless it is true.
The public is concerned about whether or
not the plant emits odors, toxic sub-
stances, radioactivity outside the gate
or whether or not waste disposals in any
way affect them. If this was not the
case, then there should have been a huge
outcry about the sixteen miners who were
killed in Nova Scotia not long ago.
There should have been public concern
expressed when we recently had a one-
week strike in British Columbia because
a company would not appoint a safety
supervisor after three people had been
killed. There should be an alarm raised
at the time lost as a result of indust-
rial accidents, which is four times that
lost because of strikes. But there is
at least four times as much concern
about strikes as there is about indust-
rial accidents.

The cost of an industrial accident
is multiplied by 4.1 as the International
Labour Organization points out. And
certainly while I am talking to you here,
and every minute of the day, there are
25 to 30 accidents that produce lost
time and injury to workers taking place
in Canada, and indeed there are thousands
of 'near misses' that nobody hears about.

In-plant health and safety does not
have much charisma but it is the effects
of the operations on the public that do

get attention.

Now, I want to discuss the energy
situation with you.

I am often surprised tnat at meet-
ings such as this, the economics of
energy are discussed without paying the
least bit of attention to the behavior
of the corporations working in the
energy industry.

I am tempted from time to time to
develop an address entitled "The Games
People Play With Energy." Indeed, one
could comment that the economic environ-
ment is often created by the energy
industry and it is not one to which they
give a response. There appears to be a
design to create an economic climate
suitable to the industry.

The labour movement feels there must
be a balanced approach given to energy
economically, with employment as a prime
consideration. There also must be great
emphasis on conservation, renewable
resources and such matters as wind and
solar energy.

It is the position of the labour
movement that we need a national energy
corporation. The closest we have come
to establishing such a corporation has
been w?th Petrocan. We must make it
abundantly clear that the labour move-
ment not only wants Petrocan retained
but also it wants to have Petrocan as
an energy corporation involved in all
aspects of energy.

The labour movement feels that a
national energy corporation is needed
for the following reasons:

(l) The multi-national corporations
have deceived the public and indeed have
gone on strike against them from time to
time in order to get their way, by
refusing to develop unless it is done
on their terms.

A national energy corporation would
have the responsibility to make certain
that government receives an accurate
assessment of energy reserves, the cost
of development and an objective
recommendation as to which energy source
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should be tapped and for what reason.

This country is going to make some
important decisions and we must have the
accurate facts. Let me give you an
illustration as to how the assessments
have varied and changed. It should be
noted that all of our assumptions about
current and easily recoverable reserves
of both natural gas and oil are being
constantly revised - upwards. In
reference to natural gas, for example,
the 1975 Report of the National Energy
Board states;

"Without substantial supplies
from Canada's frontier areas,
growing domestic requirements
could not be satisfied beyond
198^, even if all exports were
diverted to domestic markets
as required." (Canadian Natural
Gas Supply and Requirements,
N.E.B., April 9, 1975, Page 68)

Only two years later, however, the
Department of Energy, Mines and
Resources in its policy statement,
"Energy, the Task Ahead," stated that:

"Between now and 1985i readily
deliverable supplies of gas
from western Canada appear to
be adequate to cover fully
potential Canadian needs and
the amounts contracted for
export to the United States,"
(Energy, the Task Ahead, E.M.R.,
1977, Page 22).

There is a substantial difference
in these statements. One says that we
are in serious trouble, the other says
that we are not. But wait a minute,
earlier this year we had a gas bubble
after the price went up. And that gas
bubble now has grown so large, it has
become a dirigible. This is embarrass-
ing and according to the industry must
be exported. It is generally conceded
that the National Energy Board will go
along with exportation.

The stated reserve position in
conventional, bitumen and heavy oils
has also fluctuated wildly. For example,
the 1976 ''Energy Update" paper tells us
that in the case of heavy Lloydminster

oil alone, ",... improved economic con-
ditions could result in from 1.5 to ^.5
billion barrels recoverable of crude
oil", but that official reserve estimates
include only a few hundred million
barrels. Given that the 1975 proven
reserve position in oil was 6.h billion
barrels, an addition of 1.5 to 4.5
billion barrels would be a very
significant addition.

Which one of these assessments are
you going to accept? Are any of them
sufficiently reliable for us to make a
policy upon? The Government needs its
own independent source of information
through an energy corporation.

(2) The major corporations in the
energy industry, namely the oil companies
have bought out considerable holdings in
coal and uranium and all other energy
technology. Naturally they own vast
rights to develop oil and gas.

With this broad ownership comes a
lack of competitive technology to
develop holdings. The ownership of
these resources will in large measure
determine our energy policy through their
developing of technology as they see fit
or by making this technology available
in a manner they wish. A national
energy corporation, by directive of the
Government could develop research in
accordance with the public need.

An example is the coal industry.
At my family's cottage on Lake Wabamun,
we can see two coal-fired, electric
generating plants. One is old and one
is new. The old one belches ash and the
new one (five times the size) does not.
Coal plants are said to be dirty. Yet
I know that the trees are green there.
Yet, with the "clean" gas at a plant
fifty miles north, the leaves turn
yellow, Calgary Power - not part of the
petroleum industry - obviously developed
meaningful technology over the years.
The public deserves some explanation.

(3) It would be economical for
Canada to have a national energy corpor-
ation that could make money on the
market place and not be required to be
subsidized by the public purse. At the
present time, the thrust is that Petrocan
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will in effect subsidize the national
oil companies by going into areas which
are inaccessible and by developing
technology and information that later
on will be turned over to the private
sector. When this happens, all the money
comes from the public purse and indeed
gives Government a 'stranglehold1 on the
corporation so it cannot determine its
own programme without going hat in hand
to the Minister in charge.

We are already subsidizing the
existing energy corporations. Through
drilling incentives, provincially and
federally, it does not cost them very
much to drill an oil well. So that when
Imperial Oil goes out and borrows $250
million as they are doing right now, they
will get most of that back, if not all,
through the incentives that exist for
them. It must be nice to be able to
buy up our Country with our own money.

(4) The private sector in the
petroleum industry does not lend itself
to a meaningful conservation programme
except through high prices. What high
prices mean to them is that if you use
less, their income is still secure.
Whereas a meaningful conservation pro-
gramme should be one that creates employ-
ment by building alternate forms of trans-
portation, properly constructed homes
and by developing new technology. Con-
servation just does not mean turning
your thermostat down; it means a pro-
gramme for alternate sources and new
methods and for technology which is
employment-creating.

The private sector, quite under-
standably wants their money back the
minute they have invested it. That being
the case, they are not content to leave
the gas and oil in the ground. They must
sell it to get their money back and to
make a profit. Indeed, that is what they
are in business for.

A crown corporation would balance
this activity by holding on to tracts of
lands for future use. The public would
profit by this through lower prices as
time went on rather than forcing higher
prices for profit and the export of
dividends.

(5) With a national energy corpor-
ation, there can be more down-stream
planning. The manufacture of secondary
products from raw materials and feed v
stocks from primary industry would create
jobs and balance economic activity.

It costs approximately $li to
$2 million to create one job in high
technology industry, of which you are
part. That is exclusive of construction.
With the western world spending half its
capital for high technology industry and
mainly in energy, there will be continued
unemployment, and slow growth. The
labour movement is not against advance-
ments in technology but these advance-
ments must be made to work for people.
There will be a shortfall of capital for
social services and secondary industry
if the present trend continues. A
national energy corporation should
establish a model that the rest of Canada
could follow.

(6) A national energy corporation
would make the private sector more
credible - a feature they lack complete-
ly now.

In other words, Ladies and Gentlemen,
retention of Petrocan and the expansion
of its function is essential to the well-
being of this nation. We cannot have a
crisis on one hand and eliminate the
tool of correcting that crisis at the
same time. If such is the policy of the
present Government, then it will be
difficult for the labour movement to
continue to have confidence in such a
Government and give it the support any
government surely wants.

As a Canadian Labour Congress
Energy Committee, we have met most of
industry and government and they have
always said to us that we need lead time
for a new technology. And indeed, this
is true. But when we are exporting our
prime energy resources - resources that
are not renewable, we are exporting lead
time and also giving credence to a
continental energy argument to which the
labour movement is unalterably opposed.

If we are to create jobs through



25

energy policy we must begin by requiring
that every energy proposal be accompanied,
by a formal jobs impact statement. The
direct and indirect affects on jobs of
a new piece of legislation are usually
not obvious and must be carefully traced
through all their possible ramifications.

There already is a large energy
industry. It has more than one million
workers in the United States and Canada
and capital plants worth hundreds of
billions of dollars. The petrochemical
and automobile industry axe interlocked
with the primary energy industry. A
new energy policy can set up a chain of
events affecting employment all down the
line and certainly world prices will.
As an example, high-priced natural gas
could lead to high-priced nitrogen
fertilizer affecting the viability of
many agricultural operations at a time
when farmers are in economic distress.

The ripple effects of a given item
of energy policy on employment in
industries once or twice removed must be
mapped out. Calculations of jobs gained
or lost as against energy or oil imports
saved should be an essential ingredient
of energy decision-making. A jobs
impact statement attached to each energy
policy proposal could prevent costly
mistakes in legislation from being made.

When we frirn to alternate energy
technologies proposed for the longer term
future, a thorough analysis of the jobs
impact is even more essential. We may
be proposing to spend hundreds of billions
of dollars over the years and set this
nation on courses that are not easily
abandoned or reversed.

In developing our energy policies,
we should address ourselves to the
following three questions:

(1) Is the proposed technology
really feasible and safe?

(2) Is it economically viable and
consistent with a healthy
economy?

(3) Will the proposed technology
contribute to the goal of full
employment for our people?

It is the iast question that must
be satisfactorily answered in a jobs
impact statement before large funding
of an alternative energy technology is
undertaken.

At the present time, nuclear energy
provides Canada with about three percent
\j?o) of its energy. The bulk of energy
is still supplied by oil and gas and
they will continue to supply the largest
share of energy during the rest of this
century and maybe even longer.

Canada of course has huge reserves
of coal. These reserves are estimated
to be enormous and could satisfy our
needs for many, many years at the present
level of consumption. There is not the
same agreement as to what the reserves
are in oil and natural gas. The con-
servative view is that world demand for
oil will exceed available supplies by
the late 1980's. However, some qualif-
ied observers are of the opinion that oil
supplies will be adequate for much longer.

Grossling, a geophysicist with the
United States Geological Survey said it
is possible that the magnitude of oil
resources may turn out to be two or
three times conventional estimates. The
oil industry says that what they really
need to find oil is to have the industry
de-regulated and provided with the
necessary incentives for exploration and
development.

I do not know what more incentive
they need in Canada. Certainly they are
getting their way in de-regulation in
the United States. This is now creating
a price gap between oil in the United
States and in Canada, right now possibly
to the extent of seven dollars ($7.00)
per barrel. It appears to be a sin for
Canadians to have such an advantage and
we now have to go full steam ahead and,
rather than raising the price of oil by
two dollars ($2.00) per barrel, each
year, we have to go to the world levels.

The problem of the public being
able to determine the probable magnitude
of the resources of oil and gas is
complicated by the fact that the funda-
mental geophysical data on which all
estimates are based is not public
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information. All calculations of oil
reserves and potential resources rely on
generalized information furnished mostly
by the oil companies. The detailed
geophysical data "behind this information
is proprietory. But certainly it must
be clear that the commercial interests of
companies are best served by the under-
statement of both reserves and the
probability of future discoveries unless
they want to export.

The lack of dependable and unbiased
estimates of the oil and gas resources
of this country and of the worldplace's
policymakers is the most difficult
position with respect to the funding of
alternate energy technologies. If the
pessimists are correct that a small dis-
ruption in world supply or lack of
reserves in Canada will put our economy
in a tailspin, then the policy response
ought to be to place the economy on a
wartime footing with respect to the
development of alternate sources of
energy. Just one more reason possibly
why we should keep Petrocan.

A quasi-wartime basis for energy
research, development and commercializa-
tion implies the expenditure of vast
amounts of money beyond present expecta-
tions . It implies haste with all the
waste of money that crash programmes
entail. A longer time before the event-
ual depletion of oil and gas resources
would enable a more deliberate and better
considered approach to our energy future,
to be made. The quantification of
probable resources of oil and gas is
therefore one of the most crucial tasks
facing this country today.

Oil and gas are at the core of the
enerf problem and other energy sources
are peripheral at the present time.
Without the quadrupling of oil prices,
it is highly unlikely that the prices of
natural gas, coal and uranium would have
shot up as they have.

Without the OPEC oil price rises,
only a few ecologists would be crying
aloud, in the wilderness about energy
shortages in the long-term future.
These ecologists would be right. Event-
ually the supplies of all the fossil
fuels will be depleted but when that will

take place has yet to be convincingly
demonstrated.

The remedies to be undertaken are
subjects of great controversy and the
nuclear industry finds itself in such a
debate. Tens of billions of dollars are
involved and thousands of jobs are
potentially at stake. Governmental
decisions on energy will have major
consequences on the general eceonomy
which can be beneficial or disasterous,
depending on the route taken. Under
these circumstances, it is essential to
look at the history of the past few years
as a prelude to energy policy making.

Following the quadrupling of the
price of OPEC oil in 1973 to 197̂ -, most
of the countries of the world, including
the I'.iited States and Canada sank into
the deepest recession since the great
depression. Unemployment in the
industrially-developed countries rose to
its highest level since the 1930' s.
There seems to be little disagreement
among economists that the higher prices
for oil either triggered the recession
or were wholly responsible for it.
Clearly the higher prices being charged
for energy were not good for business
(aside from the energy industry) and
certainly not good for workers.

While industrial activity has im-
proved since the 1975 trough of the
recession, there has been only a modest
improvement in the unemployment situa-
tion. High levels of unemployment still
persist in most countries previously
noteworthy for their low levels of
unemployment. The United States regulat-
ed the price of domestic oil and was one
of the first countries to make a
significant recovery from the "oil
recession." Under these circumstances,
it is strange that the number one pre-
scription for a new energy policy should
be the further raising of energy prices.
Higher energy prices were the cause of
the post-embargo economic decline and
world-wide incr ases in unemployment.
Before higher prices for oil and gas in
Canada are even considered, critical
macro-economic studies should be carried
out to assure ourselves that higher
prices for energy will not cause a
repetition of the 1975 recession.
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The rational for higher prices is:

(1) Producers need additional
economic incentives to pro-
duce more.

(2) Higher prices will promote
conservation.

We believe that neither of these
arguments is valid in the light of the
history of the past several years.
With respect to additional price in-
centives to the oil and gas companies,
the present price has more than tripled
the pre-embargo price. The corporations
in 1973 undoubtedly would have regarded
a well-head crude price increase of
thirty percent (30%) as a bonanza. In
contrast to the tripling of the crude
oil price, the accumulated inflation of
the Consumers Price Index during the
same period was approximately thirty
percent (30%). It can be fairly asked
what kind of price increase would the
oil and gas companies regard as an
adequate incentive. Is there no upper
limit?

There is no way the incentives for
drilling in the conventional field or
building synthetic crude can be improved
upon for existing corporations. As I
have indicated before, everything is
virtually written off from what the
corporations would normally pay in taxes.

It should be clear that whatever
the outlook for oil and gas reserves is,
or for other energy sources, energy
conservation is important.

In the long run, conservation of
every form of energy will be forced on
us by the constraints of nature if we
do not succeed in reducing demand by
social means. Particularly with respect
to the fossil fuels, there is no advant-
age to unrestrained growth of consumption.
This will only hasten the day of event-
ual depletion.

Energy conservation is now a matter
of national policy. The question
remaining is how is it to be effected.
Here, the oil and gas companies and
the government are in accord. The main
highway to conservation is through much
higher prices for energy.

It is true that higher prices for
energy will temper demand. Oil demand
did lessen after the massive OPEC price
boost but at the cost of a recession and
high unemployment.

The concept of conservation through
arbitrarily higher prices is rationing
by way of ability to pay. Poor workers
are forced to cut back while the affluent
are untouched. Not only are the poor
unable to pay more for energy but they
pay a larger fraction of their incomes
for energy compared to more affluent
groups. For example, poor workers
getting around the minimum wage pay
15.2% of their incomes for energy. Lower
middle income workers pay 7.2%. Upper
middle income workers pay 5-9% and the
well-off pay only k.1%.

With respect to individual consumers,
the policy of arbitrarily high energy
prices is a meat axe approach to con-
servation. The policy seeks to force
frugality among a certain fraction of
the population. But simply doing with-
out - reducing consumption - is the way
of recession and unemployment resulting
from reduced output. Higher pricing to
be sure has a definite role to play in
a conservation policy but it is one that
must be specifically designed to achieve
specific results. Pricing policies of
utilities for example, where they charge
less per unit for using more is an
economic policy designed to encourage
waste. The effective way to long term
conservation is to provide realistic and
attractive alternatives to the consump-
tion of energy for all consumers.

Consumers are locked into their
pattern of energy consumption, into the
way they heat their homes and commute to
their jobs. Pilot lights waste 20-30^
of the gas supplied to cooking stoves
but electronic devices for ignition are
not generally available.

The immediate problem of conservation
in today's industrial society is one
more of providing technological fixes
than one of altering life styles.

Let me illustrate by an example.
For the most part, the use of auto-
mobiles is unavoidable in most suburban
and rural situations. Public trans-
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portation does not exist or else is
intolerably inconvenient. There is no
realistic alternative to driving to
work and driving for necessary family
business and recreation. Arbitrary
raising of gasoline prices for necessary
transportation constitutes a new kind of
tax on consumers and lessens their pur-
chasing power for other commodities and
services without materially contributing
to conservation. In contrast to this
simplistic policy of high gasoline prices
to conserve energy, the mandatory improve-
ment of new automobile efficiency under
the United States Energy and Conservation
Act of 1975 will reduce gasoline demand
on a long term basis without causing
undue consumer hardship. Similarly the
provision of a convenient public trans-
portation system by rebuilding and by
the creation of new facilities will in
time provide a viable alternative to our
excessive dependence on the automobile
as well as creating thousands of new jobs.

Throughout, the nation's energy
policy must be one of specific pro-
grammes aimed at specific targets. Let
us take our house building industry for
example. We have been in this country
for hundreds of years and I doubt that
there has ever been a winter that has not
been cold. Since we know all that, we
give an incentive to insulate the home.
This should be part and parcel of
mandatory regulations for builders. If
these regulations are mandatory, they
would pave the way for more employment
in the construction and building
materials industries. If, however, we

just ask that our thermostats be turned
down then citizens of moderate means
must do without. This is the path to
reduction in economic activity and
decreas ed employment.

To sum up, the position I take on
jobs and energy policy is that we do not
see still higher prices for oil as being
effective either for stimulating new
production or as a Draconian measure for
conservation. The price increases that
have already taken place have now pro-
duced a drilling boom. Conservation
enforced by higher product pricing
raises the danger of a new recession
and is inequitable, the burden falling
on the poorer workers. Conservation of
oil is better achieved through the
dpvelopment of realistic alternatives
to oil consumption in the place of
merely cutting back. Conservation
through realistic alternatives to con-
sumption would produce jobs while
frugality through higher prices will
surely decrease jobs.

There are many aspects of energy
policy of course that remain to be
explored and I would like to discuss
them with you. However, time does not
permit and I do want to leave the
remainder of this session open to
questions.

Thank you very much.

DISCUSSION

B. Cohen: You asked for job impacts
statements on all projects. But it seems
to me that this is very simple. All money
spent goes into someone's salary somewhere
(except for a small percentage for
interest on capital). Therefore, the
number of job-years depends on the total
money spent. What is wrong with this
simple approach?

Answer: High technology industry
produces few jobs after construction.
Because of the high capital requirements
there is a shortfall for secondary
industries. Unemployment in the western
world is clearly rising. If capital
projects require more employment the
economy grows and unemployment is
reduced.
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J.J. Devaney: Mr. Reimer, I hope you
do not think me unique, but I share your
concern about the well-being of workers
and their safety, both on humane grounds
and with the recognition that safety
advances won by unions benefit us a l l . I
also want to call your attention to the
fact that Ms. Karen Silkwood was examined,
just before her fatal accident, by Dr. G.
Voelz, MD, head of the Health Division at
the Los Alamos Scient i f ic Laboratory. I f
my memory serves, using a whole body
counter and other diagnostic devices, her
body burden of plutonium was not large and
in no way could be responsible for her
accident. But Dr. Voelz should be
consulted for the precise findings. I
believe also that there were indications
of drug usage. Again Dr. Voelz should be
consulted.

Answer: Karen Silkwood was k i l led in
an automobile accident and we think there
was foul play.

A jury has found Kerr-McGee gui l ty of
violat ing standards. The penalty is
$10.5 M.

However Silkwood is not the issue.
The plant was not properly
run--consequently the industry cannot say
i t is safe in t o t a l : a certain plant is
safe or otherwise.

L.D. Hamilton: Regarding the need
for varied ownership of energy industries
and your reservations about multinational
companies' unresponsiveness to labor's
needs, would you comment on how Bri t ish
Petroleum, a public company of which the
UK government is a majority shareholder,
has f i t t ed into the Canadian scene? Does
this type of government ownership make a
difference?

Answer: BP is playing more or less
the same role as other multinationals in
Canada. They go along with the stream.
They are not responsible to the Canadian
Government. I should make our position
clear. We want an energy corporation
owned by the Canadian Government. We want
i t to be involved in a l l energy aspects.
We want Imperial Oil nationalized and
placed in this public corporation.
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EHERGY DEMAND:
EXAMINING THE RANOE OF AVAILABLE OPTIONS

Christopher '-•-•: •WR.;,-,
Folicy Researcher, Energy Probe,
i+3 Queen's Park Crescent East,
Toronto, Ontario, M5S 2C3.

Introduction

Future energy demand is usually
expressed as a function of a single average
annual rate of growth or at best, a small
range of annual rates of growth. These
growth rates are in tuvn a function of

(a) the forecaster's perception of the
number of variables that can/should
influence growth;

(b) the forecaster's perception of the
sensitivity of energy growth to changes
in these variables.

It has long been Energy Probe's view
that conventional energy forecasting
techniques underestimate both the number
and the importance of variables bearing on
energy growth; and hence, overestimate the
need for additional energy supplies. We
also believe that improved forecasting
techriiaues already exist which will help
to identify and measure variables which
have not yet been considered in present
forecasting methods.

This paper, then, will examine

(a) the range of variables which are now,
or should be considered in energy
demand forecasts;

(b) the impact of variables which are not
presently considered in those fore-
casts;

(c) the use of improved forecasting methods
which portray a more realistic range of
future energy demand options.

Variables Affecting Energy Demand

Energy demand forecasts are generally
developed through the use of regression
analysis which employs historic time series
data on Quantifiable social and economic
variables such as energy prices, economic
performance, population and the like.
Except where information suggests otherwise
historic or near-historic relationships
between energy demand and these variables
are assumed to continue into the future.
The product of such projections is invar-
iably an energy future similar to, but
bigper than the present. This is to be

expected, of course: once one assunes that
the nopulation and the economy will expand,
and that increases in either will contrib-
ute to energy growth, only limited leeway
remains to make adjustments to the growth
curve.

It is this state of affairs that hr-5
led Dr. Herman Daly, a rrofessor of
economics at The University of Louisiana,
to suggest that forecasting methods as now
used elevate trend to destiny, and that

"...the approach is unworthy of any
organism with a central nervous syster.,
much less a cerebral cortex..." (j.)

This is not to suggest that forecasters
totally ignore the impacts of variables
that are difficult or impossible to
quantify, such as lifestyle changes or
different regional development patterns.
But because regression analysis cannot deal
explicitly with these Qualitative factors,
they are considered only as post facto
adjustments that are made only after the
regression has been completed.

In better conventional energy forecasts,
energy growth is disaggregated by eonsuminp
sector. Residential demand, for example,
can be expressed as a function of heating
load, appliance saturation and utilization
efficiencies. If estimates of fuel penet-
ration into each end use are made, the
forecast can also indicate relative energy
market shares within each sector. This
approach has the advantage of divorcing the
much questioned energy:ONP link from ail
energy demands; allowing it to be used for
estimates of industrial sector growth
(where it makes the most sense), but not
with residential hot water heating demand
(where it makes almost no sense).

Ontario Hydro has commissioned a study
by SRI-CEA which attempts to -perform such
an analysis. The SRI-CEA model yields
estimates of electricity demand by end use
within each consuming sector based on an
extrauolation of historic market penetr-
ations and utilization efficiencies.



32

My point is not that forecasts of the
conventional type yielci wronp results: not-
withstanding certain structural problems,
the models may well portray en accurate
energy future p,iven the assumed conditions,
the vast majority of which are quantifiable,
and all of which have been the subject o?

data collection in the past. However, if
other, unidentified variables can be shown
to influence demand; or if changes in the
values of the identified variables can be
shown to be possible: then the adequacy o*"
present methods is, To say the least, in
serious doubt. I vould submit that this
is the case.

Consider the following example: a
conventional energy forecast disapp.repated
by end use and consuming sector which
identifies space heating demand explicitly
(few present models do this). Enerpy
demand can be shown to vary significantly
with housing type:

Fipure One:
Residential Space Heatinp Options

Option A

construction

by type: SFD
ATT
APT

by heating needs
SFD
ATT
APT

1000

750
150
150

(OJ)

Option B

110
77
55

1000

333
333
333

total energy needs )

96,800 80,586

This difference - 17? - is significant
because both housin." scenarios lie within
the ranpe of forecasts that have been
proposed for the residential sector. Any
forecast which assumes only one or the
other (or a mean of the two) unduly
restricts to one, the ranpe of enerpy
demand possibilities in the residential
market.

Kven more important, the nature of
the housinp, stock ', and hence, its enercy
demand) ij3_, to seme depree, subject to our
policy control. Land use and density
regulations can affect stock directly;
land and servicing r:osts, risinp travel
costs and declining dwelling unit o-.1 ":upanc.y
will affect it indirectly. Since a
difference of 17%, ••.r.plied to Canadian

fcousinp starts to the year P000 represents
the er.erpy output of one half of the -T5
billion Darlincton nucleer station beir:f
built east of Toronto, it appears that
the neglect of housinp types in enerry
demand forecasts is an inexcusable omission
of both analysis and policy.

Housinp stock can easily be added as an
explicit factor in conventional '"orecast-
inp procedures. However, other variables,
which we know to exist but cannot yet
auantify, cannot be so easily dealt with
under current methods. These variables
will have to be isolated and monitored, and
in time, included as variables as our
understanding of them increases. Many life-
style variables can be expected to fall
into this catepory.

In peneral, both Quantitative factors
(we have not yet included in forecast models)
and qualitative factors (we do not consider
at all) can be expected to influence enerpy
demand downward rather than upward: to
the extent that we can democratically
exercise control over many of these, it is
irresponsible to not consider them in our
estimates of enerpy growth.

Tn tersr.s of t'.-.e actuo". nuiaber cf factors
*hsi., present forecast, models; either
fall to recognize or are unable to accom-
modate the whole ranpe, relyinp instead on
a limited number. This results in the
Perception of a severely limited ranpe of
possible energy futures lyinp toward the
hiph prowth end of the spectrum of
possibilities.

Such omissions would be less serious if
our r.olicy control did not extend to these
factors or if their impacts were only minor.
However, neither condition seems to hold
true. The personal travel coir.r.oner.t of the
transport sector provides an excellent
example. Transport enerpy derand is a
result of mobility levels, vehicular
efficiency, modal choice and load factor.
We can demonstrate the enormous impact of
chanpes in these factors, as well as our
ability to influence them, as indicated
in Fipure Two followinp.

Apain, I am not suppestinp. that inform-
ation about mobility, load factors, etc.,
does not exist, or that no-one has ever
analyzed their potential impacts. Rather.
I submit that unless such issues are
explicitly considered in the demand model,
policy makers may not appreciate their
sipnificance, they may not become aware of
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Figure 7vc:
Transport Sector Demand C'rtion:;

"actor P.amr.le Values P o j l e v

^resent "ctential

10,f)0C riles/cap 9,000 rrdles/cap
densities
sprawl

reduction

vehicle
efficiency 17 n w (fleet)

mode choice

load factor

93?» private
1% public

1.5 npv (urban)

33 mre (fleet)

88£ i.rivave
12/o public

P P V (urban)

the measures necessary to achieve lover
growth, or they may not be able to realize
the extent to which alternative energy
futures can be realized.

In other vords, the need exists to
consider not only the "most probable"
forecast or ranee of forecasts, but rather
a series of "possible" (and I would submit,
desirable) futures based on demand
variables and policy measures that have
not historically been examined.

Towards a New Forecastinp Approach

If, then, present forecastinp
techninues underestimate both the number
and importance or variables influencing
energy demand, the need exists for a new
approach that will Five proper attention
to these factors, Knc. use forecasts
provide the best opportunity, since

(a) they can disapfrep-ate energy demands
by consuming sector and end use enerry
quality;

(b) they can specify particular activity
levels (and hence, indicate tr.J measure
the effects of various social and
economic variables on particular end
use categories);

(c) they can incorporate state of the art
technolopical assumptions (and
provide an indication of the effects
of technological advances on energy
demands) ;

(d) they can indicate the types of energy
supplies most appropriate in meetinp-
the .crotrth which the end use model
indicates is likely;

(e) they make clear the nature of the
policy measures necessary to achieve
the results of the forecast.

fleet. TV'rforr^.nee s; ̂ nj'iro?,
enerpy pricing strategies

transit ?.r.': ,n?--inr fa? e struc-
ture r. , route rede.si*':;, ryratran?

car Toolinp iT.cor.tiv.::- . ".•->r.erv?l:
lar.es

Ths1 *allovir:i* 'i rare.' indicate th<- ;•&'.<y
of ,TQvt'n th^t :::. r'.it Ve ac:::evi_vi to 1 "•''•' ?!
the basis o1' cortai.1"; r>ocial and eco:;r:-i-
assumptions. The data srr}:es U- e^ectri1." :*;•'
demand, in the province of !"'ntar;c on}y.

In the Control !'cer:aric ("irvire '! hv"!; .
growth in the enerry demand variarle? wi*-
extrapolated to 1!|O3 on the husis cf ri'e-
197«< trends, ar,d assunts virtually nc
conservation or interfuej substitution
effects. In the rfenevableo/rcnservatdcn
Scenario !~if"jre -"our} , crianre? ;'n the
demand variables are assumed which reflect
both technological advances in utilization
efficiencies, and chanpes in social ani
economic conditions characteristic o* the
post-19'''^ period.

I fir.d it interestinr, thourh sorxvh&t
disconcert! n." , that the Centre I Scenario
prowth rate of '•.Tr is identical to that
currently heinp forecast by Ontario iiyarc,
which claims to have considered tr.» ef'sctF
of conservation aotivixies and pri^--
inc*vases. But unlike the 'irtario Hyiirci
forecast, the enJ use arpr^ach indicates mur.y
areas in which chur-.ri nf efficiencies find
activity levels could offer substantial
impacts. The FenevjO-les/CCnsprvatiori
Scenario demonstrates what misrht happen i f
policy ana market measures were to capitalize
on this noter.tial , refiucinr denar;c rrovth tc
slifhtly over If by increasing efficiency
:". '• achievinr cert.̂ i,-, market shp.re ad.'ust-
ments in energy supplies.

The procedure I have Odnonstrated v.e;-e
does not irr'icate the nicst sopV ;.stict»ted
level at which er.3 use- forecast',nc can be
carried out. In :art, the process is
constrained by the unavailability of
appropriate datp. As the rrocedure develops,
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Tnree:
Klectrical Implications of Control Scenario

Enerry (Btu x in12)
1. Residential Sector

(a) remaining 197^ electrically heated dwellings = 212,000 @ 16,000
kW.h rer unit (Notes 1,2) 11.57

(b) new electrically heated dwellings @25# market share (Note 3)
singles: 90,000 units 0 22,000 kW.h
attached: *»5 ,000 units i® 15 ,**00 kW.h
apartments: 90,000 units @ 11,100 kW.h 12.5k

(c) remaining electric water heaters = 1,313,000 @ it ,000 kW.h -per
unit (Notes k,5) 17.92

(d) new electric water heaters 9 50? market share, !*000 kW.h ner unit
(Note 6) 6.1k

(e) appliances: refrigerator (1,000 kW.h per unit 3 10.055 saturation) 11.6r
6.75
3 3.88
8.67

6^78
3.59
5.73

235.?7

2.

3.

h.
5.

1.

freezer
stove '.
lighting
television
air cond.
dryer
dishwasher
other

Commercial Sector
per employee electrical growth
2. t'5 million commercial sector
Industrial Sector
per employee electrical growth

900
L,200
750
550
600
900
900
500

rate = 6% per annum
employees (Note 9)

65
100
100
100
UO
65
35

100 (Notes 7,8)

1 to 1993, applied to

rate = 3.17' per annum to 1993, applied
to 1.55 million industrial sector employees (Note
TotaJ.
Klectrical Growth Pate 1971* - 1993

Figure Four:

19)

Electrical Implications of Renewables/Conservation Scenario

Residential Sector
ta) remaining 197'* electricall\' heated dwellings = 183,075 § 12,773 kW.h

per unit 7.93
[h. new electrically heated dwellings S 5% market share for 5 years

singles: 7,500 units 0 12,896 kW.h
attached: 3,750 units § 11,^30 kW.h
apartments: 7,500 uni ts §. 8,206 kW.h .69

(c) remaining e l e c t r i c water heaters = 1,203,750 <?. 2 ,ii0D kVF.h r.er uni t 9.85
!d) new e l e c t r i c water heaters (i ) 1976-85: '-P-.Sf share 1? 2 ,*>00 kW.h per uni t

(ii) 1986-93: 10* share g 2,400 kW.h per unit 2.73
(e) appliances: saturations as above, but with the following efficiencies

2.

3.
It.
5.

Commercial
existing
new stock
Industrial
Total
Klectrical

refrigerator:
freezer:
stove:
lighting:
television:

Oector
stock (see notes

380 kW.h
603
960
675
275

to Figure Four)

Sector (see notes to Figure Four)

growth Pate 197<< - 1993

air cond.:
dryer:
dishwasher:
other:
(Note I)

360 kW.h
810
702

375
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nrice elir.ticity information, cross
elasticities and sensitivity analysis will
be integrated into the model. Most
iraportantly, the industrial sector must be
analyzed further (by SIC), and government
policies toward existing and new indus-
trial activities must be assessed if we
are to understand more about future
industrial energy demands.

And finally, the policy and market
measures on which the realization of low
energy growth depends, must be specified.
In research Energy Probe performed for
The Royal Commission on Electric Power
Planning, we identified several programs
which, if implemented top-ether, could
reduce overall enerpy growth in Ontario to
something less than 1% per year. (The
electrical scenario above is a component
of this research). Although space
limitations prevent an extensive review of
these measures, the.y can be .".isted in
summary form:

Five:
Recommended Energy Policies

(a) Generic Programs:
(i) Marginal Cost Pricing
(ii) Capital Stock Labelling

(iii) Enerpy- Efficiency Loans
(b) Conservation ana Renewable Energy

Programs:
(i) Polar/Conservation Retrofit

Program
(ii) Transportation Program (to

effect mode shift and load
factor improvements)

(iii) "nforcement of Capital Stock
Standards

(iv) Revision to and Extension of
Building Code

(v) Enforcement of Vehicle Fleet
Performance Standards

(c) Specific Supply Programs:
(i) Development of a Methanol

Crown Corporation
(ii) Revisions to Ontario Hydro's

Mandate

Implications for the Canadian Muclear
Power Program

In terms of domestic demand, I believe
that energy futures exist which do not
require anything like the level of nuclear
capacity which has been forecast by
provincial utilities ant? tile various
governments in Canada. In fact, some
futures can be easily envisioned which do

not renuire nuclear pover at all. These
futures are not wrong, they are not ideal-
istic, but they are different, in several
ways.

Perhaps the most significant difference
arises from the policy and leadership role
of government under different energy
growth scenarios. Under a laisser-faire
approach, the kinds of programs so
necessary to the implementation of alter-
native technologies are not likely to be
enforced. In this case, it is easy to
imagine a high growth future relying
heavily on nuclear power. I think it
should be recognized, however, that such
growth is not the product of logical and
inevitible socioeconomic pressures, but
rather the continuation of policy attitudes
and planning institutions which unduly
discriminate against new technologies.

Therein lies the crux of the nuclear
debate. If present institutions and
policy attitudes continue, and if energy
demand forecasts are accurate in their
assessment of future conditions, then
energy demand increases may make nuclear
power appear necessary. If attitudes and
institutions change (as I believe they
can and should), Canada will require few
if any additional nuclear facilities. On
this point, we may have to agree to
disagree. But I belif-e we can agree that
the kinds of programs I listed earlier
should be implemented now, and that their
impacts should be welcomed because they
will contribute to a sustainable energy
future. And until and unless those programs
are implemented, our energy future will
remain unduly restricted.

Notes to Text and Figures

(1) Herman Daly, "On Thinking About Future
Energy Peauirements'', (Baton Rouge: Depart-
ment O? Economics, University of Louisiana).

Several asswnptions are common to both the
Control Scenario and the Penevables/
Conservation Scenario. These ore:

(1) General: Population 10 million
Labour Force 4.2 trillion

(t) Residential:
Persons per Duelling 2.95
Housing Stock 3.4 million
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Housing Stock by Type and Vintage
(x 1,000,000)

SFD ATT APT

3, Commercial

Commercial

pre 1976
1976-19SS
1986-1993

Total

Labour Force

1.

J.

5
3
oe
66

.3

.15

.03

.48

2.65

.7

.3

.06

1.06

million

4, Industrial

Industrial Labour Force l.SS million
Ratio of per capita Industrial

Output (1974 = LOG)
Energy Intensive Industries

Won- Energy Intensive Industries
Figure Three

1.2S
1.40

1. current stock of electrically heated homes from Ontario Hydro,
Energy Utilization and the Hole of Electricity, April-1976,
Table 6.2 - 11.

2. per unit electricity consumption, Ibid.
3. future space heating penetration, 7Fid~., p. 6.2 - 6.
4. current stock of water heating unite, Ibid., Table 6.2 - 11.
5. discrepancies exist in recorded energy consumption of water

heating units. Used uaa the estimate of The Office of Energy
Conservation, 100 Wat/a to Save Energy and Money in the Home,
March 1975, p. 96.

6. future water heating market share, Ontario Hydro, op. ait.,
Table 6.2-1.

7. appliance electricity use data from United States Federal Energy
Administration, quoted in Office of Energy Conservation, Position
of the Office of Energy Conservation on Domestic Appliances, 1976,
Table I.

8. Appliance penetration data from Ontario Hydro, op. d t . , Table
6.2 - 1; and Federal Energy Administration, op. ctt., Table I.

9. Ontario Hydro, op. cit., Table 6.2 - 12.
10. Ibid.

Figure Four

1. Appliance efficiency improvements from Goldstein, David, and
Arthur Rosenfeld, Projecting an Energy Efficient California,

University of California (Berkeley), 1975,

In addition, the fnlloninn calculations ware erploued:
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Residential Electrical Avvlicatiom

(A) Current Space Heating Stock

Electrical Lost to Made More
Stock

(2)

SFD

ATT

APT

123,000

31,500

57,500

Solar

28,450

4,725

5, 750

(2)

94,095

20,081

25,375

SFD

ATT

APT

250,000

75,000

150,000

7,500

3,750

7,500

Energy
Unaffected (Btu x W1*)

10, 455 5.03

6,694 2.09

25,875 2.81

(B) Hew Space He-aiirk: Stock

Housing Starts Elec. Starts Btu per
1976 - 2980(i) g i>% Capture(2) Household

44 x 106

S9 x 106

28 x 106

7.93

gy ,„
(Btu x 10JZ)

.33

.15

.21

.69

(C) Total Electricity Requirements for Space Heating 8.62

(D) Current Water Heating Stock

1974 2993
Electrical Electrical Loet to

SFD

ATT

APT

Stockfj}

806, 780

208,650

375,570

Stock,2}

802,500

160,500

374,500

Solar{

80,250

16,050

37,450

3)

Btu per
Household

e.2 x ioe

8.2 x 10C

8.2 x 10

(4)

Energy , „
(Btu x 10ie)

5.91

1.18

2.76

9.85

(E) New Water Seating Stock

(i) 1976 - 1985 starts: 750,000
solar capture rate: 15% ,ji
electric

capture rate: 50% of remaining starts ^

per unit consumption: 2,400 kW.h

Energy requirements:

750,000 x .15 x .50 x 2400 x 3412 Btu/kW.h « 2.61 x 1012 Btu
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(ii) 1986 - 1993 starts: 150,000
solar capture rate: 50% ,?\
electric

capture rate: 20% of remaining starts .

per unit consumption: 2,400 kW.h

Energy requirements:

150,000 x .50 x .20 x 2400 x S412 Btu/kW.h » 0.12 x 1012 Btu
(F) Total Eleatrid.Ty Requirements for Water Heating 12.58

(G) Appliances

All applian.'? data is specified and referenced
in Figure vour

012

Commercial Electrical Applications

(A) Existing Stock

(Employees: 1.9 million)

1974 End 1974 Electricity
Uses . . (trillion Btu)

motors

heat

light

other

25.82 (25.08
10.75

4.09

27.SO

3.07

A1.?:.
V.E.),

1993
22)electricity (Btu x 1022)

motors: 25.08 remains unchanged
10.75 improves 20% in efficiency

(3)
1993 electricity - 33.68

heat: improves 20% in efficiency ...

1993 electricity - 3.27

light: improves 15% in efficiency -,i

199S electricity - 23.21

other: no change

1993 electricity = 3.07

(B) New Stock

(Employees: .75 million)

low temperature heat: assuming 100% active and passive solart
no electricity is required for LTH needs

12necessary electricity: 13.4 x 10 Btu , - .

liquids: 100% capture, by non - electrical energy sources, thus
no electricity is required

(C) Total Commercial Electricity Requirements 1993 1276.6 x 10 Btu
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Industrial Electrical Applications

Industrial B.iergy
Consumptia.x

736 x 1012 Btu

assume SOX industrial
stock turnover by 1993

2993
Industrial Energy

Consumption

1004 s 101S Btu
(1)

*
energy consumed
by old stock.

S68 x 1022 Btu

i
total energy
consumed by old
stock

36B x 101Z Btu

\
energy consumed
by new stock

7 p

368 x 10 Btu

Grouth
1974 - 1993

268 i 101Z Btu

all grouih ie
accommodated by
new stock

zee x io1B Btu

total energy
consumed by new
stock

636 x 1012 Btu

old stock continues to
use electricity 6 14.54%
of total energy, thje
total electrical require-
ments are (2)

S3.SI x 1012 Btu

uses electricity as follows:

(1) to meet 100% of N.E. needs,
& IS.8% of total energy

W to meet 10% of HTH needs,
0 36.3% of total energy

thus, total electrical requirements
are

123.58 x 10
I

,12Btu

Residential

Total electricity 1$93

177.09 x 1012 Btu

i.'-;-.".-M;. ;>r-«ce- seating Stock

1. I assumed that the cwx-ent electrical stock was distributed
evenly throughout nil residential subsectors.

2. Indicazes the impact of SCRAP program, which applied equally to
electrical and r.on - electrical dwellings.

3. Efficiency intprovemeato in the residential sector by 1993 were
for singleti, '10%, apartments 15% and attached units 30%.

(b> !~-sw Spaze Msating Stock

1. 1976 - 1980 housing Btaz'ta estimated on the basis of 1976 - 198S
data.
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^d bi..il,.'.i.-ij i-art;. revisions uould restrict new start saturation
to 5» for £• Zj^ay'8, followed by a ban after 1980.

3. Per household, e'tcrgy uae follows from Building Code revisions
cj proposed in k'ner-o;/ V'l.ar.'ivng in a Conserver Society - Part 2:
Impair,jntation 3t?'.t<ij%es.

Uj{_C-uii:;ii Kate? ;UM.ting Stuck

1. I Cjsir.*d */"..:t f"i~ aarrent. electrical stock was distributed
evenly tkroug'ici- all r-eaidwitial eubsectors.

2. I ascumed f-.at elsnti-ia water heater attrition woo equal to
housing OTA-ck :itt:.ivifft.

2. Solar capture rate cpeci/ied r'n Implementation Strategies report.
4, Aaju-.iea 40% inprovenenz in per unit energy use,

^c' ^Ll? ''a^t*'1* J-TJ^''r i:? Slock

all rsfci^ '."3w c.i-a:.. . j>\ • Tmp'Urncn'..c.tior. Strategies report.

1. Ontario iiyc.ro.. :.J^ C£.' , , Tab'* 6.4 •• 1.

*. More apsctfi: tn^cf-xl.t:;. -f ccrz.r-r<rial motor load was not
available I ^oni'.^vziLr. V_. oaawvid thai. ?O% of motor load was
"necessa-y o'lectrin".

i'j 4, and 5. I applied ooru>.:we-ive conservation estimate* to all
other co'v.^csrioZ zlv^tricnl. Iccla.

G. Aoauines a ai'diilizatioH of per employee electrical use in new
stock.

Industrial

1, 2983 iyuii-jiriai rivitiyj citxmnipticrr: derived from Implementation •

2. Cici>>:ni lole of iln^lrleicj fran Ontario Bydro, op. ait.t Table
e.4 - i.

J. Neavescan/ elp.ati-iv.':l ayplieaiion-j dei'ived from V.R. Puttagunta,
Terr,v3ratw.v ."••*n.£}~n v-'jzn j>f_ the 1'KC.VQIJ Consumed as Heat in Canada,
WhtteelisTf~T'Ucl^ir~yeTeai'c'h 'SotribT-Csiment, Pvnaua, 1975.
A capture rate fa- :;le-:tvicity of 10% of BTH needs was used to
alloa for chart tew; unavailability of alternative sources
capable of r-i• c-yi-.tinci such l.i.rh quality energy.

DISCUSSION

P.J. Dinner: Your paper shows that
the major reductions in growth of elect-
rical energy consumption depend on reduct-
ions in the commercial and industrial
demand. In your own presentation you did
not discuss these. Would you care to
explain how you achieve these? Your
emphasis on domestic consumption appears
to be out of proportion.

Answer: I used domestic applications
in my presentation simply because they are
more easily envisioned. Commercial sector
reductions can be achieved mainly by space
heating efficiency improvements and proper
building design. Industrial applications

I assume to increase to nearly two times
their present level, with efficiency
improvements in the range of 15-40% per
unit output keeping growth to a manageable
level. The Energy Research Group at
Carleton University has identified similar
levels of savings in a report on indust-
rial energy demand.

A. Stirling (CRNL): In your project-
ions which show that electricity growth
in Ontario could be limited to 1.1% per
annum to 1993 it appears (from your
appendix) that all new commercial buildings
can be heated entirely by solar energy.
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This seems extremely optimistic in view of
generally accepted estimates for the impact
of solar energy in this period. Do you
believe this goal can be achieved?

Answer: An exact estimate of solar
penetration in the commercial sector is
difficult, since detailed breakdowns of
commercial stock do not exist. However,
the commercial sector is dominated by
either high-rise office buildings or row
or detached rental space. To the extent
that the former is analogous to Ontario
Hydro's new head office (heated by passive
solar and waste heat recovery) and the
Saskatchewan Conservation House {passively
heated) which exist now, an extremely high
solar figure does not seem out of line.
This goal, then, is optimistic but not
heroic.

B. Cohen: You seem to make the basic
assumption that using large amounts of
nuclear energy is bad, and that there is a
large incentive to avoid it. Even if you
accept the estimates of critics (Union of
Concerned Scientists), having all nuclear
power reduces life expectancy by 2 days
(estimates by government scientists are
much less). We can add 10 days to our
life expectancy by putting a smoke alarm
in our homes, we can add 2 days to our
life expectancy by decreasing the speed
limit from 55 to 54.5 miles per hour, etc.
Where, then, is the great incentive to
avoid large scale use of nuclear power?

Answer: There are essentially four
reasons to avoid nuclear power - social/
political, economic, technical and envi-
ronmental. The purpose for advocating an
alternative energy future is not simply to
avoid nuclear, but rather, to avoid
nuclear, [and to conserve] coal, oil and
gas supplies. The reason is that, in
terms of employment, self-sufficiency,
environmental quality and a host of other
factors, alternatives make more sense.

A.M. Marko (CRNL): You mentioned
uncertainties about nuclear power. What
about the uncertainties of alternative
energy options, including solar?

Answer: The kinds of uncertainties
associated with alternative sources seem
less major than those associated with
nuclear power. Most renewable energy
sources already work - in many cases, it
would be necessary to bring costs down
somewhat, but this remains primarily an
economic, institutional and policy issue
rather than a technological one.

D. Dalrymple (CRNL): A recent report
in Harrowsmith indicates that solar energy
demonstration projects have been somewhat
less than perfect demonstrations of a
reliable alternative energy source. This
is not to say we should pass judgement on
such projects now; indeed, our first
priority should be to encourage development
of all energy options. We have a relativ-
ely short period in which to reduce our
dependence on abundant supplies of cheap
petroleum-based energy and it will take
years to develop alternative energy options.
Has Energy Probe considered the health
effects associated with a significant
shortage of future energy supplies?

Answer: While it is true that some
alternative energy supplies require
further R&D efforts, enough are presently
available, and at a sufficiently sophist-
icated level, to make a significant cont-
ribution even in the short and medium term.
For this reason, energy shortages and the
health effects associated with them are
no more a component of alternative policies
than they are of existing policies.
Naturally, we are in favour of maintaining
enough flexibility in the planning process
to accommodate both unexpected break-
throughs and unexpected problems in the
development of alternatives.

L. Morisset: You mentioned that in
preparing Figure three, p. 6, you made
many "ludicrous assumptions." Question I:
Is the figure: "25% of new residential
dwellings" one of those ludicrous assumpt-
ions? Question II: Do you know what pro-
portion of new commercial buildings use
electricity for space or water heating?
Question III: An earlier speaker, L.M.
Good, stated that the potential for
substitution of electricity for oil is
not significant in Canada. Do you agree?

Answer: (I) No; however, it is, I
believe, improbable that electric space
heating will maintain this present market
share. Between 1960-74, electric space
heating rose to 25% market share, and has
since remained stable at that level. Price
conditions and the availability of altern-
ative heating sources during the 1980's
and 1990's suggests that the saturation
figure for electric space heating could be
much lower than 25%. (II) I have no data
for new commercial stock; however, for
total existing stock (1974), approximately
% is electrically space heated, [no per-

centage given - Eds.]. (Ill) Only two major
untapped markets remain for electricity
substitution - space heating and transpor-
tation. In both cases, alternatives
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to electrification wist in the form of liquid fuels from renewable feedstocks,
active and passive :>olar heating and
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WORLD ENERGY PERSPECTIVES - ROLE OF NUCLEAR ENERGY

by: C. Pierre ZALESKI, Senior Vice President
European Nuclear Society
Attache Nucleaire, Ambassade de France
Washington, D.C., U.S.A.

In this short paper I will not
try to exhaustively and systemati-
cally cover the vast field of ener-
gy.

I will rather underline some
aspects which seems to me of im-
portance, and refer the reader for
more complete and rigorous analy-
sis to the abundent litterature on
the subject and namely to the
books and reports that I used as
reference.

The danger of imbalance between
availability and demand.

Most of the researchers stu-
dying the perspectives for energy
by the end of the century (2000)
or the beginning of next century
(2025) agree that our societies
has to undertake drastic and
vigorous actions now, if they wish
to prevent an important imbalance

between the demand and the availa-
bility of Energy. The imbalance
which, if occurs, will provoke a
painfull crisis for most if not
for all countries in the world.

There are of course differences
of opinion on how large the imba-
lance will be and when it will
occur if present trends prevail,
and even more about the best cor-
rective actions which should be
undertaken to avoid the crisis.

For relatively near term -
next 5 or 10 years, there is a
distinct possibility of crisis
related to shortage in supply of
oil.

The world during last 25 years
has increased dramatically the
energy consumption (see fig. 1)
and also has shifted from coal to
oil and gas (see fig. 2).

FIGURE - I

ENERGY CONSUMPTION (QUADS) 197E

> USSR (37.5)

Developing market economies
(1rom3.9to23.5)

Centrally planned economies
(liom 13.6 IO 71.4)

Total 69.3 Total 231.1
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FIGURE - 2
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The major exporter of oil -
OPEC - may not be able and/or not
willing to supply world oil de-
mand in the years to come. This

is underlined in many forecasts
summarized in ref. 2 and 4 and
also in recent studies (aug. 1979)
ref. 3 (see fig. 3).

FIGURE - 3

PRODUCTION AND DEMAND
FOR THF. OIL PRODUCED BY OPEC

Million PROJECTION OF DEMAND
T.O.E.
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One should acii that many deci-
sions which may be taken notf to
foster the development of new
energy sources or to enhance the

savings of energy will have little
impact by 1985, due to inertia
inherent in energy production and
consumption systems (see for exam-
ple fig. 4).

FIGURE - I;

DELAY_S_IN_D_EPL_O_>'MEK_T OF
CONVENTIONAL ENERGY SOURCES

Oil i. • n 5 USA & Kiddle /J^™... East ^
Gulf of Mexico offshore
Alaska North Continental'

fi2gal:e:r.^st to expl
USA of f s . i o r e , A f r i c a , .
F a r h l a s t , L a t m e A m e r i c a

C^oal
Fication &
of Coal

Delays of

Exploration

CoDijer c ia-
lization

ore

Nuclear USA

Europe/Japan

year

The possibility of oil crisis
in the next decade may in fact be
even more due to geopolitical fac-
tors than to technical or economi-
cal ones. This was clearly ex-
pressed by J. R. Schlesinger last
August (ref. 5), when he men-
tioned the large risks associated
with political instability of the
Middle East and with the competi-
tion between USSR and USA.

Possible actions to avoid or at
least to minimize the effects of
crisis between 1985-2025.

There are two major types of
actions which may be contemplated:
- Actions which will tend to

decrease the denand:
- promoting more efficient use

of energy

- adapting our way of life to
minimize the spending of
energy per capita

- limiting the growth of world
population

- Developing more resources
- using existing and developing
new technology

- Minimizing the demand
The demand is forecasted by

most researchers by making as-
sumptions on :
- increase in population
- increase in gross national

product (G.N.P.) per capita
- elasticity representing the

ratio between the increase in
G.N.P. and in energy consump-
tion.

In fig. 5 is represented the like-
ly world annual energy demand
expressed in billion of tons oil
equivalent (B.T.O.E.)
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FIGURE - 5

PROJECTIONS OF WORLD

ANNUAL ENERGY CONSUMPTION
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This projection (ref. 4) using
a range of values for the G.N.P.
increase, gives a range of values
for the world energy consumption
which are bounded by 10 to 14
B.T.O.E. in 2000 and 10 to 22
B.T.O.E. in 2025.

The lower values correspond to
a minimal value of increase in
G.N.P. which seems indispensable
if one wish to avoid large crisis
in industrial countries (unemploy-
ment) and even more indispensable
for the developing countries to
permit them a minimum development
and avoid starvation of population.
One may remark that the consumption
of energy per capita in some coun-
tries (r. ex India) is presently
smaller than 2 % of the per capita
consumption in U.S.A. Therefore if
it is possible to assume that after
some transition period, industria-
lized country like U.S.A. will tend
to zero energy growth per capita.
The same is really not possible for
developing countries by any moral
or other standards and for long,
very long time.

As regarding the elasticity
which represents the more or less
efficient use of energy, one has
to note that the assumption for
the average values for the world
used in projections of fig. 5,
which are:

.8 average between 1975 and 2000

.6 " " 2000 and 2025
represents in fact a value of some
.65 in 2000 - we are starting now
with a traditionally constant world
average of 1.0 - and some .45 in
2025.

These figures has to take also
into account the disparity of
elasticity between different coun-
tries and especially between indus-
trialized and developing countries.
One can for example assume for an
average world value of .7 an elas-
ticity of 1.0 for developing coun-
tries and some .55 for industria-
lized countries.

With these remarks in mind, we
can see that the elasticity assumed
in ref. 4 is consistent with one
assumed in recent study of Resour-
ces for the Future (ref. 1 - page
198) .

We shall note that these elasti-
cities and increases in G.N.P. can
only be obtain if drastic actions
for more efficient use of energy
and for adjusting our habits and
society to the higher value of
energy are undertaken now.

This kind of "Energy Saving
Efforts" may be accomplished, as
some will claim, by simply letting
the free market adjusts the cost
of energy, some others may advocate
a purely regulatory effort inclu-
ding price regulation.

It seems to me that it will be
necessary to combine both approa-
ches - price increase and gover'
ment incentives and regulation -
to achieve the elasticity and the
savings implicit in projections of
fig. 5.

To illustrate this we can give
the example of France where the
prices of energy were traditional-
ly (and still are) much higher than
in U.S.A. (for example the gasoline
is still 3 times more expensive
than in U.S.A.) but where the go-
vernment felt necessary to launch
in 1975 a major and comprehensive
energy conservation program (ref.
6).

This program initial goal was
15 % saving by 1985 as compated
with the natural trend. Recently
the French Government, in view of
pratical difficulties, was obliged
to reevaluate this goal downward
-12 % saving by 1985.

Mr. Daniel Yergins (ref. 6)
advocating for the U.S.A. a strong
and voluntary energy saving program
gives the French program as an
example, and indicates that in
U.S.A. one could obtain 30 % to
40 % of saving with virtually no
penalty to the American way of
life.

Of course American conditions
are different from French, and for
example the U.S. consumption of
energy per capita is twice the
French one, however in my view the
French example indicates that one
should not be overoptimistic about
possible amplitude and timing of
energy savings.
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Developing more resources.
The projections of demand (fig.

5) indicate that in 25 years (1975-
2000) the world energy annual de-
mand will likely increase by 133 %
and at least by 67 X, than during
the following 25 years (2000-2025).
The likely increase will be still
of some 57 %.

For the cumulative world energy
consumption the probable scenario
gives the following values:
1950-1975 96.25 B.T.O.E. (refe-

rence corresponding
to abundance of
energy)

1975-2000 250.00 B.T.O.E.
2000-2025 450.00 "
even for the extremely 'restrictive"
and "difficult" scenario of low
world G.N.P. growth, we still need
some 200.00 B.T.O.E. for the
period 1975-2000.

These numbers indicate the im-
perative necessity to expand now
our energy resources.

The question is which resour es.
In fact each type of conventio-

nal energy or new energy has his
limitations,drawbacks, and uncer-
tainties .

Let me briefly and qualitati-
vely mention some of them:

Oil - If oil will have to satisfy
some 50 % of energy demand
in 1975-2000 period (55 % in
1975) we will have to use
some 125 B.T.O.E. which
represents more (by 30 %)
than actually proven reser-
ves.This shows one of the
most important limitation of
oil - availability in addi-
tion the non uniform geogra-
phical distribution of re-
serves increase the uncer-
tainties of supply and of
price levels, finally as for
all fossil fuel there has
to be some concern about
environmental impact of
using oil.

Coal -Mining is difficult - pro-
blem of manpower and safety
in deep mining, Droblem of
environment in strip mining.
Transportation - distribu-

tion of coal reserves do not coinci-
de with the places where coal is
needed. Large problem of transporta-
tion has to be solved if one wish
to increase the use of coal.
Environmental aspects of coal burning
makes coal more expensive (scrub-
bers) and pose on longer terms an
not fully understood and analysed
but potentially very detrimental
problem - called Greenhouse effect -
in fact this last effect is not
specific to coal but is due to
burning any fossil fuel in very
large amount (production and accu-
mulation in the atmosphere of C0£).

- Heavy oil - Tar sand - Shales
The technologies are not comple-
tely developed, and there is need
for relatively large delays befo-
re substantial impact on energy
market may be felt. Other pro-
blems are related to the environ-
mental impacts, production costs
and uncertainties about abundan-
ces, and geographical distribu-
tions of reserves.

- Natural Gas
Has more or less the same limita-
tion than oil - less strict when
comparing reserves with actual
consumption - but in addition
mbfe"difficulties"for"transport.

- Solar
This term covers many different
technology which one can divide
in 3 categories:
- Thermal applications (heating

cooling)
- Fuel for biomass
- Solar Electricity

The first two have still hard
time to compete with other energy
sources on purely economic bases.
However with increasing energy
costs I believe that this sources
of energy becomes more and more
an important reality, and its
development should be accelerated
by some subsidy for the overall
and long term benefit of the
society.
On the other hand their applica-
tion for the first and the natu-
ral abundance for the second put
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some limits on their possible con-
tribution. In addition there are
time delays inherent in deploying
a new technology which will further
limit their impact for the next 25
and iven 50 years.
The third one - Solar Electricity -
is for the time being and except
for very special and limited appli-
cation and for hydro power - a very
expensive proposition. One could
not therefore count on this energy
source as a significative contribu-
tor to the satisfaction of world
energy needs in the next 25 or even
50 years.
This does not mean that one should
not pursue a vigorous R and D ef-
fort hoping that some technical
breakthrough may arrive.
Hydro electricity is an important
and well establish contributor to
the energy mixes. The potential
of development is still important
but not unlimited and it vary
strongly from country to country.

Nuclear Fusion.
This is a potentially interesting
proposition but presently not one
of the 3 major steps of development
is demonstrated.
- Physics - Producing some net

energy
- Industrial - Significant size

demonstration Power
Plant

- Economic - Near commercial Power
Plant

In fact we have no assurance that
these 3 steps will ever be achie.ed
but we can certainly say that it
will be unwise to count on nuclear
fusion as a significant contributor
to the satisfaction of world energy
needs during next 50 years. This
proposition is based on considera-
tion of minimal delays necessary
to achieve the 3 above mentioned
steps and th«r» to deploy a large
number of Power Plants.

Nuclear Fission^
a) Conventional L.W.R. - Candu.
One of the limitation here is the
natural Uranium resources. The
situation is more or less similar
to the oil - same order of magni-
tude of reserves, and their non

uniform geographic distribution. On
the other hand it can provide a
large quantity of energy similar to
oil which for the moment is prati-
cally unused.
Nuclear Fission is a proven techno-
logy with large industrial base,
capable presently of important de-
ployment of this source of energy.
It is also in many region of the
world the cheapest way of producing
electricity (for example in France,
electricity produced by Nuclear is
30 % to 50 % cheaper than one pro-
duced from coal or oil).
The environmental impact including
the safety problems seems to com-
pare favorably with the other ways
of producing electricity and I hope
we will learn about this aspect
much more during next 2 days.
The major limitation for nuclear
fission deployment (conventional
and advanced breeders) is the
public acceptance, which in fact
vary strongly from country to
country.

b) Breeders.
The use of Breeders can extend
Uranium resources by a very large
factor, they use natural Uranium
almost 100 times more efficiently
than L.W.R., this makes them also
very insensitive to the cost of
Uranium and allows to use very
expensive Uranium, expanding there-
fore the usable resources by a very
large factor, may be much larger
than 100.
These two factors combined make
that breeders present a pratically
inexhaustible source of energy,
which may be with solar energy the
base of energy mixes for forseeable
future .
In addition, Breeders will make the
countries which will use them rela-
tively independent from natural
Uranium. This in turn will benefit
the countries without domestic na-
tural Uranium in two important ways
- balance of payment - security of
energy supply.
The Breeder technology is well de-
monstrated - three 250-350 MWe
demonstration plants are operating
successfully for many years. The
near commercial powei plant.should
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be in operation soon (600 MWe
B N 600 in USSR in 1980 and 1200
MWe Super Phenix in France in 1983),
The achievement of full competiti-
vity with all other systems produ-
cing electricity and namely with
L.W.R. is expected to occur (at
least in France) around 1995.
This means that the contribution
of Breeders during next 25 years
to the world energy production
will not be substantial, but in
years 2000-2025 and thereafter
may be very significative.

The largest Jifficulty in develop-
ing breeder is presently public
acceptance, which is supplemented
by the belief of some that their
large deployment, if made without
social precautions may signifi-
cantly increase the risk of nu-
clear weapon proliferation.

x x
x

The vital importance of provi-
ding additional energy resources,
combined with limitations, dif-
ficulties and uncertainties faced
by the developers of each type of
energy strongly suggest that the
only reasonable solution is to
develop vigorously all practically
possible and even only potentially
attractive resources.

Perhaps it will be wise, consi-
dering limited world resources in
capital and in skilled manpower
which may be devoted to this task,
to increase international coopera-
tion, and to avoid unnecessary
duplication.

The resulting world "energy
mix" in 2000 could not be predic-
ted now with accuracy and cer^
tainty in addition it is clear
that there will be large varia-
tion in "energy mixes" from region to
region and from country to coun-
try.
An example of possible or
"reasonable" world energy mix
in year 2000 is given in table 2.
In this table the reader will
find also a reference "energy mix"
in year 1972 before the first
oil crisis.

TABLE 1

1972
oil: 55 % - Gas: 19 % - Coal: 18

Nuclear: 1 % - Hydro Electricity:
7 7. - Others .1 %.

2000
Oil: 47 Z - gas: 15 % - Coal: 18

Nuclear: 10 % - Hydro Electricity:
6 7, - Others: 4 %.

One has to note that for the
"likely scenario" 1 % of year 2000
energy consumption is equal to
about 2.5 % of year 1977 energy
consumption. This means that oil,
gas and hydro production will have
to be increased by about a factor
2, the coal by a factor 2.5, nu-
clear by a factor 2̂5 and others
(new technology) by a factor of
100.

It may be interesting to compare
the projections for solar energy (some
^hydro and most of others) of this
table with one presented in the
chapter Solar America of the refe-
rence 6 (page 211) by Modesto A.
Maidique.
The reference 6 values are given
for U.S.A. and vary between 7 %
and 23 % of the total energy con-
sumption in the year 2000.

Considering that for new techno-
logies one will expect much greater
penetration by year 2000 in a
highly developed country-U.S.A.
than in the world as a whole, these
figures are not much more optimis-
tic than ones of the table 1.

x x
x

Conclusion.

There is a real danger of energy
crisis in the 25-50 years ahead.

Vigorous actions taken now -
conservation and development of
new resources - may avoid the cri-
sis, provided the geopolitical
factors did not complicate the
situation.

However one may express some
doubts about the capacity of most
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countries to undertake soon enough
the necessary actions.

The reason is that the public
at large and even -many politicians
and governments are acting mostly
in the perspective of short term
future. The energy field on the
contrary has large "inertia" and
needs impopular decisions to be made
in a longer term perspective:
- Spending large sums of money

for long term R and D project.
- Weighting in the "environmental"

decisions the present fears or
irrational aversion of public
against real problems which if
not solved may hurt the country
in 5-_0 or 15 years.

- Taking into account the future
uncertainty of supply and of
prices and not only immediate
ease of usage and lower instant
prices.

- Not avoiding some realistic even
if imperfect solution by count-
ing on unproven and sometimes
utopic future development.

Perhaps the best scenario for
our societies will consist in some
limited not too painfull crisis
which will motivate the public,
the politicians and the governments
to take unpleasant but necessary
decisions soon enough to avoid
major and disruptive crisis.
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DISCUSSION

D.K. Myers: It has been sug-
gested that CO 2 concentrations in the
general atmosphere will increase due to
combustion of organic fuels throughout the
world, regardless of Canadian policy on
its own energy supplies. This may result
in a warming of the climate and appreciable
increase in ocean levels throughout the
world. In view of the potential hazards
and/or benefits, perhaps we should be
spending more of our research effort on
the consequences of increased CO 2 in the
atmosphere. Would you care to comment on
this suggestion.

Answer: I think we are dealing with
potentially major effects; therefore the
world scientific community should devote
appropriate efforts to study this problem.
I take the occasion of your question to
underline once again the interdependence
of different countries in the energy field.
Besides technological development which
may benefit all countries and resource
depletion which may harm all countries,
some environmental effects like the "green-
house" effect do not recognize international
borders.

A.M. Marko: You mentioned
public acceptability. My understanding is
that there is more public acceptability of
nuclear power it. France than most other
countries. What is the reason for this?

Answer: There are many reasons for
different public behaviour from country to
country. I will mention a few which I
think affect the French public attitudes
toward nuclear energy: 1) Last year
France imported 77% of her energy consum-
ption, mostly in the form of oil. The
public understands France's vulnerability
in the field of energy and therefore is
willing to hear serious arguments on
many options; the majority do not follow
demagogic and irrational suggestions.
2) The public still has some confidence
in scientists, engineers and governmental
and elected officials. 3) France has an
unique and nationally owned utility
situation which gives the public more
confidence that safety will not be
compromised by an economic search for
profitability. This also makes arguments
about excessive and undue benefit to priv-
ate groups from a given energy option ir-
relevant.
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Summary
Methylene chloride /Soxhlet extracts

of kerosene soot, diesel exhaust soot, and
a St. Louis air particulate sample were
examined for the ability to induce mutation
to 8-azaguanine resistance in Salmonella
typhimurium • Samples were eluted step-
wise from a silicic acid column with solvents
of increasing polarity, and each fraction
was examined for its mutagenicity. In the
case of kerosene exhaust soot, the ex-
tract containing the polycyclic aromatic
hydrocarbons was the only active fraction.
Its mutagenicity was dependent upon met-
abolic activation and appeared to be a
consequence of an additive mutagenic con-
tribution of its individual components.
However, an important distinction is that
both the diesel soot and the St. Louis air
particulate sample were markedly more
mutagenic in the absence of the metabol-
izing element. In the air sample, 344 of
the mutagenic activity was eluted in the
methanol fraction. In marked contrast,
the pentane/toluene fraction of the diesel
soot contained 40% of the mutagenic activ-
ity while the methanol fraction contained
only 8%.

Materials and Methods
Soot Samples—Kerosene soot was ob-

tained by the burning of kerosene in a
turbulent, continuous-flow combustor and
its subsequent collection with a water-
cooled probe at a distance of 50 cm away
from the flame (1). Diesel soot was kindly
provided by Dr. Charles H. Hobbs, Inha-
lation Toxicology Research Institute, Al-
buquerque, NM. The St. Louis air parti-

culate sample was a Standard Reference
Material (#1648) obtained from the National
Bureau of Standards.

The diesel and air particulate samples
were Soxhlet-extracted by methylene chlo-
ride for 22 h and reduced to a low volume
by a rotary evaporator. An aliquot of the
extract was eluted through a 12 cm x 1 cm
I.D. silicic acid column (Silicar CC-7, Mal-
linckrodt, Inc., Paris, KY) into five equal
fractions of 10 ml each: pentane, pentane:
toluene (1:1), toluene, methylene chloride,
and methanol. All solvents were nanograde
quality.

Bacterial Mutation Assay—Mutation was
measured in S. typhimurium utilizing resis-
tance to the purine analog 8-azaguanine
(8AG) as a genetic marker (2,3). Expo-
nentially growing cultures of S. typhimu-
rium strain TM677 were exposed to several
concentrations of the test agent for 2 h in
the presence or absence of 10% (v/v) of a
post-mitochondrial superantant (PMS),pre-
pared as a 25% (w/v) liver homogenate of
aroclor(ARO)-pretreated male Sprague-
Dawley rats (Charles River Breeding Lab-
oratories, Wilmington, MA). Details of
ARO PMS preparation are reported else-
where (2). 1 mg/ml glucose-6-phosphate,
1 mg/ml NADP+, 670 yg/ml MgCl2, and 0.4
units/ml glucose-6-phosphate dehydroge-
nase were included as cofactors for the
drug-metabolizing system. Following the
2-h incubation at 37°C, bacteria were di-
luted in a phosphate-buffered saline (8 mg/
ml NaCl, 0.2 mg/ml KC1, 1.15 mg/ml Na2-
HPO4, 0.2 mg/ml KH?PO4), and plated
under selective conditions (50 yg/ml 8AG)
and nonselective conditions. Colonies were
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counted after 2 days' growth at 37°C.
Mutant fraction was calculated by divi-

ding the number of colonies observed
under selective conditions by the number
of colonies observed under permissive con-
ditions and multiplying by appropriate dil-
ution factors.

Results and Discussion
A methylene chloride Soxhlet extrac-

tion was carried out on the kerosene soot,
and gas chromatography/mass spectros-
copy characterization was performed
(Table 1)(1). Examination of the compo-
nents of this sample revealed only three
previously reported mutagenic compounds—
cyclopenta(c, d) pyrene, benzo (a ) pyrene,
and benzo(e)pyrene. In order to account
for the high mutagenicity of the whole soot
extract (Fig. 1), each of the individual
components was quantitatively assayed for
its mutagenic potential. A number of these
compounds, notably fluoranthene, cyclo-
penta(c, d)pyrene, and perylene, exhibit
extremely high mutagenic activity relative
to benzo (a)pyrene (Fig. 2). A summary

of these results is listed in Table 1, along
with our calculations of the expected con-
tribution of each component at total methy-
lene chloride extract concentrations of 20
and 100 ug/ml. We arrived at the expected
mutagenic contribution of each compound
by calculating the amount of each compound
present in an experiment with 20 or 100
ug/ml of kerosene soot extract and deter-
mining the mutant fraction that this amount
would be expected to induce from the indi-
vidual concentration response curve.

As can be seen in Table 1, the sum of
the contributions of individual polycyclic
aromatic hydrocarbon constituents is about
twofold greater than the activity of the
kerosene soot methylene chloride extract.
Examinations at 20 and 100 ug/ml kerosene
soot extract show that compounds may
contribute to the extract's mutagenicity to
different extents depending on the concen-
tration present, due to nonlinearity of
dose-response for individual compounds.
However, at all levels examined, there is
sufficient activity in the individual com-
ponents to account for the extract's high

TABLE 1

! Soot Extract

Compoi

ftt 20 pq/ml At 100 u g / » l _
Weight Aait. p r e sen t Mutat ion Rmt. p r e s e n t Hoti

(%) (Ug/ml) contribution" (uq/nll contrJ

Acenaphthylene 23 4.6

Cyclopenta(ed)pyrene 15 3.0

Pyrene 8 1.6

Benzolqhijperylene + anthanthrene 8 1,6

Coronene 5 1,0

Fluoranthene 4 O.B

Naphthalene 3 0,6

Benzo(ghi)fluoranthene 3 0.6

Phenanthrene + anthracene 2 0,4

Benz*cenaphthalene 2 0.4

Benzofluoranthene 2 0.4

PeryJene 2 0.4

Rcenaphthalene 1 0.2

Indeoo<l,2,3-cd)pyrene 1 0.2

Benzo(a)pyrene + benzole)pyrene 1 0.2

4H-Cyclopenta(def)phenanthrene 1 D.2

Benzofluorene 0.4 0.0008

Fluor«ne 0.3 0.006

Uncharacterized material 18.3 3.7

165

1.7

3.4

0.3

18.3

Z component contributed

HeCl_ extract

312.5

150

aNumbers are induced mutant- faction x 10 . Dotted lines indicate component vas not available for tettim

Refers to material Lost in the characterization processt plus those cctnpounds which could not £*

identified by gas chrotnatography/mas* spectromptry.
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CONCENTRATION (^g/mll i 2 Hr

Fig. 1. Concentration-dependent muta-
genicity (open symbols) and toxicity
(closed symbols) of a methylene chloride
kerosene soot extract (O , • ) and a recon-
stituted kerosene soot extract (A,A) to
S. typhimurium in the presence of ARO
PMS. The reconstitution mixture to which
the cells were exposed contained 2.3 rag/
ml acenaphthylene, 1.5 mg/ml cyclopenta
(c,d)pyrene, 800 yg/ml pyrene, 500 ug/
ml coronene, 400 yg/ml benzo(ghi)pery-
lene, 400 yg/ml anthanthrene, 400 yg/ml
fluoranthene, 300 yg/ml naphthalene,
200 yg/ml perylene, 100 yg/ml phenan-
threne, 100 yg/ml anthracene, 100 yg/ml
acenaphthalene, 50 yg/ml benzo(a)pyrene,
and 50 yg/ml benzo(e)pyrene. Each point
represents the average of two independent
determinations. Error bars represent the
95% confidence interval. BaP = benzo(a)-
pyrene at 80 yM.

Fig. 2. Concentration-dependent muta-
genicity (open symbols) and toxicity
(closed symbols) of cyclopenta(c,d)pyrene
( • , • ) . fluoranthene (A,A), benzo(a)py-
rene (O,») , and perylene (©,©) to S^
typhimurium. All points were assayed in
the presence of ARO PMS. Each point
represents the average of two independent
determinations. Error bars represent the
95% confidence interval.

activity. The fact that the sum of the
components' mutagenicity was greater than
that of the kerosene soot extract could be
caused by several factors, such as the
imprecision of our estimates or a partial
competitive inhibition of metabolizing reac-
tions .

In order to directly test our hypo-
thesis that the mutagenicity of the kero-
sene soot extract is due to the additive
contribution of the available identifiable
components, a mixture which accurately
mimics the soot extract in chemical compo-

sition was constructed and assayed simul-
taneously with the crude soot extract
(Fig. 1). Mutagenicity of the reconstitu-
ted mixture directly parallels that of the
kerosene soot extract.

A second sample soot collected from the
exhaust of an automobile diesel engine was
assayed for its mutagenicity. In contrast
to the kerosene soot sample, the diesel
soot was found to be much more mutagenic
in the absence of metabolizing element
(Table II).

A stepwise elution of a silicic acid



58

Fraction

TABLE IT

Mutagenicity of Automobile Diesel Soot Fractions

Lowest Detectable Cancentralion

Without PMS With AKO PMS
Fraction

Weight (mgs)

Soxhlet extract 10. 3
Pentane 1.9
Pentane/toluene 1.3
Toluene 0.7
Methylene chloride 0. 8
Methanol 5.6

Recovery = 100%

0. 8 ug/ml

1. 3
7.0 ug/ml
1.0 ug/ml
12 ug/ml

9.0

9.0
4.0
5.0

+ Number represents concentration at which fraction induced significant mutation
(99% confidence level).

—Represents no significant mutation at concentrations up to 1/100 of total fraction
weight per ml.

column with the diesel soot using solvents
of increasing polarity was carried out in
order to determine what types of com-
pounds were responsible for the mutagen-
icity of the Soxhlet-extract soot sample.
The pentane eluate (in which alkane spe-
cies would be expected to be found) did
not exhibit mutagenicity at concentrations
assayed. The pentane/toluene eluate, in

which polycyclic aromatic hydrocarbons
and nitrogen-containing aromatics would
be expected to be found, exhibited a high
mutagenic activity (Fig. 3). Solvents of
increasing polarity (toluene, methylene
chloride, methanol) appeared to elute other
mutagenic components (Fig. 3). As with
the whole extract, the mutagenicity of ths
fractions is greater in the absence of a
metabolizing element. Additional work is

Figs. 3a and 3b. Concentration-dependent mutation (open symbols) and toxicity (closed
symbols) of a methylene chloride/Soxhlet extract of automobile diesel soot (Q>0) > an<3 i t s

pentane/toluene (O.*)> toluene (A,A) , methylene chloride ( • , • ) , and methanol (O>^) >
eluates plotted as a function of a) dilution and b) weight. Each point represents the average
of two independent determinations. Error bars represent the 99% confidence interval.
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prt sently being carried out to identify
individual components in the active
fractions.

Last, the mutagenicity of a particulate
air sample from St. Louis (currently utili-

zed as an EPA standard) was examined.
Like the diesel soot sample, the mutageni-
city of the air particulate sample was larg-
ely decreased by adding the metabolizing
element (Table III).

Fraction

TABLE III

Mutagenicity of St. Louis Air Particulate Fractions

Lowest Detectable Concentration+

Without PMS With ARO PMS
Fraction

Weight (mgs)

Soxhlet extract
Pentane
Pentane /toluene
Toluene
Methylene chloride
Methanol

Recovery =

12 ug/ml

35 pg/ml

Numbers represent concentration at which fraction induces significant mutation (99%
confidence level).

— Represents no significant mutation at concentrations up to 1/100 of total fraction weight
per ml.

When the sample was fractionated by elu-
tion from a silicic acid column and eluants
were assayed for mutagenicity, it was
found that only the most polar solvent,
methanol, eluted mutagenic components
(Fig. 4).

In the case of kerosene and diesel
soots, the mutagenicity of individual com-
ponents or eluates appears to additively
contribute to the mutagenicity of the whole
(Table I; Fig. 3). However, we have not
found the same to be true with the air par-
ticulate samples (Fig. 4). Further work
on this sample is currently being carried
out.

These results emphasize an important
difference in combustion products from
different fuel types. Although the muta-
genicity of the kerosene exhaust soot can
be attributed to its polycyclic aromatic
hydrocarbon components, it appears that
there are entirely different classes of com-
pounds contributing to the mutagenicity of
diesel soot and St. Louis air particulates.
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Soot Source

TABLE IV

Summary of Mutagenic Soot Fractions

Fraction Lowest Detectable Concentrations

Without PMS With ARO PMS

Kerosene exhaust
St. Louis air sample
Automobile diesel exhaust
Automobile diesel exhaust
Automobile diesel exhaust
Automobile diesel exhaust

pentane /toluene
methanol
pentane /toluene
toluene
methylene chloride
methanol

35 Ug/ml
1. 3 pg/ml
7.0 pg/ml
1.0 pg/ml
12 yg/ml

15 Ug/ml

9.0 Ug/ml
4.0 Ug/ml
5.0 ug/ml

Numbers represent concentration at which fraction induces significant mutation (99%
confidence level).

— Represents no significant mutation at concentrations up to 1/100 of total fraction weight
per ml.
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DISCUSSION

Unident i f ied : I f these compounds,
such as benzopyrene, are present in the
atmosphere, can you show that they reach
various t issues in the human body?

Answer: The polycycl ic aromatic
hydrocarbons produced as combustion pro-
ducts general ly enter the body attached to
soot pa r t i c l es . These compounds can be
eluted by bio log ica l f l u i ds in v i t r o , and
there is strong evidence suggesting the
same in vivo. Studies by Falk and Steiner
in the la te 1950's and 1960's indicate that
benzo(a)pyrene attached to soot par t ic les
in the human lung is eluted over the l i f e -
time of the ind iv idua ls .

D.K. Myers (comment): I believe that
a review by Dr. Sawicki has referred to the
presence of benzopyrene in the ur ine of
humans and in the tissues o f new-born i n -
fants under certa in condit ions. Apparent-
l y benzopyrene can reach a l l t issues o f
the body.

G.C. But ler : What is the h a l f - l i f e o f
PAH's in the environment?

Answer: I don' t know, offhand.

N.F. Barr (comment): Li fet ime in the
atmosphere of polycycl ics attached to
respirable particles is l ikely to ba 5 to
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10 days. The fraction of particles
breathed before removal [from the atmos-
phere-Eds.] is likely to be 10~5, based on
observed behavior of radioactive and other
atmosphere aerosols.

L. Bertin: Could the speaker relate
the quantity of inhaled polycyclic hydro-
carbons, produced by fossil fuels in the
examples discussed, to the amount of benzo-
pyrene inhaled by smoking (say) a pack of
cigarettes per day.

Answer: As you can see in the table
l ist ing PAH in urban atmospheres, benzo(a)-
pyrene has been estimated to be present at
concentrations ranging from 0.05 ng/m3 to
39 ng/m3. Given the average man breathes
10-20 m3/day, you can estimate the range
of benzo(a)pyrene inhaled per day. While
I don't know them offhand, estimates of
benzo(a)pyrene content of cigarettes have
been made, and the levels could be com-
pared.

L.D. Hamilton: (a) What are the
sizes of particles in kerosene soot,
diesel soot and air particulates, and what
portion are respirable? (b) Do the poly-
cyclic hydrocarbons in diesel soot survive
recombustion? (c) What proportion of air
particulates for St. Louis are polycyclics
and what other mutagenic compounds are con-
tained in these particulates?

Answer: We haven't sized the parti-
cles from the kerosene soot, diesel soot
or St. Louis air particulates. Estimates
in the literature suggest soot particles
fa l l into the size range of 0.01 to 10.0 v
in diameter, with particles between 0.3 to
5.0 v in diameter containing greater than
75% of al l PAH associated with soot.

Whether the polycyclic aromatic hydro-
carbons in diesel soot survive recombustion
would depend on the combustion conditions
'-.hemselves (temperature, oxygen content).

We have not yet ful ly characterized
the St. Louis air particulates as to their
chemical composition. The fractions which
showed mutagenic activity after elution,
as well as the existence of mutagenic
activity in the absence of metabolic

activation, suggest that there are compon-
ents other than polycyclic aromatic hydro-
carbons contributing to the particulates'
mutagenicity.

P.B. Selby: Of course, very few of
the many chemicals that you studied have
ever been examined to see i f they cause
genetic changes in mammals. Benzo(a)pyrene,
however, has been examined by W.L. Russell
at Oak Ridge National Laboratory to see i f
i t induces gene mutations in mice by using
the specific-locus method. No evidence
was found that benzo(a)pyrene induces such
mutations.

Answer: Benzo(a)pyrene has been found
to cause gene locus mutation in a variety
of mammalian cell types, including human
lymphoblasts in culture.

P.B. Selby (comment): Induction of
mutations in bacteria or in somatic cells
may be very different from induction of
heritable changes in germ cells of mammals.
I t ' i s important that this distinction is
clear.

W.J. Moroz: Isn't the classic case of
atmospheric exposure/effect to benzo-a-
pyrene considered to be the coke oven
operator? Many studies have been and are
being done on this population and syner-
gisms or other reactants are not excluded
from having an effect.

Answer: Yes, although this effect is
not tied directly to benzo(a)pyrene. Other
polycyclics are also present.

W.J. Moroz: Referring to your curves
of natural and reconstituted kerosene soot,
you indicated that all fractions less than
2% by weight had been excluded from the
reconstituted soot. I f that is the case
why are the effects curves parallel?

Answer: Benzo(a)pyrene and benzo(e)-
pyrene were present in the reconstituted
soot mixture, and thus could contribute to
that mixture's mutagenicity.
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S ummary
Studies of radiation response of mam-

malian cells in culture show that in the
region of small doses repair of potentially
lethal damage makes an important contribu-
tion to the magnitude of the effect rela-
tive to cell killing. Also, repair of
damage relative to neoplastic transforma-
tion has significant effect in reducing
the transformation frequency at low dose
rates as compared to the frequencies fol-
lowing acute exposures. Based upon afore-
mentioned observations, we discuss the
relevance of repair processes to the type
of risk estimates that might be associated
with hazards from energy production tech-
nologies in general.

Introduction
Productio- of energy is of public con-

cern not only because it is essential for
human activities, health, and perhaps life
itself, but also because of its consequen-
ces to the environment. Hence the need is
quite obvious to identify environmental
problems associated with energy production,
to assess and analyze the possible adverse
effects. Assessment of the potential bio-
logical hazards associated with energy
production technologies will clearly
involve the quantitation of risk on the
basis of "dose-effect" dependencies, from
which, it is hoped, some safety guidelines
can then be developed.

Cultured mammalian cells have been
useful tools in the past decade in the
studies and analysis of adverse effects of
ionizing and nonionizing radiations. Our
current day knowledge of biological impor-
tance of damage/repair processes stems by
and large from radiation studies which
clearly demonstrate that cellular response
to radiation (1,2,3) depends upon the abil-
ity of cells to repair damage. Apparently,
the same is true for cellular response to
different chemical agents (4).

Drawing upon our experience from radi-
ation studies, in this review we try to
demonstrate the relevance of repair proces-
ses, as evident in the studies Oi radiation
induced cell killing and neoplastic trans-
formation, to the type of risk estimates
that might be associated with energy

production technologies in general.

Influence of the repair of potentially
lethal damage on survival response

We consider first the effect of repair
relative to cell survival. Cell prolifer-
ative ability is of importance in connec-
tion with mutation and malignant transfor-
mation since cell viability must be main-
tained for the expression of the altered
phenotype. Consequently, if repair of
induced damage affects cell survival, it
may influence the expression of other cell
properties or phenotypic changes.

Detection of survival changes after
large doses, e.g., for doses that produce
more than 90% lethality, is facilitated due
to the fact that the noted effects are rel-
atively large. This is primarily true for
changes in survival as a consequence of the
repair of sublethal (5) or potentially le-
thal damage (6-9). In the region of small
doses, however, it is generally difficult
to examine the effective changes in surviv-
al due to repair of sublethal or potential-
ly lethal damage for the following reasons.
As the radiation dose is smaller, the
amount of sublethal damage that may be re-
paired is less and it becomes more diffi-
cult to demonstrate the repair of sublethal
damage as the first dose approaches zero,
because the fmount of sublethal damage ap-
proaches zero. For potentially lethal dam-
age, whose enhanced expression may be re-
flected in a change of the final slope of
the survival curve, survival differences
for a given dose become progressively less
as the dose is decreased. The aforemen-
tioned difficulties obviously apply to any
given agent whose deleterious effects as a
function of dose ara being estimated. It
is, therefore, generally difficult to est-
ablish whether the conventional interpreta-
tion of an exponential (or linear) dose re-
sponse relationship is actually associated
with, or a consequence of, no repair.
Nevertheless, as we note the effects of re-
pair in the region of small doses can be
explored by the use of an extrapolation
procedure.

When changes in survival are influen-
ced by the changes in the growth conditions
of the cells after irradiation, one may
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infer that the expression of potentially
lethal damage is involved. Increases in
survival after single doses of radiation
were demonstrated when growing conditions
after irradiation-were favorable for
repair and suboptimal for growth (6-9).
However stationary or plateau phase cell
cultures are often used in these studies
(6.8,9) and therefore the findings may not
be directly applicable to actively growing
cells. Following up on an initial report
by Rsaphorst and Kruuv (10), Utsumi and
Elkincl showed (11,12) that a brief incuba-
tion of actively growing cells in aniso-
tonic phosphate buffered saline (PBS) after
irradiation results in significant reduc-
tions in survival with no concomitant
effect of anisotonic treatment on the vi-
ability of unirradiated cultures. Survival
curves for X-ray and fission-spectrum
neutron irradiation with, and without,
posttreatment consisting of 0.5 M NaCl in
PBS are shown in Fig. 1.

V79-ALI62
(PE =97%, M l
NoCI=O 5M NoCI/PBS

2OMIN, 37°C

Fig. 1. Survival curves of V79-AL162
Chinese hamster cells following single
doses of 50 kV X-rays or fission-spectrum
neutrons. Immediately after irradiation,
cells were incubated in either isotonic
PBS (O,A) or hypertonic (0.5 M NaCl PBS
(%,A). The survival curve parameters
are: X-rays + isotonic PBS, Do = 148 rod
and VQ = 280 rad. X-rays + hypertonic
PBS, Do = 70 rad and £>„ = 233 rad; neutron
+ isotonic PBS, Do = 68 rad and DQ = 83
rad; and neutrons + hypertonia PBS, Do =
48 rad and Dq = 53 rad. Standard errors
in survival are shown where they are larg-
er than plotted data points.(From ref. 11)

The data show large changes in survival in
the mid dose to high dose regions, i.e., in
the regions where a large contribution to
cell killing results from damage accumula-
tion (11,13,14). It is clear that after
both X-rays and fission-neutrons, although
less after neutrons, posttreatment enhances
the expression of what would otherwise be
only potentially lethal damage. Hence, it
appears that under normal postirradiation
growing conditions, cells repair accumula-
ted damage which can be potentially lethal
as demonstrated by the brief postirradia-
tion hypertonic treatment. However, to
inquire if cells surviving in the initial
part of the survival curves in Fig. 1 are
similarly affected, the following approach
was used. If the survival ratio is plotted
as a function of dose for each radiation,
the plot would have a zero initial slope if
the initial part of either survival curve
is unaffected by the anisotonic posttreat-
ment. Sucli a result would indicate that
in the region of small doses, killing is
not enhanced by the change in tonicity.
It is clear from Fig. 2, which shows these
plots, that neither curve shows an initial
region of dose in which the survival ratio
is unity. The initial slopes of both
curves in Fig. 2 are apparently greater
than zero. Thus, the analysis of the ex-
periments with hypertonic PBS posttreatment
suggests the existence of a potentially
Jethal damage repair process(es) that is
effective in actively growing cells under
normal assay conditions (11,12) in respect
to both, the damage recumulation mode of
cell killing, the mid dose to large dose
region, and the so-called "single-hit"
mode, the small dose region (13,14).

It is evident from the foregoing that
in the region of small doses repair of
damage relative to cell lethality makes an
important contribution to the magnitude of
the effect.

Effect of repair on the incidence
of neoplastic transformation

Aside from the cytotoxic effects, one
of the greatest concerns associated with
energy production is the potential of a
given technology, or its effluents, to pro-
duce cancer. From the public hazard stand-
point it is probable that exposure to any
given carcinogen will be essentially a dose
fractionation or dose protraction experi-
ence. It is therefore of importance to
estimate the probabilities or frequencies
of effect, i.e., to quantify the risk, in
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50 kV x-rays -

200 400 600
DOSE, rads

800 1000

Fig. 2. Survival ratios
as a function of dose for
Chinese hamster cells treated
immediately after irradiation
with isotonia versus hypertonic
PBS. The survival ratios are
obtained from the data in Fig. 1.
(From ref. 11.)

the context of similar exposure regimens
and the possible role of repair on damage
expression.

By using appropriate mammalian cell
systems in culture, it has been generally
established that exposure of normal cells
to a variety of known carcinogens, includ-
ing low and high linear energy transfer
(LET) may result in neoplastic transforma-
tion. This process is characterized by
the conversion of normal cells that exhib-
it a high degree of contact inhibition and
oriented growth pattern into cells that
lose this form of growth control, begin to
pile up and that grow in a random fashion
(15-19). In contrast to normal cells,
transformed cells induce neoplasms upon
inoculation into appropriate hosts (17-19).

We have demonstrated that in the
mouse embryo derived cells, C3H/10T1/2
fractionation of a dose of X-rays results
in a substantial reduction in the frequen-
cy of neoplastic transformation per sur-
viving cell as a consequence of repair of
the first dose subtransformation damage
(19). The analysis of these data suggests
(19,20) that the repair of sublethal and
subtransformation damage do not involve
the same repair processes. This notion is
further supported by the studies of neo-
plastic transformation at low dose rates
of 60Co y-rays.

It is well established that, for
sparsely ionizing radiations, exposures at
low dose rates result in a reduction in
cell killing as a result of repair of sub-
lethal damage. The survival curves of

mammalian cells exposed at low dose rates
exhibit reduced shoulder widths and de-
creased final slopes. If the dose rate is
sufficiently low, the survival curve may
become exponential (21). Figure 3 illus-
trates the survival changes for C3H/10T1/2
cells exposed to 60Co y-rays at high and
low dose rates, 100 rads/min and 0.5 rad/
min, respectively. The final slope of the
60Co survival curve at 0.5 rad/min is re-
duced 5-fold with about 54% shoulder width,
as compared to the survival curve following
acute exposure. This reduction in cell
killing is due to repair of sublethal dam-
age at low dose rate (21,22). The changes
in the incidence of neoplastic transforma-
tion per surviving cell following expo-
sures to various doses of 60Co y-rays at an
acute and at a low dose rate, are shown in
Fig. it. As can be seen, the protracted ex-
posures of cells to 60Co Y-rays results in
a significant reduction in the frequencies
of neoplastic transformation if the obser-
ved changes in the frequency of neoplastic
transformation were only the consequence of
the repair of sublethal damage, then we
would have expected the changes in the in-
cidence of neoplastic transformation to
reflect the resulting changes in cell sur-
vival. For instance, following low dose-
rate exposures (0.5 rad/min), the survival
levels at total doses of 375 and 600 rads
are higher by factors of 1.5 and 1.9, re-
spectively, -ompared to that following
equal acute dose-rate exposures (100 rads/
min). If the repair of sublethal damage
is the only contributing factor, we would
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Fig. 3. Survival of
C3H/10T1/2 cells exposed to
different doses of f>®Co y-rays
at a high dose rate, 100 rads/
min (O), or at a low dose rate,
0.5 rad/min (%). Error bars,
standard errors of individual
data points, are shown where
they are larger than the data
points.
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Fig. 4. Frequency of neo-
plastic transformation of CZH/
10T1/2 cells expressed on a per
surviving cell basis, as a
function of the eoCo y-rays dose
delivered at the high dose rate
of 100 rads/min (Q), or at the
low dose rate of 0.5 rad/min (0).
Error bars represent the standard
errors of the data pooled from
different experiments (2-4 per
point).

expect the transformation frequencies to
decrease by the same factors. This is
clearly not the case; the observed changes
are greater than expected since at both
total doses there is a 4-fold reduction in
transformation frequency following the low
dose-rate exposure as compared to the high
dose-rate exposure.

Animal experiments generally indicate
reduced tumor incidence at reduced dose
rates (23,24) and following fractionation
of a dose of low LET radiation (25-27).
Our observations with C3H/10T1/2 cells in
culture are in good qualitative agreement

with the animal data and consequently they
lend direct evidence for the hypothesis
proposed by Upton and co-workers (23) that
reduced tumor incidences at low aose rates
of radiation are due to the repair of
induced damage.

In conclusion, we note that from a
public hazard standpoint, the exposure to
noxious agents associated with various
energy producing technologies, including
nuclear power, is almost certain to be in
the region of small doses delivered in
fractions or as continuous exposures. The
evidence that the initial part of the
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survival curve and the induction of neo-
plastic change are influenced by repair
processes should be taken into considera-
tion when risk estimates are made.
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DISCUSSION

G.C. Butler: UNSCEAR used a factor of
3 for protract ion; do you agree?

Answer: We have shown a lower i nc i -
dence of neoplastic transformation at re-
duced dose rate as compared to acute expo-
sures. Single [hi t-Eds.] number does not seem
to f i t our data; the reduction in incidence
depends upon dose-rate and total dose.
Perhaps by analyzing the slopes and d i f -
ferent regions of the incidences, some
numbers could be put together.

N.F. Barr: Do you think i t w i l l be
possible to extend your observations to the
range of dose rates of interest to UNSCEAR's
consideration of dose rate reduction
factors? Your current observations are at
dose rates some f ive orders of magnitude
larger than those of interest for assessing
potential human health consequences of
population exposures to ionizing radiation.

Answer: I t seems to me that the dose
rates that you are talk ing about are close
to background levels, and the cultured
mammalian cel l systems used for the studies
of malignant transformation cannot be used
without major change in the methodology.
However, even though our dose rates may be
much higher than that of interest to
UNSCEAR, our data clearly demonstrate an
important phenomenon; namely that radiation
-induced malignant in jury is repairable and
[repairable-Eds.] independently of repair
processes concerned with cel l survival.
These observations do provide good grounds
for understanding survival data which are
used extensively in r isk estimates. I t
seems to me that a lo t of very important
answers can be obtained from in v i t ro
studies of neoplastic transformation, which
at the moment are of a qual i tat ive and
fundamental nature.
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SUMMARY
Induction of cancer is thought to be

the primary health hazard associated with
modern man's exposure to a multitude of
harmful environmental agents, including
ionizing radiation, the ultraviolet (UV)
component of sunlight, and numerous chemi-
cals. Humans, depending upon their genet-
ic make-up, differ in their susceptibility
to the cancer-causing effects of these ex-
trinsic agents. Evidence in support of
this hypothesis derives in part from com-
bined clinical and laboratory studies on
the rare hereditary disorder, ataxia
telangiectasia (AT). Persons afflicted
with this multifaceted disease inherit two
defective copies of an at gene. Such pa-
tients are cancer-prone and unusually sen-
sitive to conventional radiotherapy, and
their skin cells, when cultured in the
laboratory, are hypersensitive to killing
by ionizing radiation. These cultured
cells are defective in the enzymatic re-
pair of radiation-induced damage to the
genetic material, deoxyribonucleic acid
(DNA). This molecular finding implicates
DNA damage and its imperfect repair as an
early step in the induction of human can-
cer by radiation and other carcinogens.
AT cells also display enhanced sensitivity
to the lethal effects of solar UV rays or
certain chemicals or both, suggesting that
persons who are unusually susceptible to
radiation may also respond adversely to
other environmental carcinogens.

The parents of AT patients carry one
defective copy (and one normal copy) of an
at gene; although these individuals are
clinically normal, their cultured cells
are often moderately radiosensitive. It
is estimated from medical follow-up
studies on AT families that as many as 5%
of all cancer fatalities in early adult-
hood have this genetic make-up. Hence,
the increased radiosensitivity of cultured
cells offers a means of identifying this
presumed cancer-prone subpopulation that
should avoid undue exposure to certain
carcinogens.

To ascertain the generality ov this
link between cancer susceptibility and en-
hanced cellular radiosensitivity, we have
also measured the radioresponse of cells
from patients with other cancer-associated
genetic disorders and persons suspected of
being genetically predisposed to radia-
tion-induced cancer. Increased cell
killing by y-rays appears to be a common
laboratory feature of the complex genetic
disease, tuberous sclerosis. Similarly,
cells from cancer-stricken members of a
leukemia-prone family are also radiosen-
sitive, as are cells from one patient with
radiation-associated breast cancer.

These radiobiological data, taken to-
gether, strongly suggest that genetic fac-
tors can interact with extrinsic agents
and thereby play a greater causative role
in the development of common cancers in
man than previously thought.

*The studies reported here were supported in part by Contract N01-CP-81002 with the
Clinical Epidemiology Branch, National Cancer Institute, NIH, Bethesda, Md., U.S.A.
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INTRODUCTION
Modern industrialized society is

heavily dependent upon an abundant supply
of cheap and reliable energy. Global re-
serves of two traditional resources, oil
and natural gas, are dwindling rapidly,
and new strategies must be adopted quickly
if we are to preserve for future genera-
tions the economic strength on which our
cherished freedoms and social values are
based. Most experts are of the opinion
that our projected energy needs for the
next half centrury or more can only be met
through accelerated reliance on alternate
forms of depletable energy, primarily ura-
nium, coal, and synthetic petroleum (see
ref. 1 and accompanying article by W.R.
Kimel). This course of action, many con-
tend, would provide industrialized nations
with the flexibility and lead time re-
quired to implement a balanced long-term
energy program in which new technologies,
ranging from solar power to nuclear fu-
sion, could be developed to complement and
eventually replace conventional fossil
fuel combustion and nuclear fission.

While having a seemingly insatiable
appetite for energy, modern man at the
same time places a high premium on envi-
ronmental and public health protection
from industrial pollution. Given the
above energy forecast, these two contest-
ing social pressures dictate that priority
be given to biomedical research ir.to the
harmful side-effects of increased deploy-
ment of nuclear reactors and coal-fired
power stations. Historically, the nuclear
community has been a model in demonstrat-
ing how a morally responsible industry can
monitor, control, and diminish its delete-
rious impact on our biosphere. In recent
years, however, nuclear technology has
come under increased scrutiny from envi-
ronmental pressure groups; indeed, public
acceptance of the nuclear option beyond
the next 50-year transition period may
largely depend upon a demonstrated capac-
ity to reduce the social costs incurred
from its use.

In addition, our improved under-
standing of the nature'and the amount of
human ill-health which arises from chronic
exposure to low levels of radiation typi-
cally released from nuclear reactors would
undoubtedly have important implications
far beyond the protection of occupational -
ly exposed workers in the nuclear indus-
try. The biological effects of radia-

tion, irrespective of the source, exhibit
many similarities (2,3), and the popula-
tion-at-large routinely receives radiation
from numerous sources, both naturally oc-
curring (e.g., cosmic rays and radioactive
materials found in the soil, in concrete
buildings and within our bodies) and man-
made (e.g., medical radiography and nucle-
ar armament testing) (4,5). Nuclear power
production currently makes an insignifi-
cant contribution (<1%) to the total radi-
ation dose received by the general public
(4). Nature herself is the major culprit,
followed by the medical profession. The
annual per capita dose from natural back-
ground radiation amounts to approximately
100 mrem, and an additional 40-100 mrem is
delivered by man- made sources in techno-
logically advanced countries (2-4); rough-
ly 90% of the latter exposure comes from
the diagnostic and therapeutic administra-
tion of radiation and radioactive isotopes
(5). Further insight into the underlying
chain of biochemical events occurring be-
tween the initial deposition of radiation
energy and the eventual appearance of a
diseased state would be of widespread in-
terest to the biomedical scientific com-
munity in general and to radiologists,
health physicists and radiobiological re-
searchers in particular. It might, for
example, point to improved strategies in
the application of atomic energy for the
early diagnosis and effective treatment of
cancer and other debilitating human dis-
eases.

In this article it is my intention to
provide an overview of one research pro-
gram in radiation biology at the Chalk
River Nuclear Laboratories (CRNL). This
study, jointly funded by the Atomic Energy
of Canada Limited and the United States
National Cancer Institute (USNCI), makes
use of human cells, grown in the labora-
tory, to learn more about the molecular
basis of the ill-health effects arising
from exposure to ionizing radiation and
other environmental agents. These cul-
tured cells or fibroblasts are derived
from skin biopsies of human donors; such
cells constitute a convenient biological
test system because their response to
these environmental insults is very simi-
lar to that of cells comprising most tis-
sues and organs within the human body.

The experimental work is both time-
consuming and labor-intensive, and at the
outset I wish to acknowledge the
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invaluable contribution of my colleagues:
Blake Smith and Peter Knight, two Tech-
nical Assistants on permanent staff at
CRNL; Dr. Paul Smith, a Postdoctoral Fel-
low of the Natural Sciences and Engineer-
ing Research Council Canada; and Dr.
Torben Bech-Hansen, a Research Associate,
and Brenda Sell, a Technical Assistant,
both under contract with the Clinical Epi-
demiology Branch, USNCI.

HUMAN ILL-HEALTH FROM RADIATION EXPOSURE
The two primary types of biological

change associated with human exposure to
ionizing radiation are: (i) the develop-
ment of cancer in irradiated individuals;
and (ii) the appearance of hereditary
diseases in their descendants (2-4). To
date it has not been, nor is it ever like-
ly to be- possible to measure directly the
increase in either type of biological al-
teration attributable to radiation expo-
sure, since an enormous population size
would be required to quantitate the addi-
tional effects, above background levels,
specifically due to the minute radiation
doses normally encountered by the public.
Nonetheless, it is now generally accepted
that cancer induction is the major poten-
tial hazard linked with radiation expo-
sure. This consensus is based in part on
follow-up studies on heavily irradiated
human populations, principally Japanese
survivors of atomic bombings in World War
II and British patients who received par-
tial-body radiotherapy for an arthritic
condition of the spine known as ankylosing
spondylitis (2,3). Excessive mortality
from leukemia and various solid tumors has
been observed over the years among members
of these irradiated groups, and the in-
crease in the cancer fatality rates is
dose-dependent. However, no parallel in-
crease in the frequency of hereditary dis-
eases has been seen to date in their des-
cendants. Consequently, estimates of the
genetic risk to man from chronic exposure
to low-level radiation have been deduced
from experiences with laboratory mammals
after relatively high doses, e.g., skele-
tal abnormalities in the offspring of
irradiated mice (for details, see in par-
ticular the article by Dr. P.B. Selby in
these Proceedings). In brief, the bulk of
the available evidence indicates that ra-
diation protection studies should primari-
ly concentrate on developing new strate-
gies for reducing the risk of cancer in
exposed persons.

It is currently estimated that chron-
ic exposure of one million people to an
average radiation dose of one rem may
eventually produce, perhaps over two or
more decades, about 100-150 fatal cancers
in excess of those which would occur nor-
mally (2-4). This risk estimation is de-
rived by direct linear extrapolation from
human experiences after relatively high
exposures and assumes that the risk per
rem is independent of dose rate and dose
level. This assumption is thought to err
on the side of caution, at least for
sparsely ionizing radiation (e.g., X- or
T-rays) delivered at low levels and pro-
tracted in time.

The heavily irradiated groups on
which the risk estimate is based presum-
ably constitute unselected subpopulations.
This likelihood has prompted us to inves-
tigate the possibility that within such
random groups there exist a minority who,
because of their genetic make-up, make a
disproportionately large contribution to
the incidence of radiation-induced cancer.
This notion is not unreasonable, since
genetically determined differences in re-
sponse to the effects of environmental a-
gents is the norm in man (6). Differences
in skin pigmentation, for example, go a
long way towards explaining the low inci-
dence of sunlight-induced skin cancer in
blacks compared to whites (7). In other
words, genetic factors may interact with
environmental agents (such as ionizing ra-
diation) and, in so doing, predispose cer-
tain persons to cancer.

OUR RESEARCH AIMS
The main objectives of our laboratory

studies were three-fold:
1. To identify radiosensitive, can-

cer-prone subgroups;
2. To clarify the molecular basis

for their unusual clinical sus-
ceptibility to radiation expo-
sure; and

3. To help assess the contribution
of these subgroups to the overall
cancer burden in the general
population.

OUR EXPERIMENTAL PROTOCOL
Our experimental approach has i n -

volved taking cultured cel ls from radio-
sensitive patients and c l in ica l l y normal
subjects, exposing these skin fibroblasts
to a known cancer-causing agent (carcin-
ogen), such as 60Co Y-rays, and then
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measuring two endpoints, one, biological,
and the other, molecular:

1. The capacity of single cells to
survive the radiation treatment,
as determined by their ability to
divide several times and thereby
form aggregates of 100 or more
cells, called colonies; and

2. The initial yield and subsequent
metabolic fate (i.e., repair) of
lesions formed in the genetic
material of cells, the deoxy-
ribonucleic acid (DNA).

ATAXIA TELANGIECTASIA: AN INHERITED
DISORDER INVOLVING CANCER PRONENESS AND
RADIOSENSITIVITY

To date, we have primarily concen-
trated on one radiosensitive, cancer-prone
subgroup—namely, patients with the rare
hereditary disease ataxia telangiectasia
(AT). (See refs. 8 and 9 for a compre-
hensive description of the clinical pic-
ture in this disease.) AT is a multi-
faceted single-gene disorder whose fre-
quency is estimated to be ^25 per million
live-births. The disease is transmitted
as a Mendelian autosomal recessive trait.
That is, both copies (alleles) of a spe-
cific gene, at, located on an homologous
pair of non-sex chromosomes, are altered
in afflicted persons; one defective allele
is inherited from the mother and the
second from the father. (The genetic con-
stitution of such individuals is denoted
as at -/at~.) Affected persons, al-
though clinically normal at birth, typi-
cally develop muscular incoordination
(ataxia) and permanent dilation of blood
vessels (telangiectasis) in early child-
hood. The muscular trait initially ap-
pears as an unsteady gait: neurological
deterioration progresses relentlessly and
usually eventuates in wheelchair confine-
ment by puberty. The dilated blood ves-
sels are first seen in the "whites" of the
eyes and typically spread in a symmetrical
pattern over the skin, particularly sun-
exposed areas. The muscular and vascular
abnormalities are considered minimal cri-
teria for positive diagnosis of the
disease.

Additional hallmarks of AT include:
(i) recurrent respiratory infection, at-
tributed to immune deficits often in-
volving both the cell-mediated and humoral
systems; (ii) underdevelopment in such
organs as the liver, thymus, and gonads;
(iii) chromosome instability, i.e., tend-
ency of chromosomes in white blood cells

(lymphocytes) to undergo gross structural
changes spontaneously; and (iv) propensity
to develop malignancy, especially lymphoma
and leukemia. In fact, on average, one in
every 10 AT patients contracts cancer, a
risk which is ^1200-fold greater than that
for an age-matched control group (10).
Affected persons usually die before adult-
hood from pneumonia and/or cancer.

An unusually severe response to ion-
izing radiation constitutes yet another
feature of this complicated disease. In
at least three well-documented medical re-
ports, the administration of conventional
radiotherapy to an AT patient resulted in
severe reactions in the body area irradi-
ated, including the appearance of skin
lesions and massive cell death in deep
tissue. In each case the condition of the
patient deteriorated rapidly, and death
followed within six months or so after
completion of the radiation treatment.

LABORATORY SIGNS OF RADIOSENSITIVITY IN AT
CELLS

The relative ability of a cell line
to form colonies after being exposed to a
given amount of carcinogen is a sensitive
biological measure of the capacity of in-
dividual cells to recover from inflicted
damage and maintain reproductive integri-
ty. Evidence that enhanced sensitivity to
radiation extends to the cellular level in
AT is presented in Figure 1. Using the
Y-ray dose needed to reduce survival to
10% (Djo) as a quantitative mea-
surement of relative radiosensitivity, it
can be determined from Figure 1 that the
cell lines from nine unrelated AT patients
(Dig values ranging from 180 to 223
rads) are each °3 times more sensitive to
killing by acute exposure to hypoxic y-ra-
diation than control strains from five
normal subjects (D^Q'S ranging from
522 to f"'€ rads). The same relative sur-
vival difference is observed following
j-ray treatment delivered under oxic con-
ditions (see Table 1). In fact, in col-
lective data from several laboratories
(11-14) 19 AT strains have now been ex-
amined for their colony-forming ability in
response to X- and/or y-rays, and all 19
cell lines exhibit a 3- to 4-fold increase
in radiosensitivity, regardless of whether
the radiation is administered in air or
Np. The striking consistency of this
observation has led to the suggestion that
enhanced radiosensitivity of cultured
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TABLE 1

Sensitivity of Cultured Human (Normal and AT) Fibroblasts to
Killing by Low and High LET Radiationa

z
o

O.I

0.05

0.01

0.005 -

Strains

Normal

AT

D loMFe

60COY

Air

385C
(362-408)d

127C

(107-141)d

3.0

--rays

N2

597C

(522-638)d

206c

(180-223)d

2.9

D io b

14 MeV

Air

122C

(116-126)d

75C

(65-84)c

1.6

Neutrons

N2

141C

(126-148)d

94 c
(84-100)d

1.5

a From ref. 27 and unpublished data (B.P. Smith and M.C.P.)
k Dose, in rads, needed to reduce survival to 10%
c Average D^g value for three or more strains from unrelated donors
d Range of D^g values for three or more strains from unrelated donors
e Dig modifying factor, ratio of the average Dio value for the

normals to that for the AT strains

NORMAL
(5 STRAINS) -

0.001) 200 400 600 600 1000 1200
X-RAY DOSE (rod, in N2)

FIGURE 1. Post-Y-ray colony-forming
ability of various AT and normal cell
lines, plotted as log surviving fraction
versus acute dose of 60r,o Y-rays ad-
ministered under hypoxic conditions. The
shaded areas are bounded by the steepest
and shallowest survival curves for the two
groups of strains and therefore illustrate
the range of radioresponse for representa-
tive AT and normal cell lines.

cells be added to the standard ""aboratory
tests used for early diagnosis of AT (12,
13).

As background to our molecular stud-
ies on AT cells, it is instructive to dis-
cuss briefly the current state of know-
ledge regarding the mechanisms of action
of carcinogens and the response of living
organisms upon exposure to these toxic
agents. There is mounting evidence indi-
cating that most, if not all, carcinogens
[including ionizing radiation, the ultra-
violet (UV) component of sunlight, and
numerous chemicals] exert their harmful
biological effects primarily by inter-
acting with, and structurally modifying,
DNA (15-17). This generalization is not
surprising, given that the cell is the
basic unit of life, and DNA is its
"blueprint", containing all the informa-
tion required for normal cellular func-
ting and reproduction (18).

DNA is composed of two strands
twisted around each other much like two
spiral staircases (see Figure 2, left
panel). Each staircase consists of a
backbone of alternating sugars and phos-
phates ; at each sugar one of four
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radiation
exposure

enzymatic
repair

FIGURE 2. A simplified model of the structure of normal (left panel) and
radiation-damaged (right panel) DNA. Jn the right panel the two most prevalent types of
radioproducts, single-strand breaks and base defects, are indicated by arrows. The
concerted action of multiple enzyme-mediated repair mechanisms converts radiation-damaged
DNA back to a normal configuration. (See text for details.)

heterocyclic bases (adenine, cytosine,
guanine or thymine) projects into the com-
mon stairwell and is paired by hydrogen
bonding with a second base coming in from
the opposite backbone. Only two combina-
tions of base pairs fit properly into the
stairwell, adenine pairing with thymine
and cytosine with guanine, and thus the
sequence of bases along one strand is com-
plementary to that along the other strand.
The genetic material in living organisms
consists of an enormous number of such
base pairs. Each of our cultured human
fibroblasts contains some 10 1 0 base
pairs, and there are approximately
6 x 10 1 3 genetically similar cells in
a 70-kg person, giving a total of about
6 x 1 0 " base pairs per average adult
(19).

As depicted schematically in Figure
2, ionizing radiation produces two major
classes of damage in the DNA of cells:
(i) chemical alterations in individual
bases, especially thymine and cytosine,
which, by disrupting hydrogen bonding and

base stacking, lead to localized structur-
al distortions in the two "spiral stair-
cases"; and (ii) single-strand breaks,
that is, interruptions in the sugar-phos-
phate backbone of single staircases (10)
(see Figure 2, right panel). Radiation
induces a considerable number of these two
classes of lesions; from our experimental
data it can be calculated t!iat a biologi-
cally relevant exposure of 385 rads
60Co ^-radiation delivered in air
(Dig value) induces in the order of
4600 single-strand breaks and 2500 base
defects in the DNA of a cultured
cell. Since the initial number of lesions
induced is directly proportional to
dose, it can be further estimated that a
dose of 175 mrem, the approximate an-
nual per capita exposure, will produce ^2
strand breaks and ^l base defect per eel 1.
This means that the genetic material with-
in the average human body will in all sus-
tain about 1.2 x 10l4 single- strand
breaks and about 6 x 1 0 " base de-
fects each year from radiation alone.
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Ionizing radiation is but one of many
carcinogens in our natural habitat (20,
21). As a case in point, there are a host
of different chemicals that are potent
carcinogens; some, such as benzene and
2-naphthylamine, are encountered in the
workplace, while many others, such as com-
ponents of cigarette smoke and various
nitrosamines, are largely related to life-
style and diet, respectively (20,21).
Besides, a significant number of lesions,
such as structurally modified base resi-
dues, are believed to form spontaneously
in the DNA of living cells under natural
conditions (22,23).

In light of this high incidence of
normally occurring damage in cellular DNA
and the need for maintaining fidelity in
the genetic information, it is no small
wonder that the cells in all living organ-
isms, including humans, possess intricate
enzyme-mediated processes for correcting
DNA damage routinely arising from the
"wear and tear" of everyday living (17,
24,25).

The repair process operating on base
defects is aptly termed excision repair,
and the process acting on single-strand
breaks is simply termed strand-rejoining
(15,17,19,24,25). Both repair processes
promote the restoration of radiation-
damaged DNA to a normal configuration.
This objective is achieved in excision re-
pair, as is implicit in its name, by the
introduction of two nicks in the sugar-
phosphate backbone, one on each side of an
altered base, thereby releasing the dam-
aged segment; the resulting single-strand
gap is then filled in with correct materi-
al, using the opposite intact strand for
base-pairing instruction. The enzymatic
reactions leading to the reunion of
single-strand breaks are poorly understood
but, conceptually at least, the process is
simpler than excision repair of base dam-
age since one of the two strand nicks is
made directly by the radiation treatment.
In all probability strand-rejoining is
carried out in a manner similar to the
latter steps in excision repair, most
likely mediated by similar, if not the
same, repair enzymes. (For details on
these two repair processes and the pre-
sumed participating enzymes, consult ref.
17, 24 or 25.)

Utilizing a sensitive physicochemical
assay developed in our laboratory (26), we
have monitored the capacity of AT cell
lines to execute these two DNA repair

processes after exposure to y-radiation
under hypoxic conditions. Typical results
of such an experiment for an AT cell line,
AT3BI, and a normal cell line, CRL 1141,
are given in Figure 3. In marked contrast
to a normal capacity to rejoin single-
strand breaks, the AT cell line is about 4
times slower at removing sites containing
base defects than the normal cell line.
Inasmuch as the kinetics of site disap-
pearance is thought to reflect the first
single-strand nick in excision repair of
altered bases, the most likely explanation
of our results is that this AT cell line
lacks a fully functional enzyme mediating
this initial incision reaction. In addi-
tion to providing fresh insight into this
distressing disorder, this biochemical
anomaly in cultured AT cells implicates
imperfect repair of environmentally in-
duced damage to DNA as a causal factor in
at least some cases of human malignancy.
Efforts are currently underway to identify
the damage-recognizing enzyme, presumably
either a specific endonuclease or DNA gly-
cosylase, which is malfunctional in AT
cells and to define the precise chemical
structure of the class of y~ ray -modified
base residues acted upon by this repair
enzyme.

It is relevant to compare the hyper-
sensitivity of AT cell lines to inactiva-
tion by radiations of different linear
energy transfer (LET). Table 1 summarizes
cell survival data for normal and AT
strains after acute exposure to either
y-rays or 14 MeV neutrons. In agreement

i80
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Time after 7-ray incubation (h)

FIGURE 3. Time-course of disappear-
ance of single-strand breaks ( le f t panel)
and sites containing base defects (r ight
panel) from the DNA of representative nor-
mal (CRL 1141) and AT (AT3BI) cells ex-
posed to 50 krads of hypoxic y-radiat ion.
[Reproduced from Paterson f i t j | l_. ( ref . 34)
with permission of MacMillan Publishing
Co.]
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with current radiobiological theory, the
latter source, being a type of high LET
radiation, is more effective in inducing
cell lethality thany-rays, a common type
of low LET radiation. In the case of nor-
mal fibroblasts, the relative biological
effectivenes. of 100 rads of fast neutrons
is about 3.6 times greater than that- of an
equivalent dose of -y-radiation under
either oxic or hypoxic conditions (unpub-
lished data, B.P. Smith and M.C.P.). As
discussed earlier for -y-rays, the AT
strains display, without exception, en-
hanced sensitivity to neutrons. However,
for this high LET radiation, the mutant
and normal strains differ only by a factor
of M . 5 , compared to about 3 times for y-
rays (Table 1). This reduction in rela-
tive hypersensitivity of AT cell lines up-
on going from sparsely to densely ionizing
radiation is consistent with these mutant
strains carrying a defect in DNA repair,
since the fraction of DNA damage subject
to enzymatic repair is believed to be
greater for low than for high LET radia-
tions (28).

It would be of considerable value,
both to the radiobiologist and the radio-
therapist, to know the sensitivity of AT
cells to a wide array of carcinogens,
ranging from such common extrinsic agents
as the UV rays present in sunlight to
chemicals, including methylmethanesulfon-
ate (MMS), whose biological effects par-
tially mimic those of ionizing radiation.
With this in mind, we have determined the
colony-forming ability of three AT cell
lines following acute treatment with one
of a number of carcinogens (Table 2). Two
of the strains, AT2BE and AT4BI, show in-
creased susceptibility to the lethal ef-
fects of near UV light (in this case, 313
nm wavelength) but respond normally to far
UV light (254 nm wavelength) (see Figure 4
and Table 2); this observation is without
precedence, at least in mammalian cells.
The enhancement in near UV sensitivity
offers a rational explanation for the ten-
dency of some AT patients to develop per-
manently dilated blood vessels over sun-
light-exposed areas of the skin. This
finding further suggests that near UV
light not filtered by the upper atmosphere
may produce a partial radiomimetic effect,
thereby extending our understanding of the
mechanism of action of this ubiquitous
carcinogen. [Note: Until recently, 254
nm light has served almost exclusively as

the insulting agent in photobiological
research; this is largely because of its
DNA-damaging potency and its availability,
being the primary light emitted from re-
latively cheap germicidal lamps (29).
Such far UV light, ranging in wavelength
from 240 nm to 290 nm, is, however, ef-
ficiently absorbed by stratospheric ozone
and is, therefore, of little relevance in
environmentally induced cancer.]

The three AT strains are, in general,
hypersensitive to radiomimetic chemicals
(Table 2 ) , such as ethylnitrosourea
(Figure 5 and Table 2), an alkylating
agent noted for its ability to induce a
high incidence of tumors in the central
nervous system (CNS) of rodents (30).
However, as found for near UV light, there
is considerable variation in the relative
response of the AT cell lines to these
chemical carcinogens, e.g., 4-nitro-
quinoline-1-oxide. These composite cell
survive! data for ionizing radiation and
other carcinogens are readily explicable
in terms of a DNA repair anomaly in AT
cells. On the one hand, radiation is
known to induce a multitude of chemically
diverse radioproducts in cellular DNA
(31); hence, a normal radioresponse by a
given cell line presumably requires that a
number of different repair pathways all be
fully operational, and, by the same token,
a blockage in any one pathway might be
expected to lead to increased cell
inactivation by irradiation, as found for
all AT strains examined to date. On the
other hand, the spectrum of reaction
products formed in DNA by chemicals (and
near UV light) is relatively narrow, and
the types and their relative yields often
differ greatly t, am one chemical to
another (32). Thus, if different AT cell
lines are deficient in enzymes involved in
different repair pathways, it follows that
such mutant strains should exhibit, as
observed, different degrees of hyper-
sensitivity to a given chemical.

At least t\ i general biomedical prin-
ciples emerge from our combined cellular
and molecular studies on different AT cell
lines. Firstly, the hereditary disease
ataxia telangiectasia can arise from muta-
tions (alterations) in different loci
(genes) in the human genetic material, a
possibility consistent with the extensive
clinical variability in the disorder
(8,9,13). Secondly, radiosensitive indi-
viduals are in all probability also
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TABLE 2

Sens i t i v i t y of AT Strains to Cell K i l l i n g by Various Physical and Chemical
Carcinogensa

Strains

AT2BE

AT3BI

AT4BI

Y - rays c

+++

+++

+++

Physical

Neutrons0

++

++

++

Agent

UV

254 nm

N

N

N

Light

313 nm

++

N

++

MMS

+

N

+

Chemica l

MNNG

++

++

N

Agentb

ENU 4NQ0

•r++ ++

++ N

+ +

a N, normal (O.8<:DioMF<1.2); *, s l ight ly sensitive (1.2<DIQMF<1.5) ;
++, moderately sensitive (1.5<D^QMF<2.0); +++, markedly sensitive
2.0<0IQMF<4.0) , where DIQMF = Dig (average for several
normal strains)/D10 (indicated AT strain)

b MMS, methylmethanesulfonate; MNNG, N-methyl-N'-nitro-N-nitrosoguanidine;
ENU, ethylnitrosourea; 4NQ0, 4-nitroquinoline-1-oxide

c Under either oxic (air) or hypoxic (N2) conditions
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FIGURE 4. Survival curves of AT
(AT4BI) and normal (GM 38) cells upon
exposure to far (left panel) and near
(right panel) UV light.
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FIGURE 5. Survival curves of AT
(AT3BI) and normal (GM 38) cells after a
one-hoi.r treatment with the indicated
concentrations of ethylnitrosourea. The
symbols and errors bars are the means and
their standard errors of three independent
experiments.
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unusually sensit ive to one or more radio-
mimetic carcinogens. This cross-sensi t iv-
i t y to d i f ferent agents may be ascribed to
( i ) the induction of ident ical types of
lesions by d i f fe rent DNA-damaging agents
[ f o r example, both X-rays and near UV
l i gh t are known to form modified thyraine
residues of the 5,6-dihydroxydihydro-
thymine type (thymine glycols) (33) ] ; and
( i i ) the poss ib i l i t y that portions of the
DNA damage i n f l i c t e d by d i f ferent carcino-
gens are handled by overlapping repair
pathways.

The second generalization has im-
mediate pract ical appl icat ion in the ef-
fec t ive care of AT pat ients, as the data
on ce l lu la r chemosensitivity of fer a basis
for a more sensible approach to cancer
therapy. In the more l i k e l y s i tuat ion
where the chemoresponse of cultured ce l ls
from a cancer-stricken patient is not at
hand, our survival results with neutrons
suggest that standard high LET radio-
therapy should produce less adverse ef -
fects on the patient than treatment with
conventional low LET rad ia t ion .

PERSONS CARRYING ONE MUTANT AT ALLELE: A
CANCER-PRONE AND RADIOSENSITIVE SUBGROUP

Let us now turn to a matter of some
public health concern. Although ataxia
telangiectasia is a c r ipp l ing and l i f e -
threatening disorder, affected subjects,
possessing two defect ive a t a l l e l e s , are
too rare to pose a grave threat to public
heal th. Rather the major contr ibut ion of
an at' a l l ele to human disease seems to
stem from i t s subtle ef fects when accompa-
nying a normal [at+) a l l e l e in an i n d i -
v idual . Given the incidence of AT to be
^1 per 40,000 persons (8 ) , i t can be e s t i -
mated from the basic laws of Mendelian
genetics that ^ 1 % of the to ta l population
carry one af (and one at+) a l l e l e
(35). Medical fol low-up studies on mem-
bers of 27 AT fami l ies have enabled Swift
and co-workers (35) to estimate that AT
carriers (af/at+) run f ive times the
normal risk of dying from cancer before 45
years of age. Based on these estimates,
i t can be further predicted that th is sub-
group may comprise about 5% of al l cancer
fa ta l i t i es in early adulthood.

Unfortunately, there is currently no
rel iable c l in ica l hallmark or laboratory
test for detecting AT carr iers. We were
therefore prompted to determine the radio-
sensi t iv i ty of cultured fibroblasts from
presumed obligatory AT carr iers, i . e . , the
parents of a f f l i c ted persons. As is evi-
dent in Figure 6, cel ls derived from both

parents in this particular AT family ex-
h ib i t y-ray sensit iv i ty intermediate be-
tween that shown by cells derived from the
AT offspring and control cells from five
normal subjects. Strains from either one
or both parents in four other AT families
ha.ve also been assayed for post-radiation
colony-forming ab i l i t y , and in two of the
four famil ies, each parental strain dis-
plays moderate sensi t iv i ty to the lethal
effects of yrays (10,14,36). These and
other survival data (37) suggest that an
appreciable portion of the population-at-
large believed to be cancer-prone may also
be radiosensitive. This observation sets
the stage for the development of a simple
assay to pick out AT carriers and thereby
verify direct ly whether such individuals

IOO

200 400 600 800 1000 1200
r-RAY DOSE (rod, in N2)

FIGURE 6. Hypoxic Y-ray survival
curves of cell strains derived from three
members [affected child ( ) plus parents
( , )] of an AT family. The shaded area
denotes the range of survival of control
strains from five normal donors. The
symbols and error bars are the means and
their standard errors of multiple experi-
ments. Range of plating efficiency (P.E.)
and number of independent experiments (#
EXPS.) conducted for each strain are in-
dicated. [Reproduced from Paterson et al.
(ref. 14) with permission of Cancer
Research, Inc.]
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should be cautioned to minimize their ex-
posure to ionizing radiation and radio-
mimetic chemicals.

SEARCH FOR OTHER GENETIC DISORDERS LINKING
CANCER PRONENESS WITH RADIOSENSITIVITY

Ataxia telangiectasia is by no means
the only rare single-gene syndrome in man
associated with a propensity to develop
one or more specific types of cancer. In
fact, over 200 distinct genetic disorders
have now been identified in which the ap-
pearance of cancer is an invariable hall-
mark, a frequent trait, or only a rare
complication (38). In collaboration with
Dr. Robert W. Miller and his associates in
the Clinical Epidemiology Branch, USNCI
(Bethesda, Md.), we have attempted to test
the generality of the correlation, ob-
served in AT, between high cancer risk _in_
vivo and increased cellular radiosensitiv-
ity in vitro. Heavy reliance has been
placed on the clinical and laboratory fea-
tures of AT in the selection of syndromes
for screening. Using this strategy, the
traits variously found in the 10 disorders
studied to date include: (i) well-estab-
lished genetic mode of transmission; (ii)
unusual susceptibility to develop cancer,
especially leukemias and solid tumors of
the lymphatic system; (in) chromosome
instability, both spontaneous and after
radiation exposure; (iv) immunodeficient
state, leading to repeated infection; (v)
CNS complications; (vi) skin abnormali-
ties; and (vii) sun-sensitivity (see
Table 3).

As is evident from the y-*"ay survival
data in Table 4, only two of 19 fibroblast
strains encompassing the 10 different dis-
orders exhibit elevated radiosensitivity.
These two cell lines, GM 2053 from a
patient with Fanconi anemia (FA) and GM
1635 from an individual afflicted with
tuberous sclerosis (TS), show hyper-sen-
sitivity to y-radiation, when administer-
ed either in air or N2> As the radio-
response of seven other strains from FA
donors is insignificantly different from
the normal control strain GM 498, enhanced
cellular radiosensitivity would seem to be
only an infrequent laboratory manifesta-
tion of FA. The one radiosensitive FA
strain may possibly be defective in the
removal of thymine glycols, because nucle-
ar preparations of some other FA cell
lines fail to excise these radioproducts
normally (41). Cellular radiosensitivity
may be a common vn vitro trait of TS,

given that one of the two TS strains test-
ed are abnormally sensitive to y-ray ex-
posure. Taken together, the data lead us
to conclude that enhanced radiosensitivity
is not a widespread feature of human
genetic disorders associated with cancer
proneness, at least as manifested by de-
fective colony-forming ability of irradia-
ted skin fibroblasts. In view of the ex-
tensive heterogeneous nature of genetic
syndromes, it should be stressed that, un-
til additional strains are tested for many
of the disorders, this conclusion should
be regarded as tentative.

CELLULAR RADIOSENSITIVITY IN A LEUKEMIA-
PRONE FAMILY

On occasion, certain types of cancer
arise at an unusually high incidence in
some families, suggesting a causal role
for hereditary or environmental factors or
both. For example, a number of "leukemia
families" has been described (42). Be-
cause ionizing radiation is a well-known
leukemia-causing agent (2,3), cancer
proneness among certain members of such
families may stem from genetic suscepti-
bility to the leukemia-causing action of
environmental radiation and radiomimetic
chemicals. In collaboration with Dr. John
J. Mulvihill of the Clinical Epidemiology
Branch, USNCI, we have examined this pos-
sibility indirectly by assaying the radio-
sensitivity of strains from six members of
a family with an unusual clustering of
acute myelogenous leukemia (43). Table 5
summarizes the dose-response data. It can
be seen that, following irradiation, the
strains from the three cancer-stricken
members are hypersensitive whereas those
from the three cancer-free members respond
like the normal control strain. These
results suggest a correlation between can-
cer susceptibility at the clinical level
and enhanced sensitivity to y-ray inacti-
vation at the cellular level. This re-
lationship may prove to hold true for
other "cancer families" and thus have pre-
dictive value in identifying high risk
members in such families.

CELLULAR RADIOSENSITIVITY IN PATIENTS WITH
RADIOGENIC CANCER

Radiation treatment is prescribed for
numerous medical complications, and some-
times, after a certain latency period, the
irradiated persons develop cancer specifi-
cally in the area exposed to radiation.
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TABLE 3

Human Cancer-Associated Genetic Diseases Having Clinical Features in Common with
Ataxia Telangiectasiaa

Genetic Disorder Inheritance
Pattern13

Associated
Maiignancies

Cither Relevant Features

Fanconi anemia AR

Bloom syndrome

Chediak-Higashi
syndrome

Wiskott-Aldrich
syndrome

Bruton type agamma-
globul inemia

dyskeratosis congenita

incontinentia pigmenti

Rothmund-Thomson
syndrome

tuberous sclerosis

neurofibromatosis

AR

AR

XR

XR

XR

XD

AR

AD

AD

a c u t e monomyei ogenous
l e u k e m i a , mucocu taneous
and hepatic tumors

leukemias, intestinal
tumors

lymphomas

lymphatic tissue
tumors

leukemias; lymphatic
tissue tumors

epithelial tumors

acute myelogenous
leukemia

cutaneous tumors

CNS (brain), renal,
and cardiac tumors

cutaneous and CNS
tumors

chr. instab.c ;
pancytopenia^; recurrent
infect ion; cutaneous
pigmentation changes;
dwarfism; skeletal, cardiac
and renal malformations

chr. instab.; impaired
immunity; facial
telangiectasis

impaired immunity; sun
sensitivity; reduced
pigmentation of hair and eyes

pancytopenia; recurrent
infection; bloody diarrhea;
eczema

chr. instab.; immature bone
marrow

pancytopenia; disturbed
maturation of epithelium;
cutaneous telangiectasis;
mental retardation

chr. instab.; cutaneous
pigmentation changes;
skeletal, cardiac, ocular, and
dental malformations

sun sensitivity (e.g.,
excessive skin blistering);
cutaneous pigmentation
changes; cataract formation
(both eyes); dwarfism;
immature sex organs

facial benign tumors;
epilepsy; mental retardation;
cutaneous pigmentation
changes; skeletal
malformations

cutaneous pigmentation changes
(i.e., cafe-au-lait spots);
mental retardation; skeletal
and cardiac malformations;
gastro-intestinal bleeding
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a Compiled from refs. 38-40
b Abbreviations: AR, autosomal recessive; AD, autosomal dominant; XR, X-linked recessive;

XD, X-linked dominant. Definitions: autosomal, pertinent gene located on non-sex
chromosome; X-linked, pertinent gene on X (sex) chromosome; recessive, both copies of
pertinent gene must be mutated for expression of disorder; dominant, only one gene copy
must be mutated for expression of disorder

c Chromosomal instability, tendency of chromosomes to undergo gross structural changes
spontaneously

d Pronounced reduction in red and white blood cells and blood platelets

TABLE 4

y-Ray Sensitivity of Fibroblast Strains from Patients with
Cancer-Linked Genetic Disorders3

Strain Genetic Disorder of Donor D10±SEb

Oxia Hypoxia

GM 498 normal 398±20 610±28

CRL 1196
GM 368
GM 391
GM 1309
GM 2053
GM 2361
WG 71
WG 331

BL:

GM

GM

GM

GM

GM

L

2075

1598

362

1774

492

78-34

GM
GM

GM
GM

1635
1644

622
1633

Fanconi anemia
Fanconi anemia
Fanconi anemia
Fanconi anemia
Fanconi anemia
Fanconi anemia
Fanconi anemia
Fanconi anemia

Bloom syndrome

Chediak-Higashi syndrome

Wiskott-Aldrich syndrome

Bruton type agammagiobuiinemia

dyskeratosis congenita

incontinentia pigmenti

Rothmund-Thomson syndrome

tuberous sclerosis
tuberous sclerosis

neurofibromatosis
neurofi bromatos i s

378+8
389+13
349+34
370±18
318±28*
382±6
447±17
438±13

366±23

348±26

400±17

362±20

409±20

390±30

299±9*
388±10

540±51

368±24*
575±25

547±40

633±53

430±43*
540 ±31

609±9
566+36

a Modified from ref. 36 and unpublished data
(N.T. Bech-Hansen, P.J. Smith, B.M. Sell, and M.C.P.)

b Dose (rads) reducing surival to 10% ± standard error of
the mean

* P<0.05, comparing DIQ value of indicated strain to
that of control strain GM 498, using standard error of the
mean in the statistical test
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TABLE 5

Y-Ray Sensit ivity of Fibroblast Strains from Members of a Family with a
Clustering of Acute Myelogenous Leukemiaa

Strain

GM 38
(control)

AT2BE
(control)

409T
2642T
2649T
264 7T
2648T2
2659T

Clinical

normal

AT

AMLC

AML
cervical
normal
normal
normal

a Modified from ref
b As in Table 4
c Acute niyelogenous

Description

carcinoma

. 36

leukemia

Donor

Age (yr)

9

7

12
20
41
16
16
46

Family Relation

daughter
daughter
mother
son
son
father

D10±SE
b

Oxia

407±15

169+9*

354±18*
290±31*
301±12*
417±30
398±16
425±19

Hypoxia

578±16

208±13*

441±31*
447+37*
413±29*

560±19

* P<0.05, comparing Dig value of indicated strain to that of GM 38, using
standard error of the mean in the statistical test

TABLE 6

Y-Ray Sensitivity of Fibroblast Strains from Patients with Radiogenic Cancera

Strain Clinical Features of Donor D10+SE°

Oxia Hypoxia

GM 498
(control)

AG2309

2942T

296 IT

normal

rhabdomyosarcoma»
radiogenic neurofibroma
and osteosarcomac

radiogenic breast cancerd

Hodgkin disease, radiogenic
breast cancere

398±20 610+28

684±49

366±12

331+20* 495+30*

a Unpublished data (N.T. Bech-Hansen, B.M. Sel l , and r,.C.P.)
b As in Table 4
<• Ref. 44
° Personal communication, M.H. Greene and D.B. McGuire (Environmental

Epidemiology Branch, USNCI, Bethesda, Md.)
e Personal communication, F.P. Li (Sidney Farber Cancer Ins t i tu te , Boston)
* As in Table 4
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This leads to the speculation that such
individuals possess poor tolerance to ra-
diation exposure. To test this hypothesis
we have measured the radiosensitivity of
skin fibroblasts derived from unirradiated
areas of three patients with well-docu-
mented radiogenic malignancy. Table 6 in-
dicates that only one of the three
strains, 2961T, is hypersensitive to the
lethal effects of Y-rays, particularly
under hypoxic conditions; the donor of
this strain underwent standard radiothera-
py for the treatment of Hodgkin disease
and subsequently developed breast cancer
(personal communication, Dr. F.P.Li).

CONCLUSION AND PROGNOSIS
A number of conclusions can be drawn

from our radiobiological studies on cul-
tured human cells:

1. Persons with certain rare genetic
disorders are cancer-prone and hypersensi-
tive to the deleterious effects of ioniz-
ing radiation and environmental chemi-
cals.

2. In one disorder, AT, the radio-
sensitivity can be ascribed to a reduced
capacity to repair radiogenic DNA damage,
implicating imperfect repair of damaged
DNA as an early molecular event in cancer
development.

3. One cancer-prone subgroup, AT
carriers, may constitute a significant
portion of all young cancer fatalities,
and the enhanced radiosensitivity of cul-
tured cells from most members of this sub-
group provides a marker for their
detection.

4. Likewise, in some "cancer fami-
lies", cultured cells from stricken mem-
bers display hypersensitivity to radia-
tion, possibly offering a means of
identifying high-risk members in similar
families.

Programs for the detection and pro-
tection of high-risk persons in society-
at-large will probably become available
for general use within the next decade.
Such u service could be used to reduce the
amount of human ill-health arising from
occupational exposure to radiation and
toxic chemicals.
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DISCUSSION

L. Bertin: Does the margin of pro-
tsction offered by presently used stan-
dards offer an adequate margin of protec-
tion to those in the population who are
abnormally radiosensitive?

Answer: I would say that it does
provide an adequate margin of protection.
This is particularly so for the types of
radiation and conditions of exposure pre-
dominantly encountered by society-at-
large, namely X-rays and other types of
low LET radiation delivered at low rates
over long periods of time. It is widely
held that the current standards of protec-
tion afford a reasonable margin of safety
for chronic exposure to low LET radiation,
i.e., a safety factor averaging about
five-fold with differing values for dif-
ferent biological endpoints. However, as
pointed out by Myers and coworkers in ref.
27, the existence of radiosensitive sub-
groups, such as AT carriers, and the like-
lihood of synergistic interactions between
radiation and other toxic extrinsic agents
rule out any reduction in current risk
estimations for chronic radiation
exposure.

L. Hamilton: Have you done this test
on amniocentetic cells?

Answer: No, this test has not as yet
been performed on fetal cells which have
been withdrawn from the uterus in a sample
of the amniotic fluid. We are, however,
poised to conduct such a test. Our col-
leagues at the Clinical Epidemiology
Branch of the US National Cancer Institute
in Bethesda, Md. are in contact with
several physicians who have one or more AT
families under their care. When a new
pregnancy develops in one of these
families, we would be in a position to
assay for cellular radiosensitivity, if
requested, as a service to the family.

E. Siddall: Have you compared the
risk of a detected AT carrier experiencing
above-average radiation with the risk
involved in him or her marrying a mate who
is also an AT carrier?

Answer: No, we have not made that
comparison but, off-hand, I would expect
that the latter would be almost an order
of magnitude more likely than the former.
Since the frequency of AT carriers is es-
timated to constitute ̂ 1 % of the general
population, the risk of a known AT carrier
mating with another carrier is also ̂ 1%.
The possibility of an AT carrier encoun-
tering above-average exposure to radiation

would presumably arise primarily from oc-
cupational exposure, either in the nuclear
industry or in nuclear medicine, and I
would guess that this subgroup would com-
prise at the very most 10,000 Canadians,
or less than 0.05% of our total popula-
tion. The chances that an AT carrier
would encounter medical or dental X-ray
exposures are of course close to 100%, but
as mentioned during my talk, these expo-
sures are relatively low and are included
in the annual per capita dose, currently
estimated at 140-200 mrem. Persons under-
going radiotherapy for cancer treatment
have been intentionally excluded from this
estimated subgroup simply because the vast
majority of these patients receive such
treatment late in life, and therefore any
detrimental effects of the radiation,
given a 5-10 year latency period, would
not be expected to modify greatly the
amount of human ill-health occurring in
society-at-large.

R. Wilson: How soon do you think a
practical screening test might be avail-
able?

Answer: It is with considerable re-
servation that I respond to this question,
as it is always difficult and undoubtedly
foolhardy to make a prediction regarding
the timing of future scientific progress.
However, our present laboratory assay,
while too time consuming and labor de-
manding for mass screening purposes, does
point the way to the development of a
practical test. We, for one, intend to
try other simpler and quicker assays for
measuring radiosensitivity, and there is
good reason to believe that one shall
prove reliable. In short, I would guess
that a practical test will be developed
within 5-10 years, and perhaps another 5
years or so would be needed for refinement
before it would become available for wide-
spread usage.

J. Richardson: With respect to your
test of the radiosensitivity of cells from
"cancer families", could the radiosensi-
tivity of the cells be due to the fact
that they have cancer, due possibly to
some chemical change in the body, rather
than an indication of pre-disposition to
cancer?

Answer: No, the cultured cells used
in our studies are definitely normal. As
alluded to during my formal presentation,
they are fibroblasts originating from nor-
mal skin tissue, usually taken from a
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forearm of the donor. The cells also be-
have as normal fibroblasts; for example,
they dispiay a growth rate characteristic
of normal cells (those derived from can-
cerous tissue grow much quicker), and they
propagate as a single layer, not forming
foci several layers thick as do cancerous
cells.

W. J. Moroz: four comment on pos-
sible interactions between chemical and
radioactive exposures is very interesting.
Can you make any comment on these inter-
actions or synergisms? Have they been
observed?

Answer: Yes, synergism has been
observed between radiation and certain
chemicals~that is, the effect of two
agents together is greater than the ad-
dition of their two effects separately.
The best known and most relevant example
to date pertains to the development of

lung cancer in uranium workers who smoke
cigarettes. Here we have a synergistic
effect between radioactive nuclides (radon
and its daughter products) and cigarette
"tar", in the sense that lung cancers
develop much earlier in miners who smoke
cigarettes. Synergism between radiation
and chemicals has also been found in
animal experiments. For example, here at
CRNL John McGregor and Howard Newcombe
have observed an enhancement of tumor pro-
duction by cigarette "tar" after induction
by 8-radiation. Synergism has been shown
elsewhere between radiation and estrogen
in the production of mammary cancer in
animals. Incidentally, we should also be
on the lookout for the existence of
genetic factors which predispose a minor
subgroup of the population to synergistic,
rather than additive, interactions between
radiation and other harmful environmental
agents.
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ENVIRONMENTAL GENOTOXICANTS
WHAT NUMBERS DO WE COLLECT?

Eugene Sawicki

Center for Environmental Genotcxic Studies
Brookhaven, North Carolina

Various classifications are presen-
ted for the various types of genotoxi-
cants.

It is suggested that present methods
for analyzing and bioassaying the
environmental genotoxicants are, in the
main, unsatisfactory. Suggestions are
made to improve this situation.

Six genotoxic superexperiments
involving human beings have been dis-
cussed. The chemical, radiation and
genetic backgrounds of other high risk
groups have been described from the
viewpoint of the collection of meaning-
ful numbers.

The formation of a National Environ-
mental Genotoxicant Analytical Research
Laboratory has been recommended.
Routine and research multimedia analyses
of genotoxicants would be handled by
this lab. Reasons have been given for
the suggestion that this lab should not
be under the control of a regulatory
agency.

Introduction

Let us consider the future - that
dangerous tense. Knowledge of the past
and the resultant expectations of the
future drive us to an explosive
accumulation of knowledge and to a
closer approach to various truths.
One of the benefits of this knowledge
is that it makes visible many of the
problems that threaten us. As our
knowledge and hazardous chemical back-
ground increase, we and the world around
us change. In 1900 the main causes of
death were tuberculosis, pneumonia
and influenza, diseases of the heart,
gastritis and cerebrovascular lesions,
each around 7 to 12% of all deaths.

In 1975 diseases of the heart resulted in
about 38% of all deaths, cancer in about
19%, cerebrovascular disease in about
10%, and other causes of death in much
lower percentages (1).

Whereas it once took 1600 years
(1 to 166 A.D.) to double the world's
population to 0.5 billion people, it
took 45 years ("1930-1975) and will take
about 35 years (1975-2010) to double the
population from 2 to 4 to 8 billion
people. From the data in Table I it
would appear that cancer death1", are
increasing at a faster rate than is the
population. Chemical production appears
to be increasing at an even more rapid
rate. Thus, about 7 million tons of
organic chemicals were produced in 1960
and 63 million in 1970. On the basis
of much more extensive data of this type
Meadows (2) has predicted that resources
will be rapidly depleted reaching a low
point around 2050 A.D.; food per capita
and industrial output per capita will
peak around 2010 and then decrease
rapidly to a low point by 2060, pollution
will increase rapidly to 2030 and then
will rapidly decrease over the next 30
years; the population will increase
rapidly and peak at 2050 and then decrease
just as rapidly for the next 50 years.

TABLE I
Cancer Deaths and Population

USA 1930-1970 (1)

Year

1930
1950
1970
% Change

Cancer Deaths
X 103

117.9
210.7
330.7
180.5%

Population
X 106

117.0
150.7
203.2
73.7%
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Because of these kinds of data
some investigators look into the near
future and see the seven last plagues
lying in wait for the human race.
Loraine sees them as the seven horsemen
of the Apocalypse. We include the
master horseman, mutation - the hope and
despair of human individuals and the
human species, Table II.

TABLE II

Eight Horsemen of the Apocalypse

Mutation

War Overpopulation
Famine Resources depletion
Disease Pollution

Death

Diverse effects of environmental
genotoxicants

The genetic code of life is based
on only four letters (A, C, G, T), and
all the words are three letter words.
The arrangement of these words, or
genetic codes, in linear sequence makes
possible life's many variations. Geno-
toxicants are xenobiotic agents which
can change the code, can accelerate or
hinder such a change, or can alter the
changed code back to the normal state
or to a less toxic stage. The impor-
tance of a genotoxicant steins from the
fact that a small change in a DNA mole-
cule can be amplified by the mechanisms
of RWA and protein synthesis and can
thus have a profound effect on the
organism.

Many of the environmental geno-
goxicants are mutagens, which in the
body can form highly reactive electro-
philic caticns. These cations can
then react with nucleophiles, such as
DNA, RNA, proteins, polysaccharides,
vitamins, coenzymes, hormones, etc.

Thus, alkylation of nicotinamide
has been postulated as being the cause
of the liver necrosis following large
doses of hepatocarcinogens (3). Aro-
matic amines and nitroarenes can be
activated to electrophilic cations
which could then react with tissue
proteins to form haptens, from which
allergic reactions could result.

On the other hand, DNA damage can be
converted to DNA strand breaks which can
then lead to cell death. It has been
postulated that cell death is largely
the result of the loss or abnormal
distribution of genetic material caused
by the breakage and improper segregation
of chromosomes which results from un-
repaired damage to DNA(4). Unless it
happens to non-dividing cells, such as
neurons, this type of damage is usually
of a lesser order of concern. However
acute toxic effects could be of prime
importance from the standpoint of pre-
vention, since they could give an
indication of future mutagenic or
carcinogenic problems.

Some of the effects of a mutagen
on a cell are shown in Figure 1.

MUTAGEN i- METABOLITE >

4-
ELECTROPHILE

I
ACTION ON CELL

DETOXIFICATION

EXCRETION

GERM CELL
MUTATION *

1 4, [̂
CELL TOXICITY
DEATH

INHERITED RE
ENZYMATIC

ERRORS

SOMATIC
MUTATION

METABOLIC I
MUTATIONS /

'AIR CANCER

NORMAL
CELL
AGING

EVOLUTION DEATH

Fig. 1. Some effects of a mutagen on
a cell.

In addition, the effects of a
mutagen on smooth muscle cell in blood
vessels has been postulated to result in
atherosclerosis. Cataracts are postu-
lated as resulting from DNA damage in
the lens epithelial cells. A highly
active electrophilic cation reaching
neural cells could cause neurological
dysfunction, and could affect behavior,
memory, learning and creativity.
Electrophilic cations coining in contact
with embryonic cells could cause some
form of teratogenesis and/or trans-
placental carcinogenesis dependent on
the site of action and the stage of
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development of the target organ. On
the other hand, rheumatoid arthritis is
believed to develop after a germ cell
mutation followed by contact with some
key environmental agent(s).

Many of the postulated problems
which stem from damaged DNA in somatic
cells are summarized in Table III. In
many of these diseases there are pro-
bably other pathways in addition to
the postulated somatic mutation one.

TABLE III

Some Physiological Problems in
which Somatic Mutation is"
Postulated to Play a Role

Atherosclerosis
Cancer
Cataracts
Neurological dysfunction

Behavior
Creativity
Dementia
Learning
Memory

Oligospermia
Rheumatoid arthritis
Senescence
Sterility
Sperm abnormalities
Teratogenesis

Numerous environmental agents
damage DNA and the unrepaired or mis-
repaired DNA damage results in many of
the physiological changes we have dis-
cussed. Where this damage takes place
in a germ cell, the result can cause
evolutionary changes, hereditary
enzymatic errors, or a higher order of
susceptibility to cancer. The genetic
alterations can be transmissible or
non-transmissible, Fig. 2 (5).

Germ cell mutations can be micro-
lesions or macrolesions (5). Micro-
lesions are point mutations and could
be either base-pair substitution or
frameshift mutations. Macrolesions
are either numerical or structural
changes in the chromosomes. Macro-
lesions are usually not transmissible
except for balanced translocations,
certain types of nondisjunction effects
and some small deletions.

MAMMAL

MUTAGEN

SOMATOGENITAL BARRIERS

GERMINAL MUTATION

TRANSMISSIBLE
GENETIC

ALTERATION

DOMINANT
LETHAL

NON-TRANSMISSIBLE

SMALL
DELETIONS

GENE
MUTATION

BALANCED
TRANSLOCATION

Fig. 2. Possible mutagenic effects in
mammals(5).

Coming back to the somatic cell and
its problems with genotoxicants, let's
examine the group of genotoxicants which
we'll call the carcinogen conglomerate.
The nomenclature in these fields is in a
constant process of stress, strain and
change. The members of the carcinogen
conglomerate are listed in Table IV.

TABLE IV

Carcinogen Conglomerate

Pre carcin ogens
Tumor initiator
Tumor promoters
Cocarcinogens
Anti-tumor initiators
Anti-tumor promoters
Carcinolites
Endocarcinogens

Precarcinogens are essentially pre-
cursors of carcinogens. This type of
lethal synthesis can take place in the
environment or within living tissue. A
carcinogen is usually considered a tumor
initiator. There are a large number of
rodent and non-mammalian bioassay methods
for tumor initiators and even animal
models which can be used to study
organotropic effects. Although some
analytical and bioassay studies of pro-
moters , cocarcinogens, anti-tumor
initiators, and anti-tumor promoters have
been published, these fields are essen-
tially unexplored. Because of this lack
of knowledge of these environmental
entities, cancer prevention can only be
utilized to the very limited extent of
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attempting to decrease contact with the
acknowledged carcinogens. Members of
another group of this conglomerate are
the carcinolites. These are essentially
the anticarcinogens which are utilized
in an attempt to reverse the cancer
process after the malignant tumor has
been formed. In most cases these agents
have been shown to be carcinogenic and
mutagenic. Members of the last group
of this conglomerate are the endo-
carcinogens. These are the carcinogens
which are formed in the body from
natural chemicals following exposure to
an environmental pollutant. Thus,
carcinogenic malonaldehyde can be formed
from polyunsaturated fatty acids
following exposure of tissue to
x-irradiation, ozone, chloroform or
benzo(a)pyrene. Carcinogenic aromatic
amines can be formed from faulty trypto-
phan metabolism. Carcinogenic
cholesterol-5a,6a-epoxide can be formed
from cholesterol following exposure of
skin to sunlight. Obviously the environ-
mental chemicals and radiations and the
endocarcinogens which play a role in
this process need thorough study, for
these are numbers which might be worth
collecting.

A simplified version of the cancer
pathway is shown in Table V. Later we
will present data indicating that at
least two 'hits' are involved in the
cancer process.

TABLE V

Cancer Pathway

Procarcinogen
Proxi care inogen (s)
Ulticarcinogen(s)
Electrophilic cation(s)
DNA-electrophile product
DNA change in code
Mutated cell
Precancerous clone of cells
Malignant tumor

Iceberg effect

Some of the iceberg effects which
we will discuss are shown in Table VI.

TABLE VI

Iceberg Effects

1. Cause of death

2. Nature and nurture in carcino-
genesis.

3. Single and multifactorial
causes of cancer

4. Acute and chronic toxicities
5. Postulated costs and known

benefits

Kothari and Mehta (6) have discussed
the iceberg concept for the total
quantum of disease processes in an
individual. They have emphasized that
in a young individual the iceberg could
consist of a single disease process,
e.g., cancer, while in an aged individual
the iceberg consists of a large number of
disease processes with one of these pro-
cesses forming the visible part of the
iceberg. Some of these diseases are
shown in Table VII.

TABLE VII

Major Age-related Diseases

Atherosclerosis

Carcinoma
Cerebrovascular accidents
Diabetes mellitus
Osteoarthritis
Osteoporosis
Senile dementia

Most cancer incidence data comes
from mortality data which is derived
from death certificates. And, of course,
death certificates are the tip of the
iceberg. I would estimate that anywhere
from one-third to a majority of human
beings have some form of cancer when
they die. This falls in line with
indications that all men, or at least a
large majority of them, will get cancer
of the prostate, if they live into their
eighties. So the prime interest in
collecting meaningful genotoxic numbers
is not whether cancer is increasing or
decreasing or whether we'r* living in an
increasingly complex sea of carcinogens
and mutagens or in an increasingly less
dangerous environment. It is not whether
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aging is a complicated programming of
the individual to self-destruct inter-
laced with somatic and germ cell mutation
effects on DNA and with wear and tear of
the organism, or something entirely
different. The prime interest in col-
lecting the numbers is in improving the
quality of life even in old age.

We tend to either/or dichotomies.
Thus, our animal experimentation seems
to reinforce this viewpoint. But in
the vast majorities of human cancers
both environmental and genetic factors
play a role. Similarly> in reporting
the causes of cancer, we have tended in
the past to blame some single cause.
However, in the real world we are usually
exposed to a wide variety of environ-
mental genotoxicants. We will discuss
these aspects later.

We should also remember that where
there are acute effects to some environ-
ment, we should worry about serious
chronic effects if the exposure continues
for an extended period of time.

The iceberg concept could be applied
to some industrial chemicals in cost-
benefit terms. Thus, the tip of the
iceberg could be the mutagenicity of a
key chemical in a plastic manufacturing
process. The rest of the iceberg could
be the many and varied uses of the
plastic material. Obviously the environ-
mental concentrations and the areas of
positivity and negativity of the impor-
tant carcinogens and non-carcinogens
in this process need to be monitored.
Because of the tremendous importance of
the plastic industry (how come there's
been no Nobel Prizes in this highly
creative field?) both the workers and
the industries should be protected,
one from chemical hazards and the other
from unnecessary red tape.

Cancer Etiology

If we look at some of the postu-
lated causes of cancer, Table VIII,
we have a better idea of the complexity
of the problem and the type of data
that is needed to prevent or alleviate
cancer.

TABLE VIII

Major Postulated Causes of Cancer

Exogenous

1. Radiation
Nuclear weapons
Nuclear energy
X-ray (Industrial, Iatrogenic)
Other ionizing radiation
(Industrial, Iatrogenic)

Ultraviolet (Industrial,
Iatrogenic, Personal)

2. Chemical carcinogens
Industrial
Factory, Home, Office

Personal
Iatrogenic

3. Viruses

Endogenous

1. Inheritance of genes that confer
susceptibility

2. Deficient and overactive
immunological mechanisms

3. Hormonal dysfunctions

4. Internal synthesis of carcino-
gens from cellular material

5. Aging process

6. RNA tumor viruses - activation
of genetically transmitted
virogenes and/or oncogenes

It is common belief that a large
majority of cancers are environmentally
derived. This belief is based on the
wide range of incidence of the more
common types of cancer when various
areas of the world are compared (7), and
the drastic change in this incidence
when populations move. However, there
is a large amount of data in the liter-
ature which indicates that the etiology
of practically all human malignant
neoplasms is a function of the inter-
action of a group of host and environ-
mental factors, some of which are in
conflict and some of which work together.
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This aspect will be discussed later.

There are many prominent oncolo-
gists who believe that the human life
style can cause 77% of the cancers
while occupational and iatrogenic factors
each cause 1% of human cancers (8).
I believe we're dealing with the tip of
the iceberg again. If one considers
cigarette smoking and lung cancer,
indications are that genetic factors
and other environmental factors are
involved (9). The belief that personal
pollution causes most human cancers
appears to be in line with the modern
trend of 'blame the victim'. I think we
know so little about human carcino-
genesis that the usage of percentages
here is an exercise of a frightened
whistling in the dark.

About 65 years ago bronchogenic
carcinoma was a rare disease, so rare
that it caused the writer of a mono-
graph on lung cancer to question the
necessity of a book on primary malig-
nant tumors of the lung (10). Since
then lung cancer has become the greatest
cause of cancer death in the U.S.A. and
our use of chemicals in terms of
varieties and quantity has been and
still is on the increase. This
continuing increase in chemical use
should result in further changes in
the human cancer spectrum.

High Risk Groups

A vast amount of human experimen-
tation has taken place during this
century and is taking place at an
accelerated rate. Even though a high
risk group may be in contact with
relatively large amounts of a key
genotoxicant, the multifactorial
exposures of the various individuals
should be collected in any statistical
studies. What I am saying is that
more use should be made of all the
human experimentation that is going
on. Table IX lists the eight genotoxic
superexperiments which are under way
in this century.

TABLE IX

Our Eight Genotoxic Superexperiments

1. Subraammalian species
2. Rodents
3. Cigarette smokers
4. Industrial workers
5. Medical patients
6. Nuclear explosion survivors
7. Womer,
8. Future generations

The first two groups have been and
are under intensive study, but the
problem we face with these groups is
extrapolation to man - a difficult
controversial problem. However, we should
be able to get much more reliable data
frjm the last six groups, for I see no
end to the experimentation on these
groups.

It is very difficult, and sometimes
it seems impossible to convince many
industries of the danger of some of
their products and processes. Examples
are the cigarette industry and lung
cancer, textile industry and byssinosis,
etc. Many more examples are available
which indicate that a chemical is inno-
cent till unequivocally proven guilty
and even then there are doubts. Since
money is power, this is why we will have
human experimentation for a long time
to come.

All products containing possibly
dangerous genotoxicants should be so
labelled and when these products are
used, data should be kept on the users.
Some of the experimentation is self-
inflicted, as for example the increase
in smoking of young girls. Advantage
should be taken of any such circum-
stance by much more thorough studies on
what chemical environments and dusts
cigarette smokers are exposed to.

We lack good systems of epidemio-
logical data collection in the work
place, at home and in other environmen-
tal situations. There is so much data
being generated in these human experi-
mentations that is not being collected.
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This lack of data collecting in the work
place has been emphasized by Tamburro
(11) and Hueper (12) and many others
(13,14).

Part of the problem is industrial
scepticism as shown by the discovery of
aromatic amine bladder cancer in Germany
in 1895, in the United Kingdom in 1918,
in the U.S.A. in 1931, and in France
in 1946 (14). And yet, 1.5 million
pounds of the potent human carcinogen
benzidine was still being produced in
the United States in 1972.

In a study of 139 American counties
where the chemical industry is most
highly concentrated Hoover and
Franmeni (13) reported excess rates for
bladder, liver, lung and certain other
cancers for males in these counties.
They concluded that more thorough study
is needed to determine which groups in
the area are at high risk for cancer.
It would appear that some of the chemical
workers and some of the groups living
in communities adjacent to the polluting
industries are the high risk groups that
should be under study. The variety of
industrial exposures that can affect a
wide assortment of people has been
described, Table X.

TABLE X

Types of Industrial Experimentation
Asbestos Exposure leading to Cancer

Type

Direct occupational

Indirect "

Neighborhood

Family
Consumer?
General environment?

Asbestos waste dump?

Example

Miner
Insulation workc
Factory worker
Construction worker
Shipyard worker
Mechanic (brakes)
0.5 idle from
facility

Household worker
Asbestos material
Urban area
Demolition
Dumpage into water
or onto land

Before we can say what contribution
industrial pollution has to cancer we
would have to study the various ramifi-
cations of this pollution (as shown in
Table X for asbestos) by key genotoxi-
cants. Unfortunately we do not have the
epidemiological or analytical data to
pursue such studies. It is time for a
reordering of priorities in the environ-
mental genotoxicants field, and especially
in environmental carcinogenesis. Regu-
latory agencies are running in too many
directions and in some cases causing havoc
in industrial creativity and in other
cases investigating safe non-controversial
topics. For example, instead of investi-
gating atmospheric fine particles, atmos-
pheric particulate carcinogens, polynu-
clear hydrocarbons (PAH) in water and
air and developing dichotomous samplers
for collecting airborne particulates and
even more NO , SO,, CO, and ozone instru-
ments, why not investigate the atmospheric
gaseous and vapor carcinogens and develop
sampling instruments for these entities.
These types of carcinogens are present
in polluted atmospheres in a large number
of areas of the country in 2 to 5 orders
of magnitude greater amounts than are
the particulate carcinogens. This change
in priorities has been discussed more
thoroughly previously (9, 15, 16).

One of the most important of the
groups under extensive experimentation
are women. This type of experimentation
will continue no matter what you or I
say, so improved collection of epidemio-
logical data should be initiated. The
physicians (the CRAD boys - cut, radiate
and drug) have focused much of their
attention on women, sometimes unneces-
sarily so (17, 18). A huge number of
women take sleeping pills (for example,
27 million a year prescriptions of
hypnotic drugs), headache pills and tran-
quilizers (about 59 and 20 million
prescriptions of valium and librium in
1974, mostly to women). Probably more
than 35 million women in the U.S.A. have
used or are using oral contraceptives.
The fact that some of these contraceptives
induce liver tumors in rodents has been
ignored on the questionable conclusion
that the tumors were benign or occurred
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in only one sex. With the occurrence of
hepatomas in young women taking oral
contraceptives the contact of this high
risk group with other genotoxicants should
certainly receive much more intensive
study. Girls who have been exposed in
utero to diethylstilbestrol and related
synthetic hormones are liable to vaginal
and cervical cancers and other abnor-
malities (19). There are close to eighty
diethylstilbestrol-type drugs which have
been prescribed to pregnant women. Drug
use patterns observed in a population of
156 gravid women ranged from 3 to 29
agents per patient with a mean figure of
10.3 (20). Drugs used during labor and
delivery averaged about 3 with a maximum
of 26. In addition 6.7 billion dollars
are spent on cosmetics and toiletries.

When a woman enters menopause fur-
ther drugs are used to relieve the
resultant stresses. One of the families
of drugs used in this situation is the
conjugated steroid type. Unfortunately
these drugs are associated with an in-
creased frequency of endometrical cancer.

In addition more than a million
working women of child bearing age are
exposed to presumptive teratogens,
carcinogens, mutagens, toxins that
induce spontaneous abortions and other
genotoxicants. A fairly thorough dis-
cussion of this aspect of a woman's life
has been published in a recent pro-
ceeding (21).

Another aspect of a woman's life is
her period and the drugs she may take to
alleviate the aches and pains. Another
point of biological entry of genotoxi-
cants into a woman is through the vagina.
This could be through interc -,e.
Whatever happened to the wivi f chim-
ney sweeps, cotton mule spin: .,
machinists and wax pressmen who were
victims of cancer of the scrotum? And
does anyone know what chemicals are in
feminine hygiene sprays and tampons?

It would appear that woman is an
experimental cancer model from which a
large amount of data should have been
obtained but wasn't. However, a very
large amount of genotoxicity data can
be obtained in the coining years.

Medical patients are a large experi-
mental group from which a very large
amount of data should be obtained but
isn't. Iatrogenic genotoxicants would
seem to me to be one of the most dangerous
problems we face. Some of the aspects of
this problem have been discussed in the
section on woman. Drugs and ionizing
radiation regret°.nt two large groups of
genotoxicants which are deliberately
administered to man (,\nd woman) sometimes
in large amounts and ror many years.
Some of these genotoxicants induce cancer
in animals and sometimes in humans.
The real culprit in respect to the un-
necessary population dose of ionizing
radiation is not the nuclear industry
but rather the medical profession (22).

Many examples of chemical iatrogenic
cancers are available in the literature
(23). I will give one example each of
cancers derived from radiotherapy and
diagnostic radiation. Figure 3 depicts
an unusual familial occurrence of
neoplasia following irradiation (24).

Thorotrast was introduced for
radiographic use as a contrast medium
in man in 1928; it gained great favor
among radiographers for angiographic
procedures (25). About 3 to 10 million
people were exposed; every cavity and
orifice was explored. By 1934 it was
found to be carcinogenic to the white
rat. This information was ignored. In
1944 it was reported "that thorotrast
is at least a relatively harmless
substance." (26). Its use was recommended
in selected cases. In 1947 an angio-
sarcoma was reported in a thorotrast
patient (27). The material continued
in use until the early 1960s. It has
been called *;e most potent human
leukemcgen. Quite a bit of data can
be obtained from the use of this radio-
active material since the last of the
thorotrast cancers won't be seen until
about 1190.

In the treatment of a large number
of physiological and mental problems
and ills with radiation and drugs, most
of which are probably genotoxicants, a
massive amount of useful data is being
generated. Better means of collecting
and disseminating this data is desirable
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Figure 3. Iatrogenic cancer. RT = Radiotherapy
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so that scientists from various disci-
plines can utilize it in solving and
alleviating many of the problems in
cancer, genetic diseases, senescence,
memory, etc.

If a nuclear war would take place,
all the problems we discuss in this
paper would pale to insignificance.
Hiroshima and Nagasaki give a small idea
of what would take place. Future gener-
ations would curse those who played an
initiating role in the holocaust.

Assuming no nuclear war we only have
a small amount of data on the effect of
genotoxicants on future generations in
terms of evolution, congenital malform-
ations, enzymatic errors, cancer, and
other genetic problems. Children pay
for the genotoxic sins of the parents.

Pervading these and other high risk
groups is a wide range of genetic-envir-
onmental interactions which can make
subgroups containing these genetic
factors even more susceptible to environ-
mental carcinogenesis. It seems that
for most human tumors there exists a
dominantly inherited form and a domin-
antly environmentally-derived form
(28, 29). The dominantly inherited form
involves a germ cell mutation hit
followed by at least one contact with
an environmental genotoxicant(s) which
could be a somatic mutation hit. The
dominantly environmentally-derived form
involves at least two somatic cell
'hits', the first one of which is a
somatic mutation. Subgroups on the
pathway to cancer would include indivi-
duals who have sustained a primary
mutation through a germinal or somatic
cell and are exposed to sufficient
concentrations of appropriate environ-
mental genotoxicants.

Knudson (28) has emphasized that
the dominantly inherited form is
characterized by a high risk for a
specific kind of tumor, the earlier age
of occurrence of the tumor than is
usual, and a multiplicity of primary
tumors. This is true of retinoblastoma
in which bilateral cases are always
associated with a genetically acquired

mutation while unilateral cases are
usually nonhereditary. Similarly in
breast cancer the dominantly inherited
form has a risk for cancer which is
47- to 51-fold higher than that experi-
enced by control women (30). These
high-risk women were sisters of patients
whose mothers had breast cancer.

Many of the autosomal dominant
diseases (e.g., basal cell nevus syn-
drome, Cowden's disease, von Reckling-
hausen's syndrome, Sipple's syndrome,
tuberous sclerosis, neuroblastoma,
etc.) and the autosomal recessive
diseases (e.g., albinism, ataxia telan-
giectasia, Bloom's syndrome, Chediak-
Higashi syndrome, hemihypertrophy,
Rothmund-Thomson syndrome, Turcot's
syndrome, Werner's syndrome, xeroderma
pigmentosum, DeSanctis-Cacchione syndrome,
etc.) are associated with malignant
neoplasms (31). Although the affected
homozygotes for these autosomal recessive
syndromes are rare, the clinically normal
heterozygous carriers are relatively more
frequent (32). Swift estimates that the
frequency of heterozygous carriers for
each syndrome is between 1 in 200 and
1 in 1,000 in the population. In many
cases members of this fairly large
group are much more sensitive to the
mutagenic and carcinogenic effects of
environmental genotoxicants. For
example, heterozygosity for xeroderma
pigmentosum genes may predispose these
individuals to skin cancer, especially
in association with extended exposure
to sunlight (33).

Many of these types of situations
are interspersed among the high risk
groups. For example, high blood
pressure is a major factor in cardio-
vascular disease and results in indi-
viduals with high blood pressure having
an increased cancer risk and a greater
potential for accumulating DNA damage
when these individuals are exposed to
environmental mutagens (34). It is
also possible that an increased risk
of cancer can be expressed in the
descendents of some individual who has
had contacts with some appropriate
mutagen(s) before his or her child was
conceived (35).
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National Environmental Genotoxicant
Analytical Research Laboratory (NEGARL)

Responsibility for the regulation
of environmental carcinogens is shared
by many government agencies, e.g.,
Environmental Protection Agency, the Food
and Drug Administration, Nuclear Regu-
latory Commission, and the Occupational
Safety and Health Administration with the
Army Corps of Engineers and the Depart-
ment of Transportation also playing a
role in the regulation of carcinogens
(36). If each agency employs cost-
benefit analysis to determine its enforce-
ment policies, this subdivision could
have the bad effect of having individuals
exposed to larger amounts of a carcinogen
than they're supposed to be in contact
with, as defined by each agency.

Some critics of regulatory agencies
believe that "each regulatory agency is
chartered and mandated to operate in such
a way that one hazard is spotlighted for
a time, giving way to another in un-
ending succession." (37). These critics
emphasize that the public is misled into
believing that these investigated risks
are by that very fact more dangerous to
the health and safety of the public.
Unfortunately, many of these investigated
hazards are relatively non-controversial
and innocuous. It isn't till the project
becomes more controversial that it is
either left to simmer quietly on the
sidelines or is shown to be spurious.
Industry and the regulatory agency are
glad to ignore the definitely hazardous
situation since this problem could place
them into an adversary situation. Of
course, if some newspaper headlines the
problem, then action is forced on the
regulatory agency.

The difficulties of a multimedia
approach in the investigation of environ-
mental genotoxicants and the problem of
the large assortment of media-oriented
specialists in the environmental pollu.-
tion field have made attempts to coor-
dinate a realistic environmental

carcinogenesis study impossible (16).

It would seem that the multimedia
approach is absolutely necessary.
The first step would be the formation
of a multimedia analytical research
lab, Fig. 4. This would have to be a
national government lab not run by a
regulatory agency. Regional labs have
the difficulty of being so close to the
problem that they get involved in helping
those whom they're supposed to regulate.
Some of the problems of a regulatory
agency directing such a lab are as
follows. Because of the high priority
of the activities of these agencies in
administration and regulation, pollution
research labs fare poorly in terms of
money, manpower and meaningful investi-
gations. The agency administrators are
too often misled by articulate salesman-
scientists building their little empires.
So each year "breakthroughs" pour out
and no one bothers to investigate what-
ever happened to last year's break-
throughs. The lack of accountability
of agencies in pollution research results
in the lack of accountability of indus-
tries in environmental pollution and
hazardous waste disposal.

Too many times the concepts of
cost-benefit, dose response, threshold
and extrapolation applied to a relatively
pure carcinogen become meaningless when
attempts are made to apply these con-
cepts to the environmental mixtures most
individuals are exposed to. In other
words, when there are anywhere from a
dozen to sixty to several hundred mem-
bers of a family of pollutants which
humans can contact, it is ridiculous
to discuss dose-response, cost-benefit
or threshold concentrations of one
member of this family.

A drastic reordering of priorities
is necessary in environmental genotoxi-
cant studies. There is a finite amount
of money to spend in public health and
safety. Instead of spending time,
effort and money on the relatively
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innocuous (in terms of cancer and other
genotoxicities) and non-controversial
environmental research projects, we
should concentrate on collecting those
environmental numbers which would help
to prevent, alleviate and solve the
various genotoxic problems. Some of the
information which would be desirable in
any collection of environmental numbers
is given in Table XI.

Table XI

Environmental Numbers

1. Meaningfulness

2. Type of genotoxic activity
3. Genotoxic potency
4. Accuracy and precision
5. Reproducibility
6. Environmental concentrations
7. Amount of exposure
8. Measurement limitations
9. Financial limitations
10. Extrapolation

Since the concentrations of the
various genotoxicants can be determined
much more readily than the other varia-
bles , the first attempt at prevention
should consist of determining which
genotoxicants or which families of
compounds are present in highest con-
centration in the environment. Highly
desirable and necessary is the study of
the effect of a wide range of environ-
mental concentrations of a genotoxicant
or a family of genotoxicants on the bio-
activity of these materials.

On the basis of environmental con-
centrations, the study of atmospheric
organic vapors would have a much higher
priority than the study of atmospheric
particulates, since there are quite a
few areas in the country where atmos-
pheric organic vapors are present in
four orders of magnitude larger amounts
than total airborne particulates (9,
15). Similarly, gaseous or vapor car-
cinogens in many areas of the country
can be present in five to six orders
of magnitude larger amounts than the
atmospheric particulate carcinogens
(9). For these reasons the develop-
ment of samplers for atmospheric gases
and vapors should have a very much
higher priority than the development

of samplers for atmospheric particulates,
e.g., Hi-Vol and dichotomous samplers.
Over 99H> of the highly polluted areas
of the country have never been analyzed
for genotoxicants and over 99% of the
genotoxicants in our environment are not
monitored.

The desirability for a thorough
knowledge of our exposures to chemical
and radiation genotoxicants in our
environments is based to some extent on
the failure to derive a satisfactory
relation between any one carcinogen and
human cancer.

Among the many families of compounds
in the environment are the benzene
derivatives, most of which have never
been bioassayed for carcinogenicity.
A large number of these derivatives
have been found in polluted atmospheres
(9). Since it is this mixture of
derivatives which is inhaled, a satis-
factory way is needed to analyze the
mixture in correlation with bioassays
for the various types of genotoxicities,
making allowances for any members of
this family which are present in much
higher concentrations or are much more
potent genotoxicants.

Polluted atmospheres contain a
fairly large number of families of
genotoxicants (9, 16). Halogenated
organic pollutants are prominent con-
stituents of polluted air and water.
About 100 halogenated aliphatic and
about 50 halogenated ring compounds
have been found in atmospheres near
polluting industries (9). Better ways
are needed to analyze and bioassay these
mi.xtures. Thus, one member of the
family could be analyzed because of its
higher order of mutagenic or carcino-
genic potency or because of its much
higher concentration in the environment
as compared to the other members of the
family. Alternatively the halogenated
aliphatics could be determined as a
family of one, or subgroups of this
family could be determined, e.g., as
haloalkenes or haloalkanes.
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It would seem that we need to
simplify the analysis and bioassay of
the environmental mixtures; to vhich we
are exposed in terms of families -
dependent on their biological entry, the
way they are metabolized and the types
of genotoxic activity they have. Thus,
halogenated alkanes could be determined
as a family of one. In other words, we
have to make analyses and bioassay pro-
cedures less expensive and more
realistic.

We need to utilize screening tech-
niques for key individual genotoxicants
(when the concentration or potency are
high), individual members of a family
of genotoxicants (mainly for research
purposes), and each family of compounds
as one (9) .

We must be realistic. For example,
decane and tetradecane have been found
to be cocarcinogens and tumor promoters
for benzo(a)pyrene on mouse skin (38).
The importance of cocarcinogenicity has
been demonstrated in reports that some
of the large n-alkanes can increase
the carcinogenicity of some polynuclear
aromatic hydrocarbons (PAH) a thousand-
fold; they can cause lung tumors when
painted on mice whose pregnant parent
had been previously injected with BaP,
and they can cause some noncarcinogenic
PAH to become carcinogenic (16). But
in polluted air (39), water, foods,
cosmetics, and all around us the large
alkanes are present in high concentra-
tions and in a very wide assortment.
These are the types of mixtures that
should be tested for cocarcinogenicity
and tumor promotion and should be
analyzed as one entity. Such an analy-
tical method is available (40).

Alkenes are another family of
compounds that are present in a variety
of environments as gases, vapors or
pcrticulates. They could be cocarcino-
gens, tumor pii*,noters, carcinogens or
mutagens and could be analyzed as one
family or as appropriate subfamilies.

The last family we will disct'.s
are the PAH. There are several hu' ired
of them in various environments. They
are usually formed by combustion pro-
cesses. In the last 20 years their

concentrations in urban atmospheres have
decreased an order of magnitude while
research on them has increased several
orders of magnitude. Similarly, indus-
trial contacts with the PAH in terms of
coal tar pitch and asphalt fumes appears
to have also decreased.

A tremendous amount of biological and
analytical (41) data has been and is being
collected on BaP. This carcinogen is
probably the most investigated one, and
because of this the answer to the
mechanisms of carcinogenesis may lie in
continued study of BaP.

However, our resources are finite
and it is cost-prohibitive to analyze
for the individual members of the PAH
family routinely and to synthesize and
study the metabolism of the innumerable
PAH, alkyJated PAH, partially saturated
PAH and oxygenated PAH necessary for such
projects. It would be easier, less
costly and more realistic to develop
methods of analysis' and bioassay for key
families of PAH. Total PAH could easily
be isolated as one spot or band by TLC,
HPLC or GLC and analyzed as such. Alter-
nant and non-alternant PAH could be
differentiated by quenchofluorimetry.
Appropriate subgroups of the PAH (isolated
as large subfamilies on the basis of
relatively high concentrations in the
environment, carcinogenic potency or
type of genotoxic activity) could be
analyzed in terms of the subgroup. These
analyses would only be worthwhile if the
PAH were present in some contaminated
environment in relatively large amounts
and could be absorbed into some human
system in increased amounts.

We need a multimedia lab which can
determine (a) the genotoxicants in the
environment which are highly potent and/
or present in relatively high concentra-
tions and (b) the genotoxicant back-
ground of a high risk group as affected
by their genetic background and suscepti-
bilities. The environmental, factors such
a lab would have to be knowledgable about
are described in a production figure 1
shown in a previous paper (16). This lab
would look at the gerotoxicants in all
environments and even at endogenously
formed carcinogens and mutagens. Some
of the environmental factors which would
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be investigated would include background
radiation, radiotherapy, diagnostic radia-
tion, self-prescribed drugs, prescrip-
tions, cosmetics, contraceptives, UV
radiation, industrial air pollutants,
urban atmospheric pollutants, air pollu-
tants near industry, drinking water
pollutants, beverages, cigarette smoke,
chewing tobacco, etc. The concentra-
tions, types of activity and the poten-
cies of the genotoxicants in these
environmental mixtures would determine
the numbers to be collected. Since
the concentration of a genotoxicant
can be determined much more readily
than can the other two variables, the
first step in prevention should involve
determining which genotoxicants a high
risk group is exposed to in highest
concentrations.

Although this lab would perform the
necessary routine assays as shown in
Fig. 4 it would be primarily a research
lab. The primary mission of this
laboratory would be to protect the
public with the necessary knowledge
for proper prevention and at the same
time with this knowledge insure that
industry's creativity is not destroyed
through misuse of the laboratory results.
However, the inertia in government
regulatory agencies and in industry
would have to be overcome for these
tasks to succeed.
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DISCUSSION

M.C. Paterson (comment): XP hetero-
zygotes are at increased risk; these are
readily curable skin cancers (basal or
squamous cell carcinomas). A distinction
should be made between fatal and non-
fatal cancers.

Reply: I agree that non-melanoma
skin cancers are usually non-fatal,
especially those derived from contact with
excess sunlight, but the following three
factors need emphasis: (a) Since they

have acquired a germ cell mutation hit,
xeroderma pigmentosum heterozygotes (like
heterozygotes of other autosomal recessive
syndromes) are probably more susceptible
to internal malignant cancers resulting
from contact with environmental
carcinogens, (b) Patients with non-
melanoma skin cancers have a decreased
quality of life. Since these cancers are
usually found on exposed areas of the
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skin, the patient's appearance can J.R. Johnson: What follow-up studies
profoundly affect his social interactions. are being done on thorotrast patients?
(c) The risk of internal cancer is Answer: This topic has been covered
enhanced in individuals with ordinary thoroughly by a recent issue of
basal cell carcinomata; as many as 50% of Environmental Research (Volume 18, Number
these individuals get tumors elsewhere 1, February, 1979).
eventually [V.A. Gilbertson, Cancer of the
skin and internal cancer. Skin and Cancer
News 6, 15 (1975)].
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ICRP AND UNSCEAR

THEIR ROLES IN DEFINING THE MOST IMPORTANT
BIOMEDICAL EFFECTS OF IONIZING RADIATION

Gordon C. Butler

Division of Biological Sciences
National Research Council of Canada

Ottawa, Ontario

The presently declared roles of these
two organizations are:

International Commission on Radiological
Protection (ICRP): To give expert guidance
on the protection of individuals, their prog-
eny and mankind as a whole from the effects
of ionizing radiation while still permitting
necessary activities from w h i c h radiation
might result.

United Nations Scientific Committee on the
Effects of Atomic Radiation (UNSCEAR): To
give t h e U . N . General Assembly state-of-
the -art reports on levels of exposure of human
populations to ionizing radiations from all
sources and on the commensurate biomedical
risks of these exposures.

It is interesting to examine how the
activities in pur suit of these objectives have
changed with time. Before embarking on this
the two kinds of radiation effects distin-
guished by ICRP must be defined:

Stochastic effects occur a f t e r some delay
(years or decades), they are randomly d i s -
tributed in time and their rate of incidence
(not their severity) is proportional to dose.
Examples are m a l i g n a n c i e s and genetic
defects.

Non-stochastic effects occur a short time
(hours or days) after exposure, the severity
is proportional to the dose and there is a
"threshold dose".

I should warn you that one of the haz-
ards of having an old-timer like me talk on a
subject thatisonly semi-scientific is to have
matters recalled that no longer seem relevant.
I chose to approach the subject of ICRP and

UNSCEAR by looking at the history of protec -
tion against the biomedical hazards of radi-
ation (Table 1), some of which I have seen
from the inside.

There was first the British X-ray and
Radium Protection Committee (BXRPC) which
in 1930 became the International X-ray and
Radium Protection Committee (IXRPC) and in
1950 the ICRP. At first it made no I -commen-
dation about dose limits, only about working
conditions: airy rooms with adequate space
built above ground and well ventilated; work-
ing hours (no more than 8 hours per day) and
holidays (6 weeks per year).

It is interesting to trace the evolution
of various topics through these 58 years.

Biomedical Effects

In 1937 these were listed as (a) inju-
ries to superficial tissues, (b) bloodchanges
and derangement of internal organs, espe-
cially the generative organs. It is to be noted
that mainly non-stochastic effects are con-
sidered .

In 1950 when the ICRP was created
by the International Congress of Radiology,
stochastic effects were listed for prevention,
e .g . , anaemia and leukemia, induction of
malignant tumours, cataract, obesity, life
shortening and genetic effects. This list
hasn't changed much since 1950 but certain
items such as obesity have been dropped.

At present the main concern is for
stochastic effects —malignancies and genetic
defects—and the dose limits are set in order
to reduce the probabilities of these effects to
acceptable low levels. There are, in addi-
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TABLE 1. SIGNIFICANT DATES IN RADIOPROTECTION

1921 BXRP Committee

1925 Tolerance Dose = 1/100 Erythema Dose - 6 r/month

1928 Second International Congress of Radiology

- International r and recommendations

1930 International XRP Commission

1937 Fifth International Congress of Radiology
- New numbers (0 .2 r/day) for tolerance dose

- New recommendations for protection against non-stochastic effects

1945 0.1 r/day

1950 ICRP (Committee of the International Congress of Radiology)
- Tolennce dose still 0.5 r/week
- Protection against stochastic and non-stochastic effects
- MPL of intake for internal emitters

- Standard Man invented at Chalk River

195? Tolerance dose 0.3 rem/week or 750 rems in lifetime

1955 Atoms for Peace. IAEA and UNSCEAR began.

1958 New MP Doses for three groups of t issues; MPD for populations

1959 ICRP Publication 2
- MPC . MPC and MPBB for constant intake

1965 ICRP Publication 9
- MPD's unchanged from 1958
- Critical organ concept

1968 ICRP Publication 10
- Committed doses to critical organs for single intakes of radionuclides

1977 ICRP Publication 26
- ALARA
- Risk apportioned among body t issues and summed for total risk
- Effective equivalent dose

1979 ICRP Publication 30
- ALI and DAC
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tion, dose limits to protect individual tissues
such as the lens of the eye from non-sto-
chastic effects.

Originally the only radiations of con-
cern were X-rays and *y-rays from sources
outside the body. Later, due to work with
unsealed sources, of radium in the luminous
dial industry and of artificial isotopes from
accelerators and reactors, there was seen to
be a need to protectworkers from radioactive
materials entering the body and the resultant
internal irradiation.

Dose Limits and Units

Before 1928 there were no units of
ionizing radiation such as we have today.
Some radiologists used an "Erythema Dose"
(ED) as their unit. This was specified in
tube current, half-value layer and time in
order to produce a reddening of human skin.
One ED is now thought to be 500-600 R,

In 1924 Mutscheller, a New York
radiologist, recommended 1/100 EDpermonth
as a dose limit for protecting radiologists and
their assistants (1). Writing on this subject
in 1931, Wintz (2) considered that, with the
prolongation of irradiation encountered in
practice, this dose rate could never produce
erythema of the hands and that this dose rate
was probably over-restrictive. But note that
it gives 72 R/year.1

In 1928 t h e international roentgen
was defined as a unit of radiation exposure
and this was used to specify dose limits for
external irradiation. In Table 1 it can be
seen that the rem appeared as a unitin 1950
and with this arrives the concept of dose
equivalent.

By 1965 dose limits were given for
several tissues but not for the whole body and
this situation persisted until 19 77 when ICRP
produced Publication 26.

With this l a t e s t publication have
come two new concepts in radiation protec-
tion, (a) the so-called ALARA principle, and
(b) the effective dose equivalent (EDE).

In Publication 26, the first recom-

mendation of ICRP about dose limitation is
that all exposures should be kept as low as
reasonably achievable, economic and social
factors b e i n g t a k e n into account (ALARA
principle). This principle was seen clearly
by Mutscheller (1) in 1924 when he discussed
the compromise between weight and cost of
shielding for X-rays and the desirability of
reducing occupational doses to the lowest
possible level.

The ICRP developed the concept of
total risk to the body resulting from irradi-
ating any of its parts. Based on risk es t i -
mates developed by UNSCEAR for stochastic
effects to various tissues, ICRP assigned
weighting factors to the tissues of greatest
interest. These were used to c a l c u l a t e
weighted dose e q u i v a l e n t s which were
summed to give the effective dose equivalent
(EDE),

HE = H T

where H = EDE
H = committed d o s e equivalent to

tissue T
W = the voighting factor for tissue T.

Groups Protected

At first the protection was designed
for those working 'viththe sources of radia-
tion (X-rays and radium). The workers most
at risk were the radiologists, surgeons and
technicians. Early on, Prof. Sievert saw the
necessity to protect the nurses and secre-
taries working nearby and ICRP recommended
dose limits for this separate group of occu-
pational workers. ICRP Publication 9 (1965)
gives dose limits for these two groups. It
also gives dose limits for individuals in the
population and "critical groups" of highly
exposed individuals of one-tenth the level
for occupational workers. This continues up
to the present.

ICRP has never re commended numbers
for dose limits for the population as a whole .
It did, in Publication 9, suggest that 5 rem
per generation was a good example of how to
a p p o r t i o n dose limits to a population by
national authorities in order to reduce genetic
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TABLE 2. ESTIMATED EFFECT OF 10 GY (1 RAD) PER GENERATION OF LOW-DOSE,
LOW DOSE-RATE, LOW-LET IRRADIATION ON A POPULATION
OF ONE MILLION LIVE-BORN INDIVIDUALS3

Assumed doubling dose, 1 Gy (100 rad)

Disease classification

Autosomal dominant and X-linked
diseases

Recessive diseases
Chromosomal diseases
Congenital anomalies j
Anomalies expressed later 1
Constitutional and degenerative |

diseases J
Total

Percentage of current incidence

Current
incidence

10 000
1 100
4 000

Qfl nftn
7U UUU

105 200

Effect of 10" Gy (1 rad)
per

First
generation

20
Relatively
38

n

63

0.06

generation

Equilibrium

100
slight Very slow increase

40

185

0.17

Recalculated BEIR assessments

Autosomal dominant and X-linked
diseases

Recessive and chromosomal diseases
Congenital anomalies ~|
Anomalies expressed later L
Constitutional and degenerative [
diseases J

Total

Percentage of current incidence

10 000
10 000

40 000

60 000

100

20
Relatively slight

2-20

25-40

0.04-0.07

100

Very slow increase

20-200

125-300

0.21-0.50

From UNSCEAR (3, p . 539).
3Follows that given in the BEIR Report (4).
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effects to acceptable levels.

Medical Surveillance

In the early days there were recom-
mendations about blood counts and chest X-
rays being carried out on workers with the
implication that some early effects of radia-
tion exposure might be detected. Since this
was considered misleading, the recommenda-
tions have been gradually watered down to
the cautionary statement in Publication 26:

Deleterious effects cannot be unequivo-
cally associated with exposures within
the dose-equivalent limits, and medical
surveillance has no part to play in con-
firming the effectiveness of a radiation
protection programme.

This statement has given rise to some criti-
cism from those who do not understand its
evolution.

ICRP-UNSCEAR

Over the years a division of interests
and activities between these two organiza-
tions has evolved, resulting in part from some

common membership.

UNSCEAR publishes data on levels of
exposure of populations to radiation from all
sources. In addition it makes absolute risk
estimates for the production of malignancies
in all tissue sand for genetic effects. Tables
2 and 3 show the kinds of data they publish
(3,5).

From time to time t h e s e activities
have encountered difficulties. There have
b e e n attempts ( u n s u c c e s s f u l ) to use
UNSCEAR as an instrument to draw attention
to problems of bomb testing, for political
purposes . Another difficulty in the early days
of generating risk estimates was that this
activity was criticized and resisted by two
groups:
- the geneticists who said they couldn't make

such estimates and seemed afraid to try;
-the radiologists who seemed to be institu-

tionally opposed to quantifying the risks of
irradiation.

ICRP studies these risk estimates,
validates or alters them, and compares them
with other risks of our high-technology way
of life and then recommends dose l i m i t s .

TABLE 3 . ESTIMATED EFFECTS OF ONE UNIT OF LOW-D3SE,
ON A POPUIATION OF ONE MILLION PERSONS

LOW DOSE-RATE IRRADIATION

Risk

Tissue

1. Gonads
2. Body
3. Breast
4. Red bone marrow
5. Lung
6. Thyroid
7. Bone surfaces
8. Remainder

(2 - 3,4,5,6,7)

Effect

Mutations
All cancers
Fatal cancer
Leukemia
Fatal cancer
Fatal cancer
Fatal cancer
Fatal cancer

UNSCEAR
(per 10~2 Gy)

63 (f )
200

50 (population)
20-50
25-50
10

2-5
35-93

ICRP
(per Sv)

10 000 (f, + f,)
1 7.

2 500 (workers)
2 000
2 000

500
500

5 000

For the qualifications concerning these numerical estimates UNSCEAR (3) and ICRP (5)
should be consulted.
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You have already seen the slow evolution of
the ICRP recommendations. Radiobiologists
have accused the ICRP of being more con-
cerned to protect its past record than to move
with the times. This is one view but other
scientists in radiation protection are equally
sure that ICRP is moving much too quickly by
talking about the new risk estimates. ICRP
and its committees includes a wide spectrum
of expertise and points of view with the result
that its recommendations are arrived at by
great compromise.

Another hazard of having an old-timer
is that you may hear some cynicism. I wonder
what is the practical use of the numerical
estimates of risk.
- It will not change the attitude of the nuclear

opponents since their position is emotional.
-I t is supposed to be used by health author-

ities for rational planning, but there is a
saying that planning is a process of sub-
stituting human error for pure chance.

Ever since I have known him Howard
Newcombe has been working to educate him-
self and others about risks of radiation. In
spite of my cynicism I think his work has
been important and always helpful to his
scientific colleagues such as myself.
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DISCUSSION

L.D. Hamilton: Perhaps you were
being somewhat anachronistic in r id icul ing
the recommendation for radiation
protection in the 1930's of 4 or 6-week
holidays. A standard textbook of medicine
about 1940, Price, gave 6-week holiday in
the South of France as the recommended
treatment of many diseases.

Answer: This is s t i l l an attractive
form of therapy. My cr i t ic ism was

directed,
l im i ts .

rather, at the absence of dose

D.K. Myers: I believe that the
breast cancer risks given bi UNSCEAR refer
to females only and those given by ICRP
refer to a mixed population of males plus
females. Is this correct?

Answer: Yes.
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GENETIC RISKS FROM RADIATION: RECENT ASSESSMENTS BY THE BEIR AND UNSCEAR
COMMITTEES AND SUGGESTIONS AS TO HOW FUTURE RESEARCH CAN IMPROVE SUCH ESTIMATES

Paul B. Selby

Biology Division
Oak Ridge National Laboratory

Oak Ridge, Tennessee

Recently two widely-recognized
committees, namely the UNSCEAR and BEIR
Committees, have reevaluated their
estimates of genetic risks from radiation.
Their estimates for gene mutations are
based on two different approaches, one
being the doubling-dose approach and the
other being a new direct approach based
on an empirical determination of the
amount of dominant induced damage in the
skeletons of mice in the first generation
following irradiation. The estimates
made by these committees are in reasonably
good agreement and suggest that the
genetic risks from present exposures
resulting from nuclear power production
are small.

There is room for much improvement
in the reliability of the risk estimates.
The relatively new approach of measuring
the amount of induced damage to the mouse
skeleton shows great promise of improving
knowledge about how changes in the muta-
tion frequency affect the incidence of
genetic disorders. Such findings may
have considerable influence on genetic
risk estimates for radiation and on the
development of risk estimates for other
lass-well-understood environmental
mutagens.

Introduction

Much more is known about the genetic
effects of radiation than about those of
any other environmental mutagen. The
acquisition of extensive knowledge about
radiation has provided us with proven
techniques and suggested ways to proceed
in trying to comprehend the extent of
genetic hazards resulting from the multi-
tude of environmental contaminants.
Recent estimates of genetic risk from
radiation have been made by the r.jSCEAR
(1) and BEIR (2) Committees. It is
useful to consider what these risks are
perceived to be, how they are estimated,
and some of the advances in knowledge that
are needed in order to improve them.
Emphasis will be placed on gene mutations

instead of on gross chromosomal aberra-
tions because the former account for the
overwhelming majority of the risk in the
later generations, and perhaps even in
the first generation, following increased
exposure.

Methods Used to Estimate Risk

The risk estimates for gene muta-
tions, to be presented later, were
derived using either the doubling-dose
approach (also called the relative-
mutation-risk approach) or the direct
method of risk estimation. It may be
useful to describe these approaches for
estimating genetic hazard. Since there
are no human data showing that radiation
induces transmitted genetic disorders,
extensive experimentation on laboratory
animals has provided almost all data used
in estimating genetic risk. The UNSCEAR
and BEIR Committees estimated genetic
hazard both for the first generation
following increased exposure and for
genetic equilibrium, which is what occurs
at that time many generations in the
future when, theoretically, a steady-state
would be reached. The UNSCEAR Committee
made a point estimate of risk, such an
estimate being its best guess based on
current knowledge. The BEIR Committee
expressed risk as a range encompassing
the degree of uncertainty that it thought
to be reasonable.

The doubling-dose approach is based
on the assumption that radiation only
increases the frequency of mutations of
the same types that occur spontaneously;
that is, the proportion of serious
disorders resulting from total mutations
is considered to be equal for radiation-
induced and spontaneous mutations. The
doubling dose of radiation is that amount
expected to add as many new mutations as
would occur spontaneously. A doubling
of the current incidence would not occur,
however, until the increased exposure had
been continued over enough generations
for a steady state to occur between the
higher mutation frequency and selection,
and even then it would occur for only
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those disorders for which there is a
direct relationship between incidence
and the mutation frequency.

Estimates of genetic risk deal with
thousands of different disorders, and
these are grouped into a few different
patterns of inheritance to make the
calculations less complex and because a
more sophisticated treatment is not
justified by current knowledge. The
relationship between the incidence and
the mutation frequency differs among the
hundreds of genetic disorders. If, for
example, the incidence of a particular
disorder is determined entirely by
balancing selection, it's incidence
would be independent of the mutation rate,
and, accordingly, it would be said to
have a mutational component of 0% (2).
The average mutational component of the
disorders grouped in a given pattern of
inheritance is an important parameter in
estimating genetic risk by the doubling-
dose approach. Operationally, if the
mutational component of a group of
disorders is 50%, this means that at the
time when genetic equilibrium is reached,
following continued exposure to a
doubling dose of radiation in each
generation, there would be 50% of a
doubling of the incidence of that group
of disorders. Some groupings of disor-
ders, such as autosomal dominants, have
been assumed to have a mutational compo-
nent of 100%. Others, for example, the
irregularly inherited disorders (UNSCEARrs
congenital anomalies plus anomalies
expressed later plus constitutional and
degenerative diseases) were assumed to
have a mutational component of 5-50% by
the BEIR Committee and of j% by the
UNSCEAR Committee. Additional assumptions
about the persistence of these classes of
disorders in the population (that is,
about the rate at which they are selected
out of the populpcion) permit derivation
of a first-gene :ation estimate from that
at genetic equilibrium. Since the
exposure levels for which risk is usually
estimated are much smaller than the
doubling dose is thought to be, the
increased incidence at genetic equili-
brium, in the risk estimates to be
presented later, is far less than a
doubling of the current incidence.

Thus, in order to make doubling-
dose estimates of genetic risk, it is
necessary to have estimates for each of
the different categories of genetic
disorders regarding current incidence,

doubling-dose, mutational component,
and, if anything besides a genetic-
equilibrium estimate is desired,
persistence. Some or all of these types
of information come from studies on
humais, with the crucial exception being
the induced mutation frequency, which is
needed in order to calculate the doubling
dose. Some of the above parameters are
not well-known, with the result that
there if considerable uncertainty in the
estimates. The UNSCEAR Committee
estimated the doubling dose to be 100 rad
and the BEIR Committee considered it to
be in the range of 50-250 rem. Data
collected on the survivors of Hiroshima
and Nagasaki, regarding the types of
genetic damage causing death during the
first 17 years of life, suggest that
estimates of doubling doses based on
mouse experiments likely overestimate
risk (2).

The direct method of risk estimation,
which is an entirely different approach,
is based on a recent determination, made
by us, of the extent of mutational damage
occurring in the skeletons of the first-
generation offspring of heavily irra-
diated male mice (3). Only male of f spring
derived from irradiated spermatogonia
were examined. Both W. t. Russell (4)
and H. B. Newcombe (5) had stressed the
need for more knowledge about the nature
and extent of phenotypic damage caused
l>y mutations. Our experiment was designed
to help fill this gap in knowledge. At
the present time, in the absence of data
on this type of mutational damage
following low-dose-rate exposures, which
are of much greater relevance to risk
estimation, some of the many findings of
W. L. Russell (6, 7) concerning the
induction by radiation of specific-locus
mutations have been applied in attempting
to approximate the results expected under
low-level radiation conditions. The
estimate of genetic damage to the skeleton
thereby calculated is then expanded to
what would be expected for all body
systems, and it is restricted to that
morphological damage that would be
expected to result in a serious handicap,
thereby ignoring those anomalies
expected to blend in with normal
variation.

Following a detailed discussion by
V. A. McKusick and myself of the 37
individual mutations found in our experi-
ment (3), it was concluded that about
1/2 rf the dominant skeletal mutations
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that we found would, if they occurred in
humans, result in a serious handicap.
The UNSCEAR Committee (1) accepted this
estimate. The BEIR Committee (2) felt
that the true value was in the range
from I/A to 3/4, which I had suggested
earlier (3).

The UNSCEAR Committee (1) multiplied
che number of dominant skeletal mutations
by 10 to approximate the total number of
dominant mutations affecting at least one
body system. It ased the figure of 10
for the following reasons. On the basis
of McKuSick's tabulation of monogenic
disorders in humans, it was found that
74 (or roughly 1/5) of the 328 clinically
important disorders involved the skeleton.
This would suggest that the number of
skeletal mutations should be multiplied
by about five to get the total number
of dominant mutations. However, this
fraction of 1/5 is likely to be too high
as the result of ease of diagnosis of
skeletal defects. It seemed unlikely
that this fraction could be exceedingly
much lower, however, since it is well-
known in humans and in other animals
that many dominant mutations show
pleintropism and affect more than one
body system. In view of these considera-
tions and of the opinions of the human
geneticists, C. 0. Carter and V. A.
McKusick, it was felt that the factor
of 10 was reasonable. The BEIR Committee
(2) assumed that the true value was in
the range of 5 to 15.

The direct method of risk estimation
can, as of now, be applied to only the
first generation because no data of the
necessary type have been collected
following multigeneration exposures. The
UNSCEAR Committee made first-generation
estimates using both approaches and felt
reassured that its estimates must be
reasonably accurate because of their
ci.ose agreement. The BEIR Committee
felt no need to continue using the
doubling-dose approach for the first
generation now that the direct method
could be used. It did, however, point
out that there is quite good agreement
between the direct estimate and one that
could be made for the first generation
using the doubling-dose approach and
applying reasonable estimates of
persistence.

Although no data on the induction of
dominant skeletal mutations have been
collected yet in the female, the BEIR

Committee estimated that maternal risk
would not exceed 44% of the risk in the
male, this percentage being based on a
recent reanalysis of specific-locus
mutation-rate data by W. L. Russell (8).
The UNSCEAR Committee (1) made no risk
estimate by the direct method for the
female, v>ut it did state that it felt
maternal risk would probably be much
lower than that in the male. Since the
direct method deals with dominant muta-
tions, it applies both to autosomal
dominant and irregularly inherited disor-
ders. Although many of the poorly under-
stood irre; larly inherited disorders may
not have dominant inheritance, only those
that do would be expected to show much of
an increase in incidence in the first
generation following increased radiation
exposure.

UMSCEAR 1977 and BEIR 1979 Risk Estimates

Tables I-III summarize the risk
estimates made by these two committees
using the approaches described and methods
not described here for estimating risk for
gross chromosomal disorders. The two sets
of risk estimates are in reasonably good
accord. The two biggest differences
involve the estimates for chromosomal
disorders and irregularly inherited
disorders. The BEIR Committee's estimates
are considerably lower for chromosomal
effects primarily because the committee
did not consider it valid to apply the
doubling-dose approach to chromosomal
disorders as the UNSCEAR Committee had
done. UNSCEAR1s estimates for irregularly
inherited disorders may be considerably
lower than they should be if the BEIR
Committee is correct in thinking that the
mutational component is possibly as high
as 50%. As mentioned earlier, UNSCEAK
estimated the mutational component of these
to be 5%. This difference in viewpoint
greatly affects the estimate made since
it concerns the category that constitutes
the great bulk of genetic disorders. This
question will be discussed more later.

Genetic Risk of Nuclear Power Production

Since this conference is concerned
with the health effects of energy produc-
tion, it is of interest to calculate what
these figures indicate the risk to be from
nuclear power production, since this is the
energy source most often associated with
increased radiation exposure. According
to the BEIR Report (2), the estimated aver-
age genetically significant dose equivalent
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TABLE I

Total Increase in Serious Genetic Disorders Estimated for an
Average Population Exposure of 1 rem per 30-year Generation

Report

Estimate of
current incidence,
per million
liveborn offspring

Effect of 1 rem per
generation, per million
liveborn offspring

1977 UNSCEAR (1) 105,100

1979 BEIR (2) 107,100

First generation

"22 - 30 in d
probably fewer
in o

63 by doubling-
dose approach

5-75

by direct
method

Genetic equilibrium

185

60-1100

UNSCEAR
For an

1977 (1)
Average

Estimates
Population

TABLE 11

of the Increase
Exposure of 1

in
rem

Serious Genetic Disorders
per 30-year Generation

Classification of
disorders

Estimate of
current incidence,
per million
liveborn offspring

Effect of 1 rad per generation of low-dose,
low-dose-rate, low-LET irradiation, per
million liveborn offspring

Autosomal
dominant and
X-linked

Irregularly

inherited

Recessive

Chromosomal
aberrations

Total

10,000

90,000

1,100

4,000

105,100

First gener-
ation by
doubling-dose
method

20^
1

y
5 (

relatively
few

38

63

First gener-
ation by direct
method

20 in dj
probably
fewer in o

2-10 in 6J
probably
fewer in o

22-30 in dj
probably
fewer in o

Genetic
equilibrium

100

45

very slow
increase

40

185
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TABLE III

BEIR 1979 (2) Estimates of the Increase in Serious Genetic Disorders
for an Average Population Exposure of 1 rem per 30-year Generation

Classification of
disorders

Autosomal dominant
and X-linked

Irregularly
inherited

Recessive

Chromosomal
aberrations

Total

Estimate of
current incidence, Effect of 1 rem per generation per million
per million liveborn offspring
liveborn offspring

10,000

90,000

1,100

6,000

107,100

First generation

5-65

very few, effects
in heterozygotes
accounted for in

top row

less than 10 a

5-75

Genetic equilibrium

40-200

20-900

very slow increase

only increases
slightly

60-1100

Majority of Committee feels that it is considerably closer to zero, but one member feels
that it could be as much as 20.

to the population of the United States of
America resulting from commercial
nuclear power production is less than
1.15 mrem per person per year. This
includes less than 1 mrem/person/year
from environmental releases and 0.15
mrem/person/year from occupational
exposures. For simplicity, the BEIR
Committee's estimates will be applied to
a hypothetical situation in which expo-
sure remains constant at 1.15 mrem/person/
year, an overestimate of current expo-
sure levels, until genetic equilibrium
is established. The continual exposure
to 34.5 mrem in each generation is there-
by estimated to result in an increase of
2-38 seriously handicapped individuals
per million liveborn. This would be an
increase of less than 0.04% over our
current burden of genetic disorders. It
should be noted that the above calcula-
tion treats the relatively much larger
per person exposure of the occupationally
exposed group as if it were distributed
over the entire population. This simply
means that those who are occupationally
exposed would have a higher proportion
of the 2-38 seriously handicapped
individuals than would the remainder of
the population. (The BEIR Report (2),

in its Note 16, deals in detail with the
complexities of calculating genetic risk
for occupational exposures.)

Of course, if nuclear power produc-
tion is expanded, the risks from nuclear
power will almost certainly increase above
those calculated. Comparison of exposures
from nuclear power with those from other
sources, however, make it appear that a
large increase in nuclear power production
could occur without causing any increase
in our current level of exposure if there
were a slight reduction, for example, in
our present average genetically signifi-
cant exposure from medical and dental
X rays, which currently amounts to 20.4
mrea/person/year (2).

Part of this paper is supposed to
deal with suggestions as to how future
research can improve estimates of genetic
risks from radiation. Although the
considerable uncertainty that still exists
in these estimates is reflected in the
broad range estimate presented by the
BEIR Committee, it is apparent that if
nuclear power production is well con-
trolled, genetic risks from it are very
small compared to other risks with which
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our lives are filled. In view of this,
it would be reasonable to ask if there is
any need to do more research in order to
decrease the range of uncertainty in
the genetic risk estimates presented.

One of the most important reasons
for the continued need for research on
genetic effects of radiation is that
although the risk estimates rest on
extensive knowledge, there is still much
of great relevance to these estimates
that is not known. Assumptions are
involved that seem reasonable; however,
should any be in serious error, the
estimates could be wrong. For example,
it was once assumed that there was no
dose-rate effect and that both sexes
respond equally to the induction of
mutations. Both of these assumptions
have proved to be erroneous, and cor-
recting for them shows that radiation
is only about 1/6 as hazardous in causing
genetic effects as was thought in the
mid-1950's (9, 6). Fortunately, these
errors led tc an overestimation and not
an underestimation of genetic risk.
More assumptions remain that can be
examined.

An additional benefit of further
refining estimates of genetic risk is
that in the process of doing so much
more will be learned about genetic
disorders. Studies on humans of the
etiologies and incidences of disorders
and experiments on laboratory organisms
on the induction, nature, and accumula-
tion of genetic effects may lead to
reductions in the current incidence of
genetic disorders in the human population.
The rest of this paper will discuss some
of the many ways in which future research
might be expected to improve risk
estimates for genetic effects of
radiation.

Studies to be Done on Humans

Estimates of the current incidence
of genetic disorders have increased
greatly in the last few decades.
Presumably a major cause of this increase
is merely increasing awareness about
which serious conditions have an important
genetic component. Refinements in disease
registries and increases in knowledge
about the etiology of many disorders
would almost certainly raise estimates
of the current incidence still higher
even in the unlikely event that there
were no further increases in the present

mutation rate. Undoubtedly, many other
factors than the mutation rate influence
the actual incidence. Trimble and Doughty
(10), whose cited paper forms the founda-
tion for estimates of the current increase
made by the UNSCEAR and BEIR Committees,
reported that 2.7% of liveborn humans
would have a serious handicap of unknown
etiology. As they pointed out, the
estimate for irregularly inherited traits
is a minimal estimate because of the pre-
sence of unrecognized genetic traits
among the disorders with unknown etiology.

Refinements in estimates of the cur-
rent Incidence will modify risk estimates
made by the doubling-dose approach, but
they will have no influence on estimates
made by the direct method. Estimates of
currer.t incidence serve as a useful basis
of comparison for all risk estimates.

Extrapolation from malformations in
the mouse skeleton (or •'.n some other body
system) to humans, which is one step in
the direct method, would be improved by a
better understanding of the genetics of
human disorders and by better definition
of where the line should be drawn between
a serious handicap in humans and a slight
handicap considered to be an acceptable
normal variant. Such advances in know-
ledge would also improve estimates made
by the doubling-dose approach.

Mutational Component

The question of the size of the
mutational component of different cate-
gories of genetic disorders is of great
consequence to estimates made by the
doubling-dose approach, but it has no
influence on estimates made by the direct
method. As mentioned earlier, the UNSCEAR
and BEIR Committees treated autosomal
dominant disorders as having a mutational
component of 100%, but they differed
considerably in their treatments of the
mutational component of irregularly
inherited disorders. Newcombe (5, 11) has
emphasized how an overestimation of the
mutational component for irregularly
inherited disorders can lead to gross
overestimation of risk. Indeed, he (11)
has now suggested that the mutational
component may be much less than 100% even
for autosoroal dominant disorders.

The main reason for this question
about the mutational component centers on
the fact that out of the many hundreds of
genetic disorders a small number are much
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more common than the rest (10, 11). If
these more common disorders are maintained
at their current incidence solely by
mutation pressure, then their mutational
component would be 100%. If, however,
they are maintained by hidden favorable
selective forces acting upon many of the
carriers, then a change in the mutation
frequency would have little effect upon
their incidences. Since the dominant
and irregularly inherited conditions,
combined, cause serious handicaps in at
least 10% of liveborn humans, this ques-
tion of the size of the mutational 1
component has very far-reaching implica-
tions upon applications of the doubling-
dose approach. One view regarding the
mutationai-component question is that
the few relatively more common genetic
disorders cannot be maintained by mutation
pressure because the gene frequencies
necessary to maintain such high incidences
would require implausibly high spontaneous
mutation frequencies. This argument
would be invalid if one or more of the
following conditions were common: (1)
the more common disorders can result from
mutations at any of a large number of
genetic loci, (2) some of the disorders
of higher incidence are caused by muta-
tions with high penetrance but with very
little selection against them, or (3)
the more common disorders result from
mutations at loci that have unusually
high spontaneous mutation rates. One
finding in our earlier experiment (3)
on dominant skeletal mutations suggests
strongly that either the first or third
of these conditions may be common, and
other data relevant to this point are
being collected. Our finding was that
some specific skeletal malformations
are caused by mutations occurring at an
unexpectedly high frequency. As one
illustration, 3 of 2646 first-generation
offspring in our experiment had an
additional vertebra and unilateral or
bilateral extra ribs at the posterior end
of the rib cage, and in all three cases
this anomaly was found to be caused by a
mutation. In view of the extremely low
induced dominant mutation frequency at
known genetic loci (12), it seems highly
unlikely that any of the three independent
mutations causing this effect were in the
same gene. If they were, then clearly
some loci are extraordinarily mutable.
However, if future work shows that almost
all of the mutations causing frequently
reoccurring malformations are at different
loci, it will appear that many individual
human disorders of frequent occurrence

(for example, occurring in more than 1
in 1,000 births) may be entirely different
at the molecular level and that their
commonness results because the defects in
question reveal weak points in the human
developmental process that can be
influenced by many mutations. In either
case, the finding of many examples of
identical anomalies (sometimes within
very different syndromes) reoccurring in
our small sample seems to refute the
argument for a low mutational component
given above. In addition, it should be
noted that some of the more common
disorders in humans are subject to little,
if any, selection (11). While this pro-
vides an additional argument against the
view that the mutational component must
be very small, should future human studies
show that there is selection in favor of
carriers of some of the mutations causing
these conditions, as Newcombe (11) has
suggested, there would then be much more
reason than at present to believe that the
mutational component of irregularly
inherited and dominant disorders is small.
Indeed, even though balancing selection
is known to operate for some recessive
conditions, such as sickle cell anemia
(5), it has not yet been proved to be
operating for even one of the many hun-
dreds of different irregularly inherited
disorders (2).

Accumulation Experiments

It seems likely that there will
always be considerable uncertainty about
the exact magnitude of the mutational
component and about certain other assump-
tions used in the doubling-dose approach.
It is thus useful to consider other ways
of estimating genetic risk beyond the
first generation. One obvious way of
doing so would be to extend the direct
method to later generations.

There are many possible approaches
for doing this, a few of which will be
considered here. Perhaps the most useful
one would be to give large exposures to
male mice on each of many successive
generations and then breed them at a late
enough time following exposure to be sure
that mutations induced in spertnatogonia
were being studied. At various genera-
tions following treatment, the amount of
mutational damage to the skeleton could be
determined by detailed examinations and
breeding tests. A plot of the incidence
of serious mutation-caused disorders
versus the number of generations
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of exposure would eventually plateau as
genetic equilibrium was being approached.
Undoubtedly, there would be more uncer-
tainty in extrapolating from such an
estimate of damage to humans than in
extrapolating from a first-generation
estimate. Such details as the shape of
the curve, the generations needed to
approach equilibrium, and the nature of
the mutations that accounted for most
accumulated damage would, however, give
considerable guidance as to the reason-
ableness of estimates mady by the
doubling-dose approach. Knowledge about
the genetic nature of many of these
mutations, including information on pene-
trance of serious effects, degree of
selection, and so on, might be combined
with knowledge about human disorders as
input into computer simulations that
could permit a much more sophisticated
view of what happens to the incidence
of genetic disorders when there is a
sustained elevation in the mutation
frequency. The experiment described
above would be premature before there is
a much firmer foundation of knowledge
about effects in the first generation.
Such a long term and time-consuming
experiment could perhaps be preceded by
a pilot experiment designed to look at
the accumulation of a few specific
malformations rather than at total
detectable damage to the skeleton.

With one exception that I know
about (13), attempts to find accumulation
of harmful effects in the many multigen-
eration irradiation experiments attempted
in the past have failed (5, 14). This
failure has been used to suggest that the
mutational component of irregularly
inherited conditions could be very small
(5), and some may view this as making
futile any further attempts to measure
an accumulation. If, however, mice are
like Drosophila in that most mutations
have small selection coefficients (15),
then the effects exerted by the few
mutations per mouse that would have
accumulated in previous raultigeneration
experiments may have been too slight to
be detected in the presence of large
amounts of nongenetic variability found
in mouse strains for the types of
characters that were measured (2). The
end points used in earlier multigen-
eration experiments were largely what
would be considered components of fitness,
for example viability, fertility, and
growth (14), instead of traits clearly
relevant to questions about irregularly

inherited disorders. The suspicion that
considerable mutational damage was occur-
ring following large exposures was made
clear by our recent skeletal experiment.
Various other facets of earlier multi-
generation experiments may have made it
impossible for them to shxra much accumu-
lation. For example, an often cited
experiment was that of Spalding and his
co-workers (16, 17) who exposed male mice
to 200 rem in each of 45 successive
generations, after which they could find
no significant differences between
irradiated and control lines in growth
rate or in mortality (2). Their mouse
lines were maintained by brother-sister
matings, which select strongly against
recessive lethal mutations. Since it
is now known that many of the dominant
deleterious mutations are recessive
lethals (18), it is apparent that the
breeding scheme used in Spalding1s
experiment would have prevented much
accumulation of harmful mutations, and
thus the lack of finding a buildup of
deleterious effects loses much of its
meaning.

There is every reason to expect an
accumulation of dominant skeletal muta-
tions in anticipated multigeneration
irradiation experiments because at least
31 of the 37 mutants found in our earlier
experiment were fertile, and most of the
mutations can be maintained easily in the
laboratory. Some of these mutations have
complete or nearly complete penetrance
for serious effects, thus being analogous
to what are termed autosomal dominants
in humans, and others are analogous to
some of the irregularly inherited disorders
because they are dominants with incomplete,
and sometimes very low, penetrance for
severe effects. Since malformations caused
by dominant skeletal mutations can be
readily picked out from normal variation,
there is no danger that normal variation
will obscure the damage. In the unlikely
event that accumulation experiments with
dominant skeletal mutations show little
accumulation, there would then be strong
reason to conclude that there is either
a low mutational component for most
genetic disorders or else that there is
some other error in the doubling-dose
approach that is causing a large over-
estimation of genetic risk.

Some Other Suggested Improvements

The approach of looking for dominant
skeletal mutations could be used to look
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for strain and species differences in
induced damage in an attempt to evaluate
the reliability of extrapolations to
humans. The more strains of mice or
different species having similar
incidences of radiation-induced mutational
damage to the skeleton: the greater the
confidence in extrapolating from such
species to humans. Dominant damage to
other body systems in mice or other
species can be explored and might contri-
bute to a broader assessment of induced
damage; however, it is difficult to
imagine any other entire body system
ever being as amenable to detailed
study as the skeleton. It should
be obvious from the above that, in
spite of our great body of present know-
ledge about effects of radiation in
causing genetic changes, there is reason
to expect much improvement in under-
standing of how changes in mutation
frequencies influence incidences of
genetic disorders.

Final Comment

It is apparent from this paper that
one of the major questions in risk es-
timation, and one requiring future work,
is the one which Newcombe has emphasized,
namely the size of the mutational compo-
nent of genetic disorders. My own recent
research, mentioned in part here, has,
I believe, presented a partial answer to
this complex question.
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Summary
In response to increasing demand for

human data to identify social, environmen-
tal, and occupational influences upon
health, Statistics Canada has been orga-
nizing existing files of vital and health
records to facilitate such studies on a
national scale. In particular, the devel-
opment of a Canadian Mortality Data Base
file, the initiation of the National
Cancer Incidence system, and the develop-
ment of new computer techniques have
helped reduce the cost and increase the
scale and efficiency of automated medical
follow-up to produce statistics of sick-
ness or death attributable to environ-
mental factors. Specific occupational
studies now in progress serve to illustrate
the methods, practical difficulties, po-
tential size, and products from such
investigations.

Introduction
As a result of the predicted deple-

tion and rising costs of fossil fuels,
various alternative means for the produc-
tion of abundant supplies of electric
power need to be investigated. Critical
to the selection of any future energy
source is its predicted effects on the
health of the population. In many in-
stances the onset of ill health may be
delayed by several years, as in cancers
and genetic defects, and hence long-term
follow-up of individuals is required to
observe any such effects.

In this paper both the technical fea-
sibility and the practical difficulties of
a computerized approach for medical
follow-up studies, designed to yield rele-
vant human data that are now in short sup-
ply for the quantitative assessment of oc-
cupational and environmental health ef-
fects will be discussed. Because of the
close collaboration and cooperation among
various federal and provincial agencies,

we have an unique opportunity to carry out
such studies in Canada. The fili.r and fa-
cilities being developed at Statistics
Canada will be described, with particular
emphasis on the Mortality Data Base file
since we now have gained experience in
both creating and using this historical
file. Occupational studies now in pro-
gress serve to illustrate the methods and
potential size of such studies. Some
comments will be made regarding the amount
and kinds of personal identifying informa-
tion required in machine-readable form to
carry out similar research studies in the
future.

We are rather excited about the po-
tential these kinds of studies have in
their humanitarian objectives (e.g. iden-
tifying diseases which may be preventa-
ble), their potential scientific output
(e.g. in obtaining human data for estima-
ting dose-response relationships), and in
the development of new computer techniques
for carrying out similar epidemiological
studies. Research in occupational health
not only is important to protect the
worker, but also has wider implications
for protecting the general public. It is
important to ask whether current safety
standards are appropriate, and to estimate
any health risks involved. Quantitative
estimates are required to assess whether
the problems of certain agents or condi-
tions in the workplace are important or
trivial. Critical to answering these
kinds of problems is the quality and ex-
tent of statistical and personal records
based on monitoring of environmental con-
taminants and on the biological surveil-
lance of the individual worker.

The Opportunity
It may not be entirely clear why

Statistics Canada would be involved in
occupational and environmental health
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studies, and what kinds of investigations
are now technically feasible, Let us
therefore review the role of Statistics
Canada.

Statistics Canada is in .in unique po-
sition in that it is custodian of one of
the largest repositories of health-related
data in Canada, and is also responsible
for collecting, compiling, analysing, ab-
stracting, and publishing statistical in-
formation from these centralized, machine-
readable records on a national scale. In
addition, as stated in the Statistics Act,
the duties of Statistics Canada ;• re to
promote the avoidance of dupli oil•..01; in
the information collected by departments
of government, and generally to promote
and develop integrated social ami economic
statistics pertaining to the whole of
Canada and to each of the provinces there-
of and to coordinate plans for the inte-
gration of such statistics.

Nowhere is the cooperation more evi-
dent and more critical than in the area of
vital statistics. The basis for sued co-
ordination dates back almost as far as the
Statistics Act in negotiation with the
provinces for the registration oi' vital
events and in the production of vital
statistics. As a result of such negotia-
tions, an Orders-in-Council in ll)19 iden-
tified federal and provincial responsibi-
lities and set viable niechuanisiiis in place
which resulted in the uniform registration
of vital events, the transmission of
copies of vital events to Statistics
Canada, and the publication of vital
statistics starting with 1921(1).

Many countries produce similar vital
and health records, but in Canada in re-
cent years the machine-readable vital in-
dexes in particular have been planned to
carry enough information to identify the
individual and family to whom they refer.

In the absence of lifetime unique
identifiers, it has been necessary to
develop computer techniques to bring to-
gether records to study possible cause
and effect relationships. Again Canada
is fortunate in that much of the pioneer-
ing work in record linkage has been done
at Chalk River Nuclear Laboratories by
Dr. Newcombe in the process of carrying
out the British Columbia Record Linkage
study using Canadian vital and health
records(2-4).

Computer storage techniques and the
speed of computers have advanced markedly
in the last few years, and this makes it
easier to store large volumes of data
over long periods of time. It is now
technically feasible to implement some of

the studies planned in early years. For
example, a paper(5) prepared back in 1957
by Dr. Newcombe stated:

"It is veil to bear in mind that the
techniques of data processing, cons-
titute at the moment a rapidly ad-
vancing branch of engineering, and
that the various health records will
alfficst certainly improve with the
development of new diagnostic methods
and the extension of social services.
Thus, it would be wrong to limit ones
thinking to the relatively simple
kinds of questions for which one can
hope to obtain answers using existing
facilities and information sources.
Presumably, if then* is a practical
need to understand j/roblcms relating
to human population:;, neither the
masr; of data involved nor the com-
plexity of the hand Ling procedures
should, in the future, constitute
more than a temporary impediment to
obtaining the required answers."

The Kinds of Data Needed
Risks of cancer induction arid other

ill-health exists in many areas of indus-
try, and emphasis needs to be placed on
early recognition of such hazards and
assessment of delayed risks, expecial]y
those due to low-level, long-term expo-
sure. The biological consequences of va-
rious environmental agents and methods
used for energy production need to be
compared. Quantitative data are required
for questions such as:

What are the age-specific mortality
rates for the workers?
Is there an increased risk of devel-
oping cancer'.'
What is the social cost of any dis-
eases which may result'.'
How important are these risks in
energy production?
How do the risks among the viable
alternatives compare?
These kinds of questions are diffi-

cult to study using data systems which
were designed when the major disease in
the population has a single major etiology
and there was a short period between ini-
tiation and expression of the ill-health,
as with infective and parasitic disease.

The files and facilities required for
follow-up studies should related to the
whole population wherever possible to
avoid population biases, the records
should be in a standard format, and con-
tain enough information to identify the
individual uniquely.
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The records typically used in occupa-
tional and environmental studies may be
divided into two classes: (1) those con-
taining 'outcome' information about sick-
ness and death, and (2) those from which
inferences may be made about 'exposure' to
a particular substance (e.g. uranium mi-
ners, certain medical treatment, work in a
particular geographic area). At Statistics
Canada our emphasis to date has been in
the organization of the 'outcome' files
on a national scale, because this is a
function which other institutions are
unable to perform due to the confidentia-
lity laws governing the use of such infor-
mation. Other outside organizations gen-
erally come to us with detailed 'exposure'
records which relate to some specific
group under study.

The Tiles and Facilities
There are three inter-related compu-

ter systems that are now under development
at Statistics Canada. I hope to high-
light some of the major features of these
projects, namely. (1) the Mortality pro-
ject, (2) the National Cancer Incidence
Reporting system, and (3) the Generalized
Iterative Record Linkage System (GIRLS).
By sharing our experience, we hope it may
be beneficial to those of you who are set-
ting up new files, or for those who may be
interested in requesting that Statistics
Canada carry out, on a cost-recovery
basis, some specific epidemiological
study.

Both death and cancer incidence re-
cords form fundamental ingredients in the
design of any systematic investigation of
the risk of career in large groups of
people. For example, in principle, all
that is required for a study of fatal
cancer following 'exposure' to a suspected
causal agent is that records of 'exposure'
be linked to the eventual death records of
the exposed individual and that an appro-
priate control group be followed in pre-
cisely the same manner. In these studies
we are looking for statistical associations
between agents and particular causes of
death which may indicate a need for fur-
ther study — perhaps clinical. Due to
the long latency periods of cancer, the
exposure may have occurred several decades
earlier.

Consolidation of a historical mortal-
ity file on a national scale is highly
desirable in view of the potential mul-
tiple uses it could serve for epidemiolog-
ical studies. Canadians are very mobile,

and as a result deaths often occur far
from the place of exposure to a hazardous
substance or diagnosis of a disease. For
example, in the Royal Commission Study on
the Health and Safety of Workers in Mines
in 0ntario(6), only 72% of deaths to
Ontario uranium miners occurred in
Ontario.

It may be helpful to review the over-
all flow of death information in Canada.
Registration of vital events is a provin-
cial responsibility but under federal
agreements, copies of all vital registra-
tions are centralized at Statistics
Canada.

The original source documents are
collected in the provinces and transmitted
to Statistics Canada using magnetic tape,
microfilm, and/or copies of the original
forms. The media used to transmit these
data depends very much on the data proces-
sing facilities available in the province.
A microfilm copy of all the source docu-
ments is retained at Statistics Canada
for all provinces. For all provinces from
Quebec westward, machine-readable ab-
stracts are aluo received. Items from the
source documents are converted into
machine-readable form, edited and then
entered into a system known as the 'Inte-
grated Vital Statistics'(IVS) system,
which is used to produce the annual na-
tional statistics on births, deaths and
marriages, as well as special tabulations
or special requests. This IVS file is the
input presently used in updating the his-
torical Mortality Data Base file.

Work in organizing this historical
file first began in 1975. The major em-
phasis in phase I of this project was in
putting missing early death records into
machine-readable form, plus standardizing
and organizing 1950-75 data.

Today the important points about the
Mortality Data Base file are that it uses
existing machine-readable vital records
and covers all Canadian deaths back to
1950, the records are basically in a
standard format, all causes of death are
recorded in a coded form, in recent years
there are about 170,000 events per year,
and in total about four million events in
the 1950-77 period.

The objectives of phase II of this
project are to create and maintain a death
file which will facilitate computer and
manual follow-up studies, as well as gen-
eration of special historical tabula-
tioas. Over the next few months, about
ten computer and two manual follow-up
studies are planned which will utilize
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this file. For the manual searches, a
consolidated alphabetic index in micro-
fiche form will be used. Incidently, with
regards to compactness of storage, a file
of 1950-73 containing 3.5 million death
records can be stored in a space which
closely approximates that of a kitchen re-
cipe box. One can visualize using this
kind of facility where the volume is
small, with a searcher looking up approxi-
mately 50-100 records per day.

Where the volume of data is large,
savings in time and cost may be achieved
by utilizing the computer to carry out
such searches. One would like to try to
get the computer to simulate the subjec-
tive judgement of human when comparing two
records.

At Statistics Canada there appeared
to be at least three approaches one might
consider in providing computer facilities.
When requests are received for matching of
a large user's file to an outcome file:
(1) one could develop new computer pro-
grams each time; (2) one could develop a
completely generalized program (if this is
indeed feasible); or (3) one could try to
do a synthesis of these two methods.

The Generalized Iterative Record
Linkage System, known by the acronymn
GIRLS, is basically the later. It is
designed to be simple to use, flexible in
handling of user's requirements, and a
great deal of flexibility will be provided
for allowing modifications to methods and
changes in the rules used for matching re-
cords .

The system is being designed and
tested using real data from a fluoroscopy
study, with Dr. G. Howe from the National
Cancer Institute of Canada collaborating
with Statistics Canada in its development.

In developing a computer strategy for
linking records it was found that the
rules of subjective judgement which a
human clerk uses when matching records are
fortunately simpler to simulate by compu-
ter than one might originally have sup-
posed.

To get around spelling variations in
surnames, a phonetic New York State Iden-
tification and Intelligence System (NYSI-
IS) code is used(7). To aid in deciding
whether pairs of records do or do not re-
late to the same individual, we use the
fact that rare names and rare births
places carry more discriminating power
when they agree than do their commoner
counterparts. For example, if we had two
records with 'J. Smith' on them, subject-
ively, we would not be sure that they
relate to the same individual, but if the

name were 'Zacharias Orvil Quigley1 we
would have greater assurance the pair be-
long to the same individual. Numeric
weights are assigned for agreements and
disagreements. Logarithms to the base
two are used as in information theory, the
weights are additive, and a total weight
is achieved at the end indicating whether
the pairs are linked, possibly linked, or
non-linked.

Alternate sort sequences can be used
to define the pockets within which pairs
of records are compared. Rejection rules
can also be used to reduce the number of
comparisons. For example, if a person was
employed in 1976 and on a nominal roll,
there is no use searching the 1950-75
death file. Thus 'last known alive date'
is a valuable item if this is available on
a nominal roll.

The National Cancer Incidence system
has been in operation since 1969, is based
on reports from provincial cancer regis-
tries, and covers all of Canada except
Ontario. (It is anticipated that Ontario
data will become available shortly.) Each
province in Canada has a central cancer
registry which tries to record each newly
diagnosed primary cancer. Most provincial
registries are also responsible for re-
cording treatment and other follow-up
information. About 90% of the data ar-
rives at Statistics Canada on tape and the
remaining 10% comes in on simple 'report
of malignant neoplasm' cards. There are
approximately 43,000 notifications each
year. The total nine year file contains
a total of about 400,000 cancer registra-
tions, and although there have been slight
changes over the years in the detail of
items or in their definitions, the file
is in a standard format for the entire
period.

To date, because this is a relatively
new system, less experience has been
gained in utilizing the cancer incidence
files for medical follow-up studies. Some
studies are now in the planning stage.
This file will be particularly valuable
for cancers whsre the survival rate is
high (e.g. breast cancer, bladder cancer,
and cancer of the uterus) or where the
cancer is rare.

Collaboration and cooperation between
a number of agencies are often necessary
to create and use centralized national
files. Various federal and provincial
departments and agencies such as the
National Cancer Institute of Canada, the
Department of Health and Welfare, the
various provincial vital statistics de-
partments and cancer agencies have all
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contributed to the development of these
files and facilities at Statistics Canada.

A Typical Model User's Exposure Record
To the extent possible, researchers

investigating occupational and environ-
mental diseases should use existing data
sources. However, since present exposures
will relate to cancers appearing 10 - 40
years in the future, there is also a need
to establish carefully planned studies
which can be followed over long periods of
time. For example, plans are now being
made for a prospective follow-up system
for atomic energy workers in which the
anticipated effects might not be large
enough to be detected well past the year
two thousand(8,9). Such studies would
confirm via negative results that current
safety standards are reasonable and ade-
quate .

Several additional health data sys-
tems exist which could potentially provide
valuable information on the association of
disease and occupation, but at the moment
few systems code occupation into machine-
readable form, in a manner which would fa-
cilitate epidemiologic research in occupa-
tional disease.

Use of the Mortality Data Base file
or the National Cancer Incidence Reporting
system for medical follow-up purposes
depends very much on the quality, quanti-
ty, and discriminating power of items on
the user's exposure file that overlaps
with that available on the Mortality Data
Base or cancer file.

Ideally one should have:
- Full birth name
- Full birth date
- Full birth place
- Mother's / own maiden name
- Sex code
- Province of residence
- Last known alive date
Other useful items are:
- Place of residence
- Parental forenames and birthplaces
- Spouse's forenames
- Social Insurance Number
- Provincial Health Insurance Number
The record may also have:
- Control code to indicate the kind
of event

- A control code digit to indicate
whether alternate entries for the
same event (e.g. cases where an
individual may have alternate
spellings for surname)

- An unique number
- Third forname
- Alternate surname spelling

- An indicator to denote whether the
individual is known dead

- Detailed exposure data and dates
The availability of identifying and

statistical items recorded is not always
consistent over time. It would appear to
be highly desirable therefore to monitor
the reporting of all items on the Mortali-
ty Data Base and cancer files by year and
province. A special report is prepared
indicating how often each field is not
blank -- this 'availability count' report
is helpful in selecting the fields appro-
priate to sequence the files in the compu-
ter linkage. We recommend preparation of
this kind of report for the 'exposure'
file as it will give one an indication of
the likelihood of linkage success for
these files.

The Products
The studies undertaken to date at

Statistics Canada have had very much to do
with cancer and its prevention. The in-
vestigations have included the possibility
of drug side-effects, special risks in
occupational groups, and the long-term
effects of medical diagnostic procedures
and treatment. Two occupational studies
in particular can serve to illustrate the
potential size and uses of these studies.

In Ontario, the recent Royal Commis-
sion on the Health and Safety of Workers
in Mines(6) utilized two essential files
with which to assess the risks of death
from lung cancer among uranium miners.
The first file was the 'Ontario Uranium
Nominal Roll' maintained by the Ontario
Workmen's Compensation Board. This con-
tained employment histories for about
15,000 miners, who at any time during the
period 1955-74 had worked at least 30 days
in the uranium mine. The Nominal Roll was
linked with the 1955-74 Mortality Data
Base file, the work being done at Statis-
tics Canada. The products from the death
match were screened manually to ensure a
correct match. About 950 of the miners
were found to have died, and an excess of
lung cancers demonstrated.

The Ontario Workmen's Compensation
Board and the Ministry of Labour consider
it highly desirable to continue this
research process to identify subsequent
deaths among Ontario miners and have em-
barked on a joint study for this purpose.

In addition to suspected high-risk
occupational groups, there is a need for
a systematic investigation of substantial
numbers of people in the working environ-
ment to examine whether new risks might be
identified.
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A survey consisting of a 5 - 10% sam-
ple of the Canadian labour force was key-
punched containing codes for occupation
and industry fcr the period 1965-71 (ex-
cluding 1970). These records have been
used to form composite work histories for
each individual. The volume of records to
start was about 3 million which reduced to
form 700,000 individual work histories.
These histories were then linked to a file
of about 2 million death records.

A detailed plan for this study was
prepared initially by Dr. Newconibe(lO) ,
and the actual study has been undertaken
by Dr. G. Howe of the National Cancer In-
stitute of Canada. Analysis of the re-
sults of this study is currently in pro-
gress.

Little national information now ex-
ists regarding the effects of industrial
material on fertility, congenital malfor-
mations, mental retardation, and cancers
or other disease in offspring. Both male
and female workers should be included in
these studies. The technical feasibility
of creating family groupings for such
studies utilizing Canadian vital and
health records from British Columbia has
been demonstrated at the Chalk River
Nuclear Laboratories(ll-14).

The Law
Statistics Canada does carry respon-

sibility for the confidentiality of the
vital and health records which are en-
trusted to it. There are several pieces
of legislation which defines what we may,
or may not do. Most important ere the
Statistics Act, the recent federal Human
Rights Act, Orders-in-Council pertaining
to vital statistics, and the various
provincial statistics acts or their equi-
valents .

Activities Elsewhere
It may be of interest to place our

activities in an international context.
The British have recognized the uti-

lity of medical follow-up activities and
the Oxford Record Linkage Study was begun
in the early 1960's and uses computer
methods similar to those developed at
Chalk River(15).

The British have two types of rou-
tine follow-up through death records —
these are manual. Since the 1971 census
they follow-up a 1% sample of their popu-
lation of England and Wales on-an annual
basis with respect to subsequent births,
deaths, immigration, and emigration.
This has been linked to occupation and

other personal data obtained at the time
of the census and to the National Cancer
Register. They have also enumerated and
identified workers of certain large firms
within industry and followed them up
through death records(16).

The pros and cons of creating a
National Death Index in the United States
has been debated for sorae tiine(17). The
National Centre for Health Statistics will
begin this development starting with 1979
death events. The index will provide in-
formation on whether a given person,
properly identified, has or has not died
and if so where and when within the death
registration area (18).

Conclusion
To sum up, if one wants to know

whether agents people are exposed to are
good or bad for them, there is only one
way to be certain and this is to follow
them up. This is particularly true for
any agent with delayed effects and where
large populations and numbers must be
observed to detect small excess risks.

Long-term medical follow-up implies
the organization of certain outcome files
at a national level which are centralized,
searchable, and contain adequate identi-
fying information.

If one is to take seriously the task
of protecting man from occupational and
environmental mutagens, carcinogens, and
teratogens, then there is an urgent need
to preserve existing data sources con-
taining such information, and also to
establish carefully planned studies now
which can be followed over long periods
of time into the future to detect delayed
industrial risks.

Examples of studies already completed
have shown that automated medical follow-
up is technically feasible and can be
carried out on a large scale, provided
researchers, the public, and their elected
representatives and officials are suf-
ficiently concerned.
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DISCUSSION

R. Wilson: The input end needs as
much attention or more than the output.
Exposure records of occupational toxic
agents other than radiation are
essentially non-existent. Please
conment.

Answer: I agree. We have
concentrated at Statistics Canada on

organizing "outcome" files, such as
mortality and cancer. We have inquired
about suitable exposure files, but have
often found that occupation is not coded
in machine-readable form and little
"exposure" data is available. We
encourage those responsible for
maintaining "exposure" files to put them
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in a format suitable for matching with
outcome files. This is a task that is
very important for prospective studies.

G.C. Butler: For ten years NRC has
been promoting the incorporation of
occupational records in the data bank of
provincial health care delivery systems.
This has run into difficulties with the
health care administrators and,
surprisingly, with some unions.

Answer: I have recently heard
Mr. Ken Valentine from the Safety and
Health Department of the United
Steelworkers of America speak at a
workshop in Ottawa. At the union 1975
National Policy Conference they adopted a
resolution which would urge creation of a
complete work history of every industrial
worker. Perhaps your point could be
discussed with Mr. Reimer later.

D.A. Kaden: Who has access to

Statist ics Canada's f i l e s , and how is f i l e
information released?

Answer: Only persons sworn in under
the Stat ist ics Act have access to the
f i les containing microdata at Stat ist ics
Canada. In the Health Division, all f i les
containing ident i f iable information, such
as vi tal s tat is t ics f i l e s , have a
password. Only employees requiring direct
access to the f i l e for computer processing
are given the password.

Information is only released to the
researcher in such a form that no
individual can be ident i f ied.

Special studies are carried out on a
cost-recovery basis at the request of
researchers. The special request may take
the form of simple tabulations or may be
an epidemiological research project. Once
approved, the processing of the data f i l es
is carried out within Statist ics Canada
and only tabulations are released.
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Summary
The elements of risk assessment are

described with respect to the control of
environmental chemicals. The methodology
of risk estimation is outlined and
examples given of its application to
regulatory decision-making for a range of
chemicals in Canada. Finally, the extent
and limitations of the process of risk
evaluation are considered.

Introduction
The scope and nature of our chemical

environment have developed dramatically in
the last 30 years. About four million
chemicals have been synthesized or isol-
ated from natural products, some 60,000
chemicals are used in c'=iily life, and it
is estimated that up LJ 2,000 new chemicals
enter our environment a significant degree
each year. Many of these chemicals, or
their residues, appear in the workplace or
in air, water, food, and soil as contamin-
ants from the production or consumption
processes. A succession of once esoteric
chemicals have become household words in
the wake of their unwelcome notoriety:
dioxin, 2,4,5-T, saccharin, PCBs, vinyl
chloride, mercury, mirex and so forth.

The mechanisms available to society to
control these hazards range from the
regulatory, using such strategies as
establishing maximum allowable concentra-
tions, to the economic, as for example the
principle of "the polluter must pay".
Before we control we must first judge the
need and this will be based on the real or
potential danger to human health posed by
these chemicals. The process of risk
assessment is best defined as comprising
three elements: risk identification, risk
estimation, and risk evaluation (1).
Initially, the hazard is recognized - then
a scientific determination of risk is
carried out in as quantitative manner as
possible, finally an evaluation is made on
the acceptability of the risk and its
consequences. The last component compares
risks against one another, against bene-
fits, and judges the social acceptability
of the risks. The virtue of this approach
is that it separates the scientific esti-
mation from the social evaluation and hence
avoids some of the confusion that still
bedevils the risk assessment process.

Methodology of Risk Estimation
There are three basic sources of

evidence that can be drawn upon to deter-
mine whether or not a chemical represents a

danger to human health: epidemiology,
animal experimentation, and in vitro
testing. To some extent supportive infor-
mation can be provided by correlations
between chemical structure, particularly
functional groups, and known toxicity. For
environmental chemicals the major defici-
ency of epidemiology is its ineffective-
ness in proving that the health effect
results from a specific cause. The re-
quirement for a long period of use of the
agent at an exposure level that produces
discernible differences in the population
militates against the use of epidemiology
for making regulatory decisions on environ-
mental health issues. Many environmental
chemicals - such as PCBs, heavy metals,
organochlorine pesticides - are ubiquitous-
ly distributed so that it is almost imposs-
ible to find an unexposed population group.
The increased pace of industrialization in
many countries has led to the environ-
mental dissemination of many exotic chemi-
cals: if their biological action requires
a long latent period it will be many years
before epidemiology can chart their effect.
The enormous number and range of chemical
entities present in food make the search
for dietary hazards particularly diffi-
cult. In Canada, for example, there are
nearly 400 food additives and several
thousand flavour substances. It would be
well-nigh impossible to determine the
detailed retrospective information re-
quired for an epidemiological assessment of
their individual contribution to the health
of the general public. Finally, the
possibility of additive or synergistic
health effects between the multitudinous
chemicals present in the environment cannot
be discounted.

In reality, epidemiology is more to
support public health decisions on environ-
mental chemicals rather than to initiate
them.

Experiments with animals raise two
fundamental questions: how valid is the
comparison of man and animal? how legit-
imate is the extrapolation of high to low
doses?

Although the basic biological process-
es of molecular, cellular, and organ func-
tion are similar from one mammalian species
to another, there are marked differences
between the standard rodent model and
humans. For example, the rat strain is
homogeneous, it is maintained in a care-
fully controlled uniform environment of
food, light, sound, etc. so that the insult
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is restricted to a single causative factor
(2). In some senses the more sophistica-
ted the test the more limited its appli-
cation. Nevertheless, nearly all the 26
chemicals (or industrial processes) that
have been positively associated with human
cancer through the program of the Interna-
tional Agency for Research on Cancer (3)
are known to be carcinogens to animals.
The converse argument - i.e. chemicals
carcinogenic to laboratory animals are
carcinogenic to man - is now backed by
considerable experimental evidence, some
of which is indirect, but must always be
qualified by consideration of the nature of
the test and species, specific incidence
site, route of administration, and the
whole spectrum of metabolism and excretion.
Several conversion factors must be used in
estimating risk levels for humans from
data obtained in other species such as body
surface, body weight, nutritional condi-
tions, tissue distribution and retention.

Although it is not possible to reduce
all the variables to a single conversion
factor, remarkable advances have been made
in the last decade in our ability to extra-
polate from animal to man. A recent study
by Gehring et al. (4) illustrates the
point. Dose-response data for the induc-
tion of angiosarcoma in rats exposed to
vinyl chloride have been used to estimate
the risk to humans: 10 hepatic angio-
sarcomas were predicted in an epidemiolo-
gical cohort of 9,677 workers - in which 5
have occurred. In view of the latent
period for cancer this is a powerful ex-
ample of the use of animal models.

Two distinct approaches have tradi-
tionally been followed to estimate from
animal experiments the tolerable level of
exposure for humans. One approach is to
derive "acceptable daily intakes" based on
levels of chemical that fail to produce an
observed effect in the animal. The other
approach, which is now held to be the most
appropriate for carcinogenesis, is to
extrapolate to low-dose levels where no
response can be observed. A number of
mathematical models have been developed in
the last twenty years to handle extra-
polation outside the experimental range
and of the major techniques available -
probit-log, one^hit, multistage, and
linear extrapolation - the latter is
generally applied to provide the worst case
hypothesis. In these types of experiments,
even if there is no evidence of carcino-
genicity, it is not possible to prove con-
clusively that such a risk does not exist

(5). Extrapolation to low doses is fraught
with imponderable factors and the inapprop-
riateness of equating physical radiation
damage with the cell reactions of chemical
carcinogenesis, or of assuming that biolog-
ical effects are proportional to dose
regardless of the size of dose or the rate
of exposure is being vigorously debated to-
day. Nevertheless, these statistical tech-
niques do provide us with a tool to place
risk estimation in the total context of the
problem.

The time, expense, and physical diffi-
culties of animal tests have stimulated the
search for short-term test methods to
detect carcinogens. The most promising
approach to date relies on the correlation
between mutagenesis and carcinogensis. A
number of mutagenicity assays have been
developed, of which the Salmonella micro-
some assay developed by Bruce Ames and
associates (6) is the best known, most
widely used, and more thoroughly validated.
None o? iS°se tests gives incontrovertible
P" carcinogen!city but the Salmonella
assay detected about 90% of the carcinogens
examined, as also did the in vitro mamma-
lian cell transformation assay: in combin-
ation these tests detected virtually all
carcinogens tested (99.2%), although the
incidence of false positives was relatively
high (8.8%) (7,8).

As the various factors influencing the
relationship between mutagenic potency and
carcinogenic activity of a chemical are
better understood, it is likely that the
assay procedures will be improved to
increase the correlation. However, it is
doubtful whether the short-term mutagen-
icity assay will ever replace the need for
human epidemiology and animal cancer tests.

In our own laboratories, we now employ
a battery of short-term mutagenicity tests
to provide information which helps us in
setting priorities for additional research
on a wide range of chemicals that are
important constituents of common household
products such as paints, solvent cleaners,
and clothing fabrics. Recent studies have
shown that Rhodamine dyes, used as environ-
mental tracers as well as for consumer pro-
ducts, induce point mutations in micro-
organisms and damage chromosomes in mamm-
alian cells (9).

This then is the armamentarium with
which the hazard of a chemical can be de-
termined. In addition to national evalua-
tions, international committees of WHO and
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FAO have provided detailed analyses for a
number of chemicals, especially pesticides
and food additives. There has not, how-
ever, been the concerted and detailed
international assessments that have been
directed to the biological effects of
ionizing radiation by that renowned
trinity of UNSCEAR, ICRP, and BEIR. Partly
this is because the hazards of radiation
have been tragically visited on human
populations but also, I would suspect,
because the logic of a rigorous analysis
has proved particularly attractive to the
physicists and mathematicians associated
with nuclear energy. Be that as it may,
chemists have belatedly learned their
lesson and risk estimations for' chemicals
are now the order of the day. A new
International Programme of Chemical Safety
has just been launched by WHO that should
provide the international validity and
cachet that is so needed.

How to choose which chemical to be
tested from the multitude available and
potentially toxic is a problem that has
exercised many national agencies. In
Canada, a List of Priority Chemicals under
the Environmental Contaminants Act is
gazetted annually by the Departments of
Environment and National Health and
Welfare. Three sets of criteria are
applied to the selection of chemicals for
the list: toxic effects to human health
or the environment, persistence, quantity
or use. Within these criteria a committee
by consensus develops a list. In the
U.S.A. the Toxic Substances Control Act
requires that the rationale of the comm-
ittee for a chemical's inclusion on the
designated list of up to 50 priority
substances be made public. The exigencies
of the Act are such that an extremely
detailed and comprehensive scoring system
has evolved based initially on 13 factors
such as production volume, occupational
exposure, carcinogenicity, mutagenicity,
and so forth. To date some 20 chemicals,
or categories, have been identified.

In an attempt to harmonize test
procedures for chemicals and hence reduce
the adverse effects on international trade,
the QECD Chemicals Group is analyzing a
number of key processes used for evalua-
tion. An expert group is to define the
baseline data required for initial assess-
ment and the sequence in which further
testing is conducted.

Risk Estimation of Chemicals

In Canada the control of environ-
mental chemicals by regulation is now using
to a varying, but increasing, extent the
techniques of risk estimation as will be
evident from the following examples.

A federal/provincial working group has
just completed a comprehensive review and
re-assessment of the 1968 Canadian Drinking
Water Standards and Objectives. Trihalo-
methanes are known to occur in drinking
water as a result of treatment by chlorine.
The most commonly found trihalomethane in
drinking water is chloroform and a recent
survey (10) of some 70 Canadian municipal-
ities showed that its concentration can
reach 121 ug/L. The question is raised:
Is this an acceptable level? Epidemiolog-
ical studies, in the lower Mississippi and
Ohio river valleys, have not shown un-
equivocal evidence of a direct cause-effect
relationship between chloroform contamina-
tion in drinking water and a variety of
recorded cancers, although an association
with bladder cancer has been suspected
(11). However, the U.S. National Cancer
Institute rodent study found a dose-
related incidence of malignant tumours in
the kidneys of male rats and the liver of
mice of both sexes (12). The daily dose
to produce these effects was high - in the
range 100-500 mg/kg body weight. In
addition, studies with cough suppressants
and mouthwashes have shown that hepa-
toxicity occurs in humans at oral doses of
chloroform between 1 and 25 mg/kg/day
(70 kg person): occupational exposure to
chloroform in the pharmaceutical industry
is known to produce liver damage to the
workers (13).

Tardiff (12) has carried out a detail-
ed analysis through four different models -
margin of safety, and the statistical
probit-log (Mantel/Bryan), linear or one-
hit, and two-step - to determine the maxi-
mum risk incurred by drinking tap water
containing chloroform. A tenfold margin of
safety applied to liver damage in man gives
a maximum daily dose of 0.03 mg/kg.
Extrapolation from the rodent studies gave
the maximum risks at a maximum daily dose
of 0.01 mg/kg range up to 0.4 cancers/
million/year. For a 70 kg man consuming 2
litres of water daily this intake re-
presents a chloroform concentration of 0.35
mg/litre: this is the recommended maximum
acceptable concentration of total trihalo-
methanes in drinking water. The objective
level, i.e. the ultimate quality goal, is
less than or equal to 0.0005 mg/litre.
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In this example, extrapolation from
animal studies to man by means of statis-
tical system is defensible because we know
the human target organ for chloroform and
there is some evidence of similar metabol-
ic pathways. On this basis, we can say
that the risk of cancer to a member of
the population from drinking water attribu-
table to chloroform lies between no risk to
kidneys and liver and a maximum of 1 in 2.5
mill ion/year.

Asbestos, which is now clearly in-
dicted as a human carcinogen, is extensive-
ly used in dry-wall patching products.
Analytical studies of the fibre concentra-
tions of 10 dry-wall taping compounds
during sanding, dry mixing and floor sweep-
ing operations have shown average peaks as
high as 47 fibre/cc (14). The U.S.
Consumer Product Safety Commission has
developed a risk assessment model (14)
based on a number of assumptions including:
linear dose-response relationship between
asbestos and lung cancer, time to tumour
being dependent on dose, effect of dose is
cumulative. These lead to a log dose-log
response curve: the experimental data on
cancer deaths attributable to dose being
derived from the extensive epidemiological
studies of Selikoff. Calculations of high
intermittent exposure for four uses of
asbestos patching products per year gives
an exposure level equivalent of 0.4 fibres/
cc/day for one year; it is estimated that
this will cause an additional 10 lifetime
respiratory cancer deaths/million. If
effect of dose is cumulative and is assumed
to have the same effect as if that dose had
been accumulated in the year of exposure
then continued use of asbestos for five
years will raise that estimate to 990
deaths/million.

It will be crystal clear why the
Department of National Health and Welfare
has recommended that asbestos be banned in
dry-wall patching compounds under the
Hazardous Products Act. The Department of
Consumer and Corporate Affairs has already
issued a trade information letter on this
topic.

Concern has been expressed recently in
the U.S.A. that asbestos fibres can be
released from hair dryers of the hand-held
variety. Our investigation of some 17
models showed the levels to be at or near
the limit of sensitivity of the analysis
(0.02 fibres/cm3) and not greater than the
background levels of air (15).

Clinical studies with arsenic medici-
nals and epidemiological investigations of
exposure to arsenic in the occupational and
general environment indicate that inorganic
arsenic is a human carcinogen. The U.S.
Environmental Protection Agency has recent-
ly developed a preliminary estimate of
human cancer risk due to exposure to air-
borne arsenic, based on a linear extra-
polation model and the results of epidemi-
ological studies of occupational exposure
(16,17,18). The increase in the lung
cancer rate per increase of 1 pg/m3 of
arsenic in the atmosphere was estimated to
be 5.3%. Based on concentrations of
arsenic measured in ambient air in the U.S.
it was calculated that for the 2.16
million people residing in the vicinity of
arsenic emissions exposure to airborne
arsenic resulted in a lifetime risk of
respiratory cancer of greater than 1 in
100,000. A linear dose-response model was
also adopted to estimate the risk associa-
ted with the ingestion of arsenic in
drinking water. The model is based on data
from Taiwan which relates the increased
incidence of skin cancer to levels of
arsenic in drinking water (19).

On the basis of the well-documented
evidence that arsenic is a human carcinogen
a recommendation was made by the Department
of National Health and Welfare to the
Department of the Environment to minimize
the exposure of Canadians to arsenic
through the regulation of controllable
emissions. Under the Clean Air Act,
regulations which will limit arsenic
emissions from gold roasting operations by
approximately 80% have been proposed.

A risk estimation more closely related
to the health effects of energy production
is that for the oxides of nitrogen. The
major sources of localized high pollutant
levels of N0x (nitric oxide and nitrogen
dioxide) are the gasoline burning internal
combusion engine and stationary industrial
combustion facilities which include power
generating plants. Ambient concentrations
in urban environments depend on the nature
and number of sources and vary considerably
with time, climatic conditions and distance
from the source. In Canadian cities, mean
annual concentrations of N0x have been
reported to range from 17 pg/m3 to 113
pg/m3; peak levels (1 hour maximum concen-
trations) may be much higher (20).

Nitric oxide and nitrogen dioxide are
both extremely reactive and attack the
surface of the respiratory tract (21).
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Data are lacking to describe with accuracy
injurious effects attributable to low
levels of NO but the adverse effects of
NOp on biological systems are well-
documented. Effects have been classified
as direct short-term, chronic long-term and
indirect (22), and this fact has been
reflected to some degree in the development
of air quality objectives, or standards.
Nitrogen dioxide exerts its primary toxic
effect on the lungs and is associated with
increased susceptibility to respiratory
infection, changes in pulmonary function,
morphological changes, edema and emphysema.

A recent WHO review of the environ-
mental health criteria for nitrogen oxides
concludes that the epidemiological data are
not adequate for long-term exposure guide-
lines (23). Short-term exposures can give
adverse effects - based on animal and human
studies - at concentrations of nitrogen
dioxide as low as 940 yg/nr. The risk
estimation was derived by the WHO group in
terms of an arbitrary safety factor of 3-5.
A nitrogen dioxide concentration of 190-320
yg/m3 for a maximum of one hour was pro-
posed as an exposure limit consistent with
the protection of public health.

Ambient Air Quality Objectives for
nitrogen dioxide under the Clean Air Act
have been derived from epidemiological
studies (20) and the "acceptable" level
is at present up to 400 ug/m3 for a one-
hour exposure. These objectives are
currently under revision in the light of
more recent data.

In 1970, the Department of National
Health and Welfare established a guideline
for mercury in fish at 0.5 ppm and sub-
sequently the FAO/WHO Expert Committee (24)
recommended a tolerable weekly intake of
200 yg methylmercury per 60 kg adult based
on animal and human studies. Swordfish
was effectively removed from the Canadian
market by this decision. In June 1979, the
Departments of Fisheries and Oceans, and
National Health and Welfare lifted the
guideline for swordfish on the basis that
the consumption of this delicacy is low and
on the recommendation that it is limited to
one meal a week. Essentially, the risk
estimation for swordfish was made on the
basis of level of consumption.

The renowned Canadian decision to
remove the artificial sweetener saccharin
from foods, drugs, and cosmetics, was based
on animal studies in which rats were fed a
diet containing 5% sodium saccharin for two

generations (25). Male rats of both the
parent and second generation showed a
significant incidence of bladder tumours:
the dose exceeded human exposure by at
least 800 times - based on the bottle of
'diet' drink a day. Although other
corroborating data were available this was
the key experiment which led to the
regulatory decision at a time when some
200,000 lbs of saccharin a year were being
used in Canadian foods. Some epidemiolog-
ical support for this decision came from a
case-control study in Canada (26) that was
considered as evidence of increased risk of
bladder cancer in males consuming
artificial sweeteners, particularly
saccharin. The difficulties in interpre-
ting these results are considerable.
Although saccharin was discovered 100 years
ago it is within the last few years that
its use has dramatically increased. In
addition, a long latency period for the
induction of cancer - as suggested by the
animal experiments - militates against the
use of epidemiology for the public health
decisions.

Limitations of Risk Evaluation

The above examples illustrate the
manner in which a federal agency esta-
blishes a risk estimation of an environ-
mental hazard as a basis for regulatory
control. The next stage of risk assessment
- risk evaluation - represents societal
judgement and is ultimately political,
beyond the realm of scientific analysis.
Nevertheless before that judgement is made
there are a number of serviceable and
worthwhile techniques that can be used to
provide a holistic approach whereby the
total context of the problem is considered.
A particularly valuable technique for risk
evaluation is to compare the risk either
with other risks, or the presumed benefit.
A schematic approach by Burton and Whyte
(27), enables risk equations to be derived
in the form: elevated risk, comparative
risk, balanced risk, and risk-benefit.
Elevated risk means comparison with the
natural background - the level of 'noise'
in the system. The contaminant may have
always been with us - like mercury in fish,
or fluoride in drinking water - and its
beneficial or adverse effects tolerated.
Comparing risks between different
occupational groups, modes of transport,
recreational activities, natural disasters
and so forth in such terms as deaths/
population unit/year, or individual risk of
cancer per year, has been widely applied by
Pochin (28) and Wilson (29). When applied
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to disparate activities devastating
comparisons can be made. Pochin (30) gave
a one in a million risk of death to 400
miles by air, 3/4 of a cigarette, or 20
minutes of being a 60 year old man. More
bizarre still is the catalogue of risks in
terms of loss of life expectancy (31).
The conclusion seems to be the opposite to
Mr. Punchs' to those about to marry!

Balancing risk from alternatives lies
at the heart of the social evaluation
process. It has been quantified for energy
production. Qualitatively the knowledge
that replacement pesticides were available
for DDT, saccharin for cyclamates, replace-
ment fluids for PCBs, textile fire retard-
ants for Tris influenced the public health
decisions to ban these chemicals.

Even when risks are well-known and
calculable there remains the problem of
weighing them against the benefits giving
rise to the risk. Pesticide risks to
ecological systems can be weighed against
increased food production. Chlorination of
drinking water indisputably protects
against some most unpleasant water-borne
diseases. Some of these benefits may be
commonly accepted as out-weighing the risks
but we are now facing the basic problem of
societal judgement. The seemingly objec-
tive techniques of cost-benefit, and
decision analysis founder when faced with
the reality of human values, aspirations,
and even whims. Although society implicit-
ly costs human lives in many of its
decisions we cringe - and rightly so - from
the abhorrent task of setting a monetary
value on human life. Different individ-
uals place different values on things such
as human life, aesthetics, and national

security. Many factors cannot be satis-
factorily expressed in dollar terms
because they involve important values on
which there is no agreement.

There is no question but that in the
last decade we have made great progress in
building a rational scheme on which to
assess the risk from environmental
chemicals. But - if I may adapt Nurse
Edith Cavell - 'rationality is not enough'.
If it was, the public perception of hazards
would equate with that of the professionals
and the news media would have to find new
sources of drama. A simple illustration is
the continuing furore in Eastern Canada
over the possible association of Reye's
Syndrome and pesticide forest sprays. Who
can doubt that the knowledge that this
disease largely affects children has not
exacerbated the debate? This simple
factor, based on the deepest-seated
emotions, has been the lever of innumerable
legislative and administrative public
health decisions.

Descartes taught scientists to reduce
fields of study to their ultimate com-
ponents, the 'discrete objects' which make
them up. This is a powerful tool but not
all-encompassing. Weinberg (32) has argued
tellingly that some questions of fact,
termed 'trans-scientifc' can be stated in
the language of science but not answered
by science. It is imperative that we
recognize the limitations, as well as the
powers, of the scientific method if we are
to ensure that the political process which
serves us all arrives at the just decisions
required to control environmental hazards.
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DISCUSSION

C. Bieber: The chemicals discussed
by you , I be l i eve , have resu l ted in a
fewer number of cancers than c iga re t t es .
Could you expla in some of the fac to rs tha t
have prevented the banning of c iagret tes?

Answer: The simple answer is tha t
you are t a l k i n g about another 's
responsibil ity. In real i ty pol i t ical
decisions are made on the basis of a
variety of factors—sometimes
contradictory.

M.C. Paterson: Don't we require more
effective communication with the public on
the relative risk of many environmental
carcinogens? One-half the public is now
suffering from "carcinogen-phobia"; the
other half are becoming to ta l ly
indifferent.

Answer: Yes--but education is not
enough. We have to recognize the
emotional basis of human decisions-
Education has had some success (but only
limited) in preventing those who have
suffered niyocardial infarctions from

re-commencing the habit.

V.G. Snell: When a recommendation is
made to ban a substance, how much weight
is given to the wide variabi l i ty in doses,
where these are under individual control?
E.g. for saccharin, an individual controls
his own intake. This is in contrast to
nuclear power where we control the l imits
of individual exposure.

Answer: On occasion the ban can be
recommended but there are l imits to
individual decision-making by those often
most at risk—the young, i l l , poor, un-
educated. Labelling has only limited
value in educating consumers as can be
seen from cigarette packages.

E. Sawicki (comment): In reference
to freedom of choice and r isk, the
following comtient appears appropriate:
the occupation which appears to be at
greatest risk of death is the American
presidency—and s t i l l there &re many
seekers of this off ice.
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THE ROLE OF RISK IN SOCIETY

G. Hoyt Whipple

School of Public Health
The University of Michigan
Ann Arbor, Michigan 48109

Introduction
This paper is a qualitative,

philosophical discussion of the op-
parent relations between the level
of risk in a society and the energy
available to it.

The effects on human health
caused by the production of energy
include both morbidity and mortal-
ity, i.e. both illness and death.
Our understanding of the relation
between illness and energy produc-
tion is considerably less complete
than that of the relation between
death and energy production, and
so I have chosen to consider only
the risk of de?th.

In spite of the best medical
efforts, every human being even-
tually dies; only the time and
manner of death are in doubt. When
one states that the production of
1 megawatt-year of electricity by
burning coal entails the loss of a
certain number of lives, he means
that this number of people will die
sooner than would be the case if
this energy were not produced. For
some of these individuals "sooner"
means the loss of many years of
productive life, while for others
the loss will be only a few unre-
warding years.

It appears that years of pro-
ductive life lost is a better mea-
sure of "health effects" than the
number of persons dying prema-
turely. The ICRP(l) and Dr.
Reissland(2) among others, are
tending to use this measure, which
weights the death of a young person
more heavily than that of an old
one. In principle, of course years
of productive life lost could be
used as a measure of illness as
well as fi__" premature death. I
shall use the term risk in this
paper to mean the years of produc-
tive life lost as the result of
premature death.

Risk vs Available Energy per Capita
a. Production and Use of

Energy

This conference is devoted to
the risks to health that arise from
the production of energy. Evidence
abounds that the risks of using
energy are greater than the risks
of producing it. Perhaps, there-
fore, I may be forgiven for in-
cluding both the production and
utilization of energy in my delib-
erations.

Other factors remaining con-
stant, one expects that increasing
the production of energy per capita
will, in direct proportion, in-
crease the risk pe_r capita from
both the production" and utilization
of energy. In other words, as a
society becomes more energy inten-
sive, the risks to that society
increase in direct proportion. If
all other considerations are
ignored, this relation argues
against the increase of energy pro-
duction and utilization on the
grounds of public and occupational
health. This relation can be used
not only to support the plea for no
further energy growth, but also
that for reducing energy production
per capita.

b. History

Let us examine what has hap-
pened to societies that have in-
creased per capita energy produc-
tion and utilization.

During the past 200 years, the
industrial revolution has brought
about a number of profound changes
in countries which have experienced
this revolution. Two of these
changes bear on the present con-
siderations:

1) energy production and use
have increased

2) life expectancy at birth
has almost doubled.
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Before the advent of the in-
dustrial revolution, the available
energy was that produced by humans,
domestic animals and wind (sailing
ships and wind mills). Today,
every individual in a technically
developed society has at his com-
mand hundreds of times the energy
available to his great-great grand-
father, unless this ancestor hap-
pened to be a king.

The single most important
factor in the extension of life
expectancy at birth from 40 to 70
years is the reduction of infant
mortality, but death rates at every
age have decreased in the last 200
years, although the decreases for
persons 60 years and older have
been slight. Risks (as I use the
term) are far less today than they
were before energy became avail-
able in large quantities.

On the face of it there ap-
pears to be a strong negative cor-
relation between risk and the
availability of energy. True,
many other things have changes in
the course of the industrial rev-
olution, and it is also true that
the existence of a correlation
does not prove a cause-and-effeet
relation, but it does suggest a
working hypothesis.

C. Geography

The same negative correlation
between energy availability and
life expectancy at every age is
evident among the countries of
the world today. Again, there are
many other differences among these
countries, but the differences are
not as great as those between pre-
industrial times and the present.
Here again, the evidence supports,
but does not prove the hypothesis
that risks decline as energy be-
comes increasingly available.

Note that the hypothesis is
contrary to the expectation that
increasing the production and use
of energy will proportionally in-
crease the resulting risks.

Effort to Reduce Risks
The remarkable extension of

life expectancy during the last

200 years has had a number of
causes, among which are improved
medical care, the understanding and
virtual elimination of many infec-
tious diseases, improved food sup-
plies and improved working condi-
tions. Some of these causes have
been facilitated by the availability
of increased amounts of energy, but
not all.

a. Cost and Effort vs_ Risk
Reduction

Since about the time of World
War I, a conscious effort to reduce
risks has developed. Industrial
health, public health, environmental
health and preventative medicine
have become recognized as productive
efforts in reducing risks. At first
these efforts were remarkably re-
warding; pronounced reductions of
risk were achieved with relatively
little effort and expense. In re-
cent years, greater and greater
efforts are required to reduce risk
by, say, 1 year of life expectancy
per 100,000 persons per year. The
relation between cost and risk re-
duction appears to resemble a rec-
tangular hyperbola.

This is not to say that con-
tinued efforts are futile, or that
further discoveries may not pro-
vide quantum jumps, but it does
appear that institutionalized ef-
forts at risk reduction may be
reaching a point of diminishing re-
turns. The complete elimination
of cancer, for example, would ex-
tend life expectancy about 2
years(3).

Interestingly enough, individ-
ual efforts at risk reduction offer
large gains in life expectancy for
little effort and expense. Belloc
and associates(4) have shown that
a few simple "health practices"
appear to extend life expectancy
by about 10 years.

A Risk-Free Society
In case you have not noticed,

we to the south of the border are
trying to attain a risk-free
society. When this goal is
achieved, we shall, presumably, all
live happily ever after. Although
the details have not all been
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worked out yet, the outlines of the
picture are beginning to become
clear.

a. Cost

It is proving to be expensive
to reduce some risks, and, as we go
after smaller and smaller risks,
the costs are rising rapidly. How-
ever, since cost is not an accept-
able reason for not eliminating a
risk to health (real or imagined),
rising cost will not deter us from
our goal. It is possible that
along the way some private busi-
nesses will be driven into bank-
ruptcy, but in such cases the Great
White Chicken in Washington will
come to the' rescue of those cor-
porations unable to survive in a
risk-free society.

Energy production is a good,
but by no means the only example
of the drive to eliminate risks to
health. Nuclear power has served
as the bellwether for other forms
of energy production. Inflation
and high interest rates have
played a part, but the drive to
eliminate every last possible risk
from the generation of electricity
by nuclear fission has just about
eliminated its intrinsic economic
advantage over other means of gen-
erating electricity, and has so
delayed and made so uncertain the
future that only the foolhardiest
utilities will consider starting
on a risk-less nuclear plant.

OPEC, like inflation, has con-
tributed to the rising cost of
energy, but the costs of obtaining
low-sulfur coal and oil, and then
of burning them in plants fitted
with the best attainable, but un-
proven, sulfur-removing equipment
are making a major contribution.

Less noticeably, but just as
vigorously, we are working to
eliminate the risks of using energy.
Buildings are to be insulated (but
not, of course, with asbestos) and
sealed to prevent leakage of heat,
air and radon. Microwave ovens
(but not gas ovens) are to be
tested and inspected to prevent
leakage. Cars (but not trucks) are
to be driven at reduced speeds to

save oil and lives, although it
turns out that more years of life
are spent driving at reduced speed
than are saved by reducing fatal
collisions. Seat belts and air
bags will make collisions fun.

Costs are rising astronomi-
cally, but we are on our way to the
risk-less society.

b. Side Effects

Another thing is beginning to
to become apparent. Efforts to
eliminate one risk seem, in a num-
ber of cases, to enhance or bring
on other risks. It's a little like
trying to pack a balloon in a box;
when you push down in one place,
the balloon bulges out somewhere
else. The efforts to reduce the
risks of producing energy, in part
by not producing energy (i.e. con-
servation) appear likely to in-
crease other risks, e.g. increased
levels of radon in houses, reduced
street lighting and the catalytic
converters on automobile exhausts.
These and other similar side ef-
fects make a risk-free society dif-
ficult to attain, but we arc deter-
mined.

C. The Future

The risk-free society will
have a number of characteristics
which will set it apart from any
society we have known heretofor.

The costs of living from reg-
ulation, taxes, inefficiencies and
protective devices will be high, so
high, in fact, that the portion of
income left to be spent as one
wishes will be reduced to a sroall
fraction of the present level, or
eliminated altogether. All devel-
opment and innovation will slow and
stop because the identification and
elimination of the new risks asso-
ciated with a new enterprise will
be prohibitively expensive. Devel-
opment of new drugs and of the high
temperature gas-cooled reactor are
cases in point.

Growth of energy production
will slow, stop and then recede,
to the great satisfaction of the
no-growth, soft and appropriate
technology proponents. The
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troublesome thing here is the evi-
dence, discussed earlier, that low
energy production appears to be
associated with high risk, both
historically and geographically.

Perhaps the most troublesome
aspect of the risk-free society,
the dictatorship of the protection-
ists, is that life in this society
will be a pretty grim affair.
Sure, we shall have safety, but
will there be anything left over
for groceries? And what shall we
do for fun? It is remarkable that
so many of the things people choose
to do for recreation involve the
pursuit of risk for its own sake:
rock climbing, white water canoeing,
sky diving, down-hill skiing. Even
Sierra Club members find that these
activities add spice to a life,
otherwise free of risk.

People may not live a great
deal longer than they do today in
technically developed countries.
A somewhat larger fraction will
attain ripe old age than do at pre-
sent, but the years of productive
life to be gained in this way may
not be very great. In a risk-free
society you may not live forever,
but it will seem like it.

Conclusions
Historically, fire was first

terrifying and then dangerous.
Gradually it was brought under con-
trol and used to survive in con-
ditions otherwise fatal, to ward
off enemies, to produce useful
materials and to cook food, which
not only tasted better, but was
also safer to eat. Fire has been
harnessed in a variety of engines
which now do the work previously
done by slaves, domestic animals
and women. A society without fire
is unthinkable, yet fire is still
dangerous; about 6 per 100,000
people die each year from burns in
the United States, many at a young
age.

Perhaps it is not too much to
hope that society will eventually
accomodate itself to nuclear energy
as it has to fire.

In summary, it must be ad-
mitted that this paper has given

few answers to the question, "what
is the role of risk in society?"
However, I believe the evidence is
at hand to draw certain important
conclusions.

1) An absolutely risk-free
society is unattainable

2) A society which strives to
eliminate all risk will go bank-
rupt in so doing

3) While there may be a level
of energy availability which en-
tails a minimum risk, the evidence
at hand suggests that increasing
energy availability reduced overall
risk

4) Freedom to take risk (now
used in its broadest sense) is es-
sential to a productive society and
a satisfying life.
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DISCUSSION

P.J. Dinner: Would you care to add a
few words on self-imposed versus society-
imposed risk?

Answer: All I can add is that people
appear to evaluate self-imposed risks
quite differently than they do those risks
imposed by society, and that, overall, it
appears that the individual can do a
great deal more to reduce his risks than
can society through regulation.

B. Cohen: There seemed to be an
implication in your talk that there are
few major improvements available in risk
aversion. Let ma point out that an
unskilled laborer has a life expectancy
seven years less than that of his company
president. It seems to me that there is a
great deal of room for improvement here.

The moral of this story is that
wealth reduces risk. The way to reduce
risk is therefore to create more wealth,
which, among other things, means
production of more energy.

Answer: My point is that there are
few major improvements in risk aversion
available by means of regulatory action.
I quite agree that there is room for
considerable improvement in life
expectancy and believe that the historical
and geographical evidence supports the
view that this improvement can best be
attained through production of more wealth
and more energy.

R. Li'dstone: I would like to draw
the distinction between the concept of
individual risk, which has been the main
subject of this talk, and the collective
risk discussed by some of the previous
speakers and those who will be speaking
this afternoon.

Answer: There is, as you say, an
important distinction between individual
and collective risks, and I have tried to
make the distinction clear in my paper. I
do feel, however, that the remarkable
extension of life expectancy brought about
by the industrial revolution has a
significant message about collective
risk.

L.D. Hamilton: What is the evidence
that the use of energy involves more risk
than its generation?

Answer: One example is that more
lives are lost using gasoline in
automobiles than are lost in producing the
gasoline.

J.G. Melvin (CRNL): People oppose
all sorts of things, ostensibly because of
risk, but is this the real reason? Or is
risk a red herring which obscures the real
motive? And if it is a red herring,
should we avoid the subject of risk when
talking to the public about atomic
energy?

Answer: Sir Fred Hoyle, in his book
Energy or Extinction, has stated that he
believes the opposition to nuclear power
is based, in large part, not on risks or
the other stated objections, but on the
desire to change the form of government.
Dr. Darry Commoner, in his book The
Poverty of Power, states that the only
solution to the problem of energy supply
is a Marxist society. I share the view
that risk is a convenient handle for those
vho wish to change present government and
social systems and believe that it would
be more useful to debate the basic issues
than peripheral red herrings, such as
risk.

G.C. Butler: The acceptability of
risks is related not only to their
magnitude but to their nature. For
example, the risks to populations from
inhaling sulphur dioxide and soot seem to
be 1000 times more acceptable than the
risks from environmental radioactivity.

Answer: The problem is to get people
to think about the risks of radiation in
the same way they do about other risks.
This problem is made difficult by the fact
that many authorities and regulators deal
with one type of risk in isolation from
others. The only solution to this problem
that I can see is to talk about all kinds
of risks in one room.

G. Morris: Am I to conclude from
your talk that doubling the supply of
energy in the U.S. with coal, and doing so
without "expensive" scrubbing technology,
would lead to improvements in public
health?

Answer: The historical and
geographical evidence suggest that the
answer to your question is "yes".

B. Cohen (comment): I would like to
reply to the question as to whether, in
our present situation, more energy
generation would do more good than harm to
human health. According to my analysis,
all of our generation and use of
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energy—pollution, f i r es , explosions,
radiat ion, etc.--reduces our l i f e
expectancy by 25 days. That is the harm.

But energy production creates wealth,
and wealth adds to l i f e expectancy; an
unskilled laborer has 4 years less l i f e
expectancy than a professional person, and
a corporation executive has 3 years more
l i f e expectancy than the la t te r . Thus we
see that wealth, such as is created by
energy production, adds years to l i f e
expectancy whereas the hazards of energy
production reduce l i f e expectancy by
weeks. This indicates that even in our
present s i tuat ion, producing more energy
wi l l have a net favorable effect on human
health.

W.T. Bourns (CRNL): You mentioned
risk as often being an important
ingredient of fun, as in white-water
ra f t ing. Conversely do you think the
media emphasis of the high potential risk
at Three Mile Island was partly an attempt
to give the general public a l i t t l e fun—a
sort of cheap white-water raf t t r i p .

Answer: Bad news seems always to
sell better than good news. Thus the
media emphasis on the frightening
possibi l i t ies of the Three Mile accident
was providing what the public wanted, a
vicarious t h r i l l , as you suggest.
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HEALTH EFFECTS OF ELECTRICITY GENERATION*

L. D. Hamilton

BIOMEDICAL AND ENVIRONMENTAL ASSESSMENT DIVISION
NATIONAL CENTER FOR ANALYSIS OF ENERGY SYSTEMS

BROOKHAVEN NATIONAL LABORATORY
ASSOCIATED UNIVERSITIES, INC.

UPTON, NEW YORK 11973

INTRODUCTION

I am pleased to take part in this
conference on Health Effects of Energy
Production to mark the retirement of
Dr. Howard Newcombe of the Chalk River
Nuclear Laboratories because of the links
between my career and Dr. Newcombe and
Chalk River.As this audience knows, John
Cockroft was here during World War II
accompanied by Joseph Mitchell who returned
to Cambridge to establish a Department of
Radiotheraputics. After a house physi-
cian's job at Addenbrooke's Hospital,
Mitchell invited me to join his new
Department of Radiotheraputics where I was
joined by R. K. Appleyard. Appleyard and I
came to the United States in 1949.
Appleyard went first to Cal Tech and then
to Dr. Newcombe at Chalk River. I was in
Salt Lake City with Dr. Wintrobe and then
at the Sloan-Kettering Institute in New
York. Dr. A. J. Cipriani, formerly of
Chalk River, the Secretary of the United
Nations Scientific Committee on Effects of
Atomic Radiation (UNSCEAR) died, and was
replaced by Appleyard which brought us
together again in New York. Because of my
interest in the effects of radiation and
that I was a physician, I assisted
Dr. Appleyard, who was a physicist by back-
ground, in his work as Secretary of
UNSCEAR. This continued my interest in the
hazards of radiation to man, and brought me
in contact with the Committee where, of
course, I met Howard Newcombe. It was from
this interest in the hazards of radiation
in man, fostered by my association with
UNSCEAR, that lead to my desire to place
all hazards in perspective and in 1972 to
the initiation of our program assessing the
health and environmental consequences of
alternative energy sources from exploration
for the fuel to their end use. There is
thus a functional link between Chalk River,
Dr. Newcombe, and my own career.

Health risks and their COSLJ loom
large in shaping energy-policy along with
(a) direct costs of energy production;
(b) other costs generated in a way similar
to the assessment of health costs; and
(c) other politico-societal considera-
tions; Figure 1 diagrams the position of
blomedlcal assessment in overall energy
assessment. Consumer demand for energy is
the starting point. Nationally or region-
ally, this demand can be met by combina-
tions of existing energy-generating sys-
tems. Where assessment of research on new
energy systems is at the forefront of in-
terest - even a necessity - one must calcu-
late how best to mix existing energy-gener-
ating systems and foretell how to modify as
new alternatives arise through research and
development.

To measure the real health costs of
various energy sources, one needs a frame-
work of logical, comprehensive energy anal-
ysis as in Figure 2, which diagrams stages
in energy production, distribution, and
use. It permits coherent analysis of costs
and hazards at each stage. The diagram in-
cludes: (1) nuclear fuels; (2) renewables
- hydropower, geothermal, solar; (3) fossil
fue2s - coal, oil, natural gas. The steps
in the fuel cycles comprise: (^explora-
tion and extraction; (2) refining and con-
version; (3) transport; (4) central station
conversion; (5) transmission and distribu-
tion; (6) decentralized conversion; (7)
conversion by final energy users. Most
steps in energy generation and use entail
unique biomedical, environmental, and other
costs, some direct (e.g., risks of injury
or death in mining), some indirect (e.g ,
release of pollutants into air, water,
thence into food chains, etc.).

Such analysis helps: (1) evaluate
alternative energy policies with realistic
reference to health costs; (2) determine

*Research supported by Office of the Assistant Secretary for Environment,
U. S. Department of Energy under contract EY-76-C-O2-OO16.
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Figure 1. The position of biomedical assessment in overall energy assessment.

where money must be spent to reduce health
costs; and (3) decide where to allocate re-
search and development funds for determin-
ing the true health and environmental
costs.

This paper deals with estimating
health risks from electric-power genera-
tion. State-of-the-art assessments of
various fuel cycles on a unit plant basis
are given and, using similar results, esti-
mates are made of the health damage attrib-
utable to utility and industrial use of
coal in the United States in 1975, and to
be expected from coal production and use
under the President's National Energy Plan
(NEP) for 1985 and 1990.

ACID PRECIPITATION - DRY AND WET

Aside from how air pollution damages
health, evidence is unequivocal that the
acidity of rain noticably increased in the
eastern United States and southeastern
Canada during the past 20 years (Figure
3). 1 The pH of normal rainfall is ~5.7;

rainfall of pH 4.7 is ten times more acidic
because the scale is decade-logarithmic.
The area with rainfall pH less than 4.6 has
expanded from a limited area in 1955-1956
to include almost all of trie eastern United
States and southeastern Canada in 1975-1976
(Figure 3). Since most acidity in rain is
contributed by the acid sulfates (~ 60% +)
unsurprisingly, the distribution of acid
rainfall parallels the ambient levels of
suspended sulfates. Similarly, since sul-
fate aerosols noticeably - sometimes
strongly - impair visibility, these acid
rains correspond to areas where visibility
is decreased.

In addition to the contribution by
sulfates a significantly increasing propor-
tion of the acidity in rain is being con-
tributed by the hydrogen ion from the ni-
trates (~ 30%) due to increased emissions
of nitrogen oxides as well as sulfur diox-
ide from fossil-fuel combustion. Although
large quantities of NO^ are emitted by the
transportation sector (e.g., in the U.S.
3.0xl0& tonnes in 1950 and 9.9x10° tonnes
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1955-56
REGIONS AFFECTED BY ACID RAIN

1975-76

Figure 3. Isopleths showing annual average pH of precipation in
eastern North America.1

of N0x emitted in 1975 out of a total in
1950 and 1975 of 8.1 and 22.2 x io6 tonnes
respectively) such emissions are less like-
ly to be as subject to long-range transport
as are emissions from the tall stacks of
utilities. Thus, U.S. emissions of SO2
from utility combustion rose.from 4.9x10
tonnes in 1950 to 16.7x10^ tonnes in
1975. At the same times U.S. N0x emissions
from the same source increased from 1.1x10°
tonnes to 6.1x10 - a roughly 6-fold in-
crease as compared with the ~3-fold in-
crease in N0x emissions from transporta-
tion. *

HEALTH EFFECTS OF AIR POLLUTION

Coal burning produces a wide range of
air pollutants, including particulates,
SO2, N0x, CO, polycyclic aromatic hydrocar-
bons (PAH), and trace metals, e.g., iron,
mercury, and cadmium. These primary
pollutants contribute to atmospheric
chemical reactions producing secondary
pollutants such as ozone, sulfate, and
nitrates. Because exposures to many pollu-
tants are simultaneous, it is difficult to
assign damage by air pollution to individu-
al agents. Much evidence links sulfur-par-
. ti.culate air pollution with health dam-

age. ^ It is currently hypothesized
that the causative agents are sulfates pro-
duced by oxidation of SO2 in the atmos-
phere. Table 1 summarizes the mechanisms
that convert S02 to sulfates. As seen,
oxidation of SO2 to sulfates depends on the
presence of other pollutants such as N0x,
oxidants, heavy metal ions, and particu-
lates.

Particulate emissions from combustion
are today largely controlled by mechanical
devices, e.g., cyclone, occasionally fabric
filtration, and by electrostatic preclpita-
tors. The composition of emitted aerosols
(particulates), especially surface composi-
tion, depends on their chemical history and
is poorly understood; the smaller sizes
present disproportionately more surface,
and thus serve as an adsorption site for
effluent species in post-combustion gases.
Even after removal of most of the particu-
lates, oxidation of SO2 sulfates in the
atmosphere yields secondary particulates in
the respirable range (<2 jira down to subraic-
rometer range). These persist longest in
the atmosphere and penetrate most into
human airways since particle size, an im-
portant variable, affects the site of depo-
sition of sulfur oxides in the respiratory
tract and the intensity of the response.
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Table 1

MECHANISMS THAT CONVERT SULFUR DIOXIDE TO SULFATES

Mechanism Overall reaction

Factors on which
sulfate formation
primarily depends

1. Direct photo-
oxidation

S02
l ight .oxygen

water
Sulfur dioxide concen-

tration, sunlight
intensity

2. Indirect photo-
oxidation

S02
smog,wat er,N0x

organic oxidants,
hydroxyl radical

H2SO4 Sulfur dioxide concen-
tration, organic
oxidaot concentra-
tion, OH; SOX

3. Mr oxidation in
liquid droplets

S02

liquid water
Ammonia concentration

Oxygen
NH3 + H2SO3 NH4+ + SO4"

oxygen,liquid water
4. Catalyzed oxidation S02 SO4"

in l iquid droplets heavy metal ions
Concentration of heavy

oetal (Fe.Mn) ions

oxygen, particulate
5. Catalyzed oxidation S02 H2SO4 Carbon particle concen-

on dry surfaces carbon,water cent ration (surface
area)

The hypothesis linking sulfur-p'articu-
late air pollution with health damage is
supported from many directions, the most
dramatically from the major, amply docu-
mented disastrous episodes of air pollution
— Meuse Valley in Belgium; Donora, Penn-
sylvania; and London — all clearly showing
that air pollution, if severe, spelled
devastating illness and death.

One of the worst air pollution disas-
ters was in December 1952. A dense, cold
fog settled on London for four days.
Deaths suddenly increased. Excess deaths
during the fog or shortly afterwards were
estimated at 2,500-4,000 in greater London
(population 8.3 million). Table 2 gives

figures for the smaller area of the county
of London. Deaths from bronchitis contrib-
uted most to the rise in deaths. Deaths
from other diseases with impaired respira-
tory function also increased. There were
increased deaths from heart disease, pre-
sumably due to strain frotfi impaired respir-
atory function or to a direct effect.
Death from other causes also increased;
this residual mortality was significant; it
is unlikely that it was due to respiratory
impairment* The increased in mortality in
London in 1952 were correlated with vast
increases in smoke shade and SO2, measured
at the same time. Concentrations of smoke
shade were too great to be measured accu-
rately; the 48-hour average of -~4.5 ing/m3
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Table 2

INCREASE IN MORTALITY IN THE LONDON FOG OF DECEMBER 1952

Cause
of
Death

Bronchitis

Other lung diseases

Coronary artery dis-
ease, myocardial
degeneration

Other diseases

Total

Seasonal
norm

(deaths
per week)

75

98

206

508

887

Deaths
in week

after fog

704

366

525

889

2484

Excess
deaths

629

268

319

381

1597

Percentage
of total
excess
deaths

39

17

20

24

100

at a central site is thus a conservative
estimate. Concentrations of SO2 were as
high as 3.7 mg/m^ (48-hour average). Smoke
shade and SO2 were monitored in the United
Kingdom since 1912; their choice reflected
the view that these were the important
pollutants-

Figure 4 relates the incidence of
chronic bronchitis to SO,, precipitation for
several Japanese cities. There is a
linear correlation between chronic bron-
chitis and S0x precipitation present even
in the absence of smoking. Smoking 11-20
cigarettes/day (curve a) or 1-10 ciga-
rettes/day (curve b) clearly exacerbates
the effects of the S0x.

Figure 5 plots deaths in Oslo, Norway
against weekly SO2 concentration. The
relationship is linear. Since we know that
SO2 by itself neither kills nor causes
chronic bronchitis, it is probably a chemi-
cal transformation product of the SO2 that
is the crucial agent. The fact that Brit-
ons, Japanese, and Norwegians succumb to
damage from air pollution indicates the
absence of specific ethnic resistance; this
is amply confirmed by the United States
Environmental Protection Agency's CHESS
(Community Health and Environmental Sur-
veillance System) studies.

Figures 6-8 give examples of the CHESS
studies. Figure 6 plots percent excess
acute lower respiratory disease in children

0.5 = 1.0 = 1.5 2.0 2.5 _ 3.0 ,,3.5 4.0

grin

Figure 4. Correlation between the
prevalence of chronic bronchitis and sulfur
oxide precipitation (measured by PbO2
method) for differing smoking rates in the
subjects after correction for sex and age.
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Figure 5. Total number of deaths for 156
winter weeks in Oslo, Norway
(1958/9 to 1964/5) plotted
against weekly mean
concentration of SC>2-

against annual average suspended sulfates
concentration (jjg/m') (studies in six
areas). Figure 7 plots aggravation of
heart and lung disease in the elderly (giv-
en as percent excess) against the 24-hour
suspended sulfates concentration (/ig/m̂ )
(studies in two areas). Figure 8 plots
percent excess mortality rate in New York
City in the 1960's against the 24-hour sus-
pended sulfates concentration (/jg/m̂ ). For
comparison, the figure includes data on
excess mortality in London in the 1950's
and Oslo in the 1960's.

Although many have criticized these
epidemiological studies and their pollution
measurements, and because of the uncer-
tainties emphasized by these criticisms,
one cannot use the results of the CHESS
studies to estimate dose-effect relation-
ships. Yet, despite all their limitations,
the CHESS studies provide compelling evi-
dence that "sulfates" — or something
closely related to them — damage health.
The data buttress the notion more sulfate,
more damage.

A vast literature links air pollution
(smoke shade, total suspended particulates,
and F0x) with sickness and death. *"*•
Again, since one now knows that it is not

the SO2 which damages, it is probably some
chemical transformant of SO2 that is
responsible; this is the material that
forms a tespirable patticulate that probab-
ly constitutes most of the smoke shade and
most of the noxious material in the respir-
able fraction of total suspended particu-
lates. This body of evidence suggests that
sulfates as respirable particulates (or
something closely associated with them) can
be lethal.

EXCESS ACUTE LOWER RESf ' W O R Y DISEASE IN CHILDREN

—1 1 i r~

t ; 50

BASLD ON STUDIES IN
SIX AREAS.

5 10 15 20 25
ANNUAL AVERAGE SUSPENDED SULFATES,FB/m3

Figure 6. Excess acute lower respiratory
disease in children plotted
against annual average suspended
sulfates concentration.''

Aggravation of heart and lung disease in the elderly

Chess studies

Average Boston concentration/^

IO ao 30 40
24-hour suspended sulfates, / i g / m 3

.Figure 7. Aggravation of heart and lung
disease in the elderly plotted
against 24-hour suspended
sulfates concentration.'
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Excess mortality

o New York city,l96O's
& London,J95Os
• Oslo,l96O's

5 10 15 20 " ' 25 "30

24-hour suspended sulfotes. fi-g/m

Figure 8. Excess mortality rate in New
York City in 1960 plotted
against 24-hour suspended
ulfates concentration (includes
data on excess mortality in
London in 1950's and Oslo In
1960'i).'

Impressive evidence for damage by sul-
fates has also come from laboratory studies
in animals. The acid sulfates proved the
more Irritating, and toxicity related to
particle size (Table 3).8«9

Table 3

RANKING Oe SULFATES FOR IRRITANT POTENCY

Compound X Increase Resistance/ g

NH4HSO4

C11SO4

FeSOi,2

MnSO4
2

0.410

0.135

0.106

0.079

0.038

0.013

0.009

0.003

-0.004

*Data of Amdur and Corn (1963) . '
2Data of Amdur and Underhill (1968).

For perspective, Figure 9 plots inci-
dence of leukemia at Hiroshima and Nagasaki
against radiation (90% confidence lim-
its). 10 The incidence of various cancers
in the atom-bomb survivors is among the
most significant and widely used data on
current risk estimates of damage to
health. Despite its wide uncertainty (in-
dicated by the spread in the 902 confidence
limits and in the uncertainties in the dose
actually received by survivors), the data

are roughly compatible with linearity be-
tween dose and effect. Use of these data
for risk, estimation of the health damage
from the nuclear fuel cycle necessitates
extrapolation of damage induced by high
doses given at high dose rates down to
extremely low doses of radiation giv^n at
low rates. Such doses usually ,. Dmprise a
tiny fraction of a percent of natu -al back-
ground radiation; it is impossible to dis-
cern any damage to health directly from
this natural background. In contrast, the
addition of sulfates or related material
from fossil fuel combustion, especially in
the United States east of the Mississippi,
adds to an ambient concentration of sul-
fates already very close to the level at
which clinical damage has been seen. There
is thus less uncertain in this regard in
the application of a sulfate-damage func-
tion than In the application of the fre-
quently very precisely calculated risk made
from radiation.
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Figure 9. Excess leukemia mortality at
Hiroshima and Nagasaki plotted against the
dose in rem (with 90% confidence limits).
Kerma dose was converted to effective
absorbed dose. (The line is a least-
square fit forced through the origin
delating the two negative Nagasaki points.
The slope Is 49.90 deaths/10° person-rem
with a standard deviation of 4.27.)
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THE BIOMEDICAL AND ENVIRONMENTAL ASSESSMENT
DIVISION'S ANALYSIS OF AIR-POLLUTION
&ND ILL-HEkLTR

The Fiomedical and Environmental
Assessment Division (BEAD) at Brookhaven
has set about quantitative assessment of
the health damage from air pollution from
fossil-fuel combustion in two ways. In the
first we have ourselves reanalyzed com-
pletely data in the literature on the asso-
ciation between air pollution and ill-
health. In the second we have gathered and
organized the raw mortality, pollution, and
economic data d£ novo and made an Indepen-
dent quantitative analysis of the linkage
between fossil—fuel combustion, air pollu-
tion, and ill-health.

Reanalysis of the Winkelstein Data

Winkelstein and Yds fellow researchers
at the State University of New York at Buf-
falo, later at the University of California
at 3erkely, extensively studied the effects
of air pollution (total suspended particu-
lates TSP) on mortality in Buffalo during
the years 1959-1961.ll They restricted
their study to white males and females over
fifty. Each census tract (an area of about
ten city blocks) in the city of Buffalo was
put into one of 20 groups on the basis of
the average pollution level and the median
family income of that tract. Education
level, occupation, and housing were exam-
ined as possible contributers to damage.
For each economic level, those areas with
higher pollution levels had noticeably
higher mortality levels (Figure 10).

MORTALITY RATE OEATHS/IOOO/yr
MALES 50-69

D/STA FROM WINKELSTEIN el ol.
ArchEnw HI4:I62,I967

Figure 10. Mortality rate deaths/
1000/ males 50-69.Ll

Winkelstein felt that the quality of
the data was not good enough to justify
more elaborate analysis. Decision-makers
need assessment now; delayed decision can
be very costly; frequently, decision cannot
be delayed. For assessment purposes now
the Biomedical and Environmental Assessment
Division nevertheless carried out somewhat
more elaborate analyses of the Buffalo data
to make specific comparisons of the results
from several air-pollution studies.*' Con-
sequently, a statistical analysis using
multiple regression was applied to the
data. This required that each of the
groups of census tracts had its income and
pollution level specified. The Brookhaven
group used the midpoint of the intervals
defining the pollution and income groupings
as the pollution and income measurements.
Indirect age adjustments (Table 4) within
Winkelstein's broad age groupings were done
to insure the observed effects were not due
to differences in age structure. The anal-
ysis thereupon revealed that mortality
rates were more closely correlated with
both air-pollution level and economic level
than that attributable to chance. In-
creased median income went with lower mor-
tality rates (Table 4), The fitted equa-
tion was

SMR = 0.51 + (0.6 + 0.08) E + (0.007 +
0.001) P

where SMR is the ratio of the observed
death rate to the death rate which would
h2/e occurred if the average United States
pattern held, E was 10,000/faraily income,
and P was the total suspended particulates
in fi/m . Since the base mortality rate in
the Buffalo data was 200 deaths per 104

(males and females age 50 to 69), the ef-
fect of an Increase in TSP of 1 ng/m3 on
total mortality in this group is 200 x
0.007 = 1.4 deaths per 104. The 95% confi-
dence intervals of this estimate are 1.0 to
1.8. A nonlinear model was also used to
analyze the Buffalo data. "

Reanalysis of the Lave and Seskin Data

Lave and Seskin, economists at Carne-
gie-Mellon University, used multiple re-
gression to study the association of mor-
tality rates in large cities in the United
States Standard Metropolitan Statistical
Areas - "SMSAs" and pollution levels, age
distribution, and socio-economic vari-
ables. Their cross-section factors are
optimal. Using factors are optimal. Using
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T a b l e 4

INDIRECTLY ADJUSTED MORTALITY RATIOS FROM WINKELSTEIN SHOWING INCREASING
RATIOS WITH HIGHER POLLUTION AND DECREASING RATIOS WITH HIGHER

INCOME IN BOTH WHITE MALES AND FEMALES AGE 5 0 - 6 9 . 1 2
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BUFFALO, WHITES 5 0 - 6 9 +

1

2

3

5

1959-61 MALES

PARTICIPATE POLLUTION LEVEL
HIGHER POLLUTION -

1

1 . 0 3

0.89

0.7P

BUFFALO, WHITES 5 0 - 6 9 + ,

1

2

3

4

5

1

0.92

1.04

0.88

>

2

1.57

1.15

1.04

0.98

0.94

1959-61 FEMALES

2

1.13

0.97

0.98

0.84

0.92

3

1.67

1.28

1.17

1.19

0.94

3

1.40

1.29

1.24

1.15

0.69

4

2.11

1.53

1.43

4

2.34

1.49

1.39

just the average salfate increment, the
damage associated with the incremental
effect of additional sulfate air pollution
was estimated as

MR = 3.3 (Aave SO4)

The effect of sulfates used, then, was

3.3 deaths/year/10^ per jig/m
3

Increase in sulfates.12

BEAD'S Standard lOOO-MW(e) Plant

It is sited on a plain, and air pollu-
tion emission rates are determined assuming
plant, fuel characteristics, and emis-
sion-control devices. Initially * we used
a distribution of wind velocity and atmos-
pheric stability representing a composite
of atmospheric conditions around nuclear
power plants^^ and then meteorological data
from the Pittsburgh International Air-
port.1*' Initially population distributions
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in the 80-km radius were taken from average
populations around existing nuclear power
stations, 1Zl> ̂  and then with in 80-km of
the first three of four plant locations in
the Pittsburgh area.^ The input compo-
nents of the air pollution are detailed
elsewhere.*° A small percentage of the
sulfur wat. assumed to be converted to sul-
fate in the plant and the remainder emitted
as SOj; this was represented as a subjec-
tive probability with a median value of
1.5%. A wind-rose meteorological disper-
sion model, coupled with an air chemistry
model based on a linear (varying with dis-
tance) SO2-SO4 conversion rate, was used to
determine ground-level exposures within an
80-km radius around the power plant (see
Figure 11 for early distribution of SO2,
TSP, and secondary SO4). Use of a linear
(varying with distance) SO2-SO4 conversion
rate is the only atmospheric chemistry in-
corporated in the analysis at this time.
Use of only one index of pollution — sul-
fates - is undoubtedly an oversimple way of
indexing the health hazard of air pollu-
tion. Finally, because of lack of knowl-
edge of the exposure-response curve, par-
ticularly at low levels of air pollution,
we have assumed a linear dose-effect rela-
tionship as is common in estimating radia-
tion risks. As we are considering the ef-
fects of small increments on background
levels of air pollution close to clinically
effective doses, the error in this assump-
tion, as noted, is likely to be less than
that involved in extrapolating from high to
low doses of radiation. Even were the
exposure-response curve not linear, the
levels which we are considering probably do
not fall far outside the linear portion of
the curve.

ANNUAL AVERAGE AIR DUALITY
INCREMENT WORST 45" SECTOR

1000 MWe COAL POWER PLANT
1000 f l . STACK
9 9 % PARTICULATE REMOVAL
0 % SULFUR REMOVAL

COAL 12,000 B lu / lb
3% SULFUR
12% ASH

Figure 11. Distribution of SO2, total
suspended particulates, and secondary SO4
in the 45° worst sector within an 80-km
radius of a standard lOOO-MW(e)
fossil-fueled electrical power plant using
a wind-rose dispersion model with a
constant SO2-SO4 conversion ^*

Table 3 shows the increased mortality
within 80-km to be expected from various
technological and population alternatives
due to air pollution from a lOOO-MW(e) fos-
sil-fuel fired power plant. The nominal
plant was assumed to have a 305m stack, a
stack exit diameter of 8.2m, a stack-gas
exit velocity of 16 tn/sec, and exit temper-
ature of OS^C. Possible additional ef-
fects from other pollutants are not con-
sidered, nor are the larger effects beyond
the 80-km radius in this Table (see below).

BEAD Probabilistic Analysis

To mass all uncertainties underlying
the quantitative relationship between oper-
ation of a coal-fired power plant and
health damage, Morgan and Morris made a
comprehensive probabilistic analysis.16

Sulfur air pollution transport, dispersion,
and impact were modeled from a l,000-MW(e)
coal power plant to the population within
an 80 km radius. A gausslan plume disper-
sion modal with linear sulfur chemistry was
used with a linear health-damage function.
Important features of the model involving
uncertainty were: fraction sulfur emitted
as SO4, SO2 loss rate, SO^ loss rate, SO?
to SO4 conversion rate, health-damage func-
tion, the meteorological model. The uncer-
tainty in each of these variables was char-
acterized by a probability density function
based on best available scientific judg-
ment. This provides not only the "esti-
mate" but the estimate of a probability
that a variable's actual value may be given
in amounts higher or lower than the "esti-
mate." Essentially, these distributions
are a description of the odds a knowledge-
able scientist might calculate if asked to
bet on the outcome of a series of definite
experiments which would, at .1 future time,
determine the true value of the variables.
These probability density functions (pdfs)
were then combined in a simulation analysis
to produce estimates of population expo-
sure, premature deaths (Figure 12), and
person-years lost.

What are the advantages of character-
izing uncertainty as pdfs based on best
scientific judgment over the use of classi-
cal statistical methods on available data?
Several:

1. Often the best data come from
studies which have (often unavoidably)
serious flaws, e.g., design problems,
unaccounted for variables, etc.
Classical statistical methods cannot clear-
ly interpret results from such studies.
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T a b l e 5

EXCESS MORTALITY DUE TO AIR POLLUTION EXPOSURE FROM lOOO-MW(e) FOSSIL
FUEL POWER PLANT WITHIN 80 KM (305-M STACK HEIGHT, 75% CAPACITY FACTOR)

Number of annual excess deaths

Mult i -c i ty Studies 8 Buffalo 8

Lower
10% Median

Upper
102 Linear

Non-
l inear

Eastern high-sulfur coal
(2.9 x 107 J/kg coal,3% sulfur)
(1.25 x 104 Btu/lb)
No sulfur removal
3 x 106 people within 80 km
0.7 x 10° people within 80 km
90% sulfur removal
3 x 106 people
0.7 x 10° people

Eastern low-sulfur cosl
(2.9 x 107 J/kg,0.4% sulfur)
(1.2 x 104 Btu/lb)
No sulfur removal
3 x 106 people
0.7 x 10" people

sulfur)
Montana coal

(2.1 x 107 j/kg,O.£
(8.6 x 103 Btu/lb)
No sulfur removal
3 x 106 people
0.7 x 106 people

High-sulfur o i l
(4.6 x 107 J/kg,2.5% sulfur)
(2 x 104 Btu/lb)
No sulfur removal
3 x 106 people
0.7 x 10' people

Low-sulfur oi l
(4.6 x 107 J/kg,0.2% sulfur)
(2 x 104 Btu/lb)
No sulfur remova]
3 x 106 people
0.7 x 10' people

0
0

20
4.6

2
0.5

10.4
2.4

0.8
0.2

100
23

10
2.3

52
12.2

4.2
1.0

130
31

13
3.1

70
16

5.6
1.3

450
105

45
11

0
0

2 .
0 .

7
6

13
3. 1

18
4 . 1

60
14

0
0

7 .3
1.7

37
8 .6

49
11

170
39

236
55

19
4.4

aDerived from reanalysis of data of Lave and Winkelstein.
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2. Available data are often based on
a subset of the total possible universe
that may not be representative, e.g.,
epidemiological studies on certain popula-
tion subgroups, airborne air chemistry
studies on days when the plane can fly,
etc.

3. The need to combine results from
various kinds of studies, e.g., taking lab-
oratory studies as well as those conducted
in the "real world" into account. Extrapo-
lation from laboratory results demands more
than classical statistics can provide.

What important uncertainties were not
quantified? The model itself and the form
of the parameters were assumed to be
known* Both may be quite different from
that assumed. This was not explicitly
dealt with and adds uncertainty beyond that
characterized. For example, a linear dam-
age function is assumed and no uncertainty
due to possible alternative damage function
shape is considered.

0 5 10
EXCESS DEATHS PER I05 PERSON -jig/m3

Figure 12. BEAD probability density
functions representing the uncertainty in
the slope of the assumed linear damage
function. The solid curve is the
subjective distribution. The dashed cuvves
is the classical estimate (student's _t
distribution with three degrees of freedom)
obtained by treating the results of four
regression studies as independent
observations of the same slope.^

THE DEFINITION OF THE HEALTH-DAMAGE
FUNCTION

The health-damage function used link?
annual average sulfate exposure to in-
creased annual mortality rate. It does not
represent the acute effects of episodes but
the long-term impact on the population of a
continuing environmental exposure. Al-
though the sequence of events leading to
this impact on the population is unknown,
long-terra exposure to air pollution, par-
ticularly in childhood, presumably increas-
es susceptibility to respiratory infec-

tion. A history of repeated respiratory
Infection, possibly coupled with continued
air pollution exposure, increases the pre-
valence of chronic respiratory disease.
This leads to more deaths from a broad
range of cardio-pulmonary diseases. Thus
increase In air-pollution exposure degrades
population health; this Is eventually re-
flected in mortality rate. Deaths attrib-
utable to an air-pollution exposure in a
given year do not necessarily occur that
same year, but are distributed over the
lifetime of the exposed population. We
cannot yet estimate how these deaths are
distributed in time. Mortality estimates
not only represent premature deaths, but
years of decreased respiratory function,
perhaps disability before death. Since not
all induced respiratory diseases may result
in premature death, the annual incidence of
new-disease cases is undoubtedly higher
than the annual number of deaths. Since
the health-damage function is based on an-
nual mortality rates, each death attributed
to air pollution represents at least one
year of life lost. Reasonable estimates of
the age distribution of the deaths leads to
the conclusion that 5 to 15 years lost per
attributed death are likely.

Under steady-state conditions, the
deaths occurring over future years attribu-
table to pollution exposure this year
equals the number of deaths occurring
this year, due to the summated pollution
exposure of all previous years. Based
partly on this, a linear health-damage
function was drawn from cross-sectional
studies as a simplified way to estimate
effects of alternative energy strategies.
By this simplified linear damage function,
Incremental sulfate exposure this year in-
evitably increases health damage and pre-
mature deaths. The incremental health dam-
age is proportional to incremental sulfate
exposure and is independent of the total
sulfate exposure under the linear assump-
tion. These estimated premature deaths may
be compared with total deaths annually in
the exposed population; this imparts per-
spective to the estimates. This fraction
might be taken as a rough estimate of the
eventual contribution to mortality of a
continuing air-pollution exposure of that
level; it is not the fraction of total
deaths attributable to this level of expo-
sure occurring in the same year.

It seems doubtful that the damage
function is truly linear with no threshold
over the entire range of exposure. More
likely, at low absolute levels of exposure,
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Che health impact of a unit increase in
sulfate is reduced. There may be a thresh-
old below which there is no detectable
health damage. The data on which the
dose-response function is based are from
urban areas with generally high background
sulfate levels but, significantly, the
linear function is consistent with data
from urban and rural areas with high- and
low-pollution levels. Use of a linear
function to estimate effects of small
changes in sulfate levels in areas with
high background levels seems reasonable.
Estimates of the effects of sustantial
changes in background levels, or of small
changes in areas with low initial back-
ground levels, increase the uncertainty in
estimation of damage.

The health damage function described
by Morgan et al.1" ranges from 0 to 12
deaths/10^ per year per £ig/m3 sulfate,
with a median value of 3.7 (95% confidence
interval 0-11.5). These estimates were
derived by analysis of data principally
from correlation studies of the type con-
ducted by Lave and Seskin, and are beset by
methodological and data problems discussed
in detail elsewhere. Standing alone, these
studies are inadequate to ascribe the ob-
served effecc to sulfate air pollution. In
concert with toxicologlcal and epideraiolog-
ical studies, however, they provide a use-
ful means of estimating the magnitude of
the damage.

CRITICISMS BY OTHERS OF THE MULTI-CITY
EPIDEMIOLOGICAL STUDIES

Despite the overwhelming evidence
linking air pollution and ill-health, many
uncertainties still attend the individual
studies. Some have argued that certain air
pollutants are not bad for health. Spe-
cial-interest groups have focused on the
weaknesses of one or more of these stud-
ies. Thus critics analyzing regression
studies of city (SMSA) mortality rates—
typically of the classic studies of Lave
and Seskin—have discussed most of the
formal statistical difficulties attending
any observational study. The most impor-
tant criticism ia that an observational
study only shows association, not causa-
tion. The case for the quantitative rela-
tion between air pollution and mortality
rests on broader studies than observational
studies. Eight types of studies connect
air pollution and mortality:

1.

2.

Multi-city regression studies
(Lave and Seskin,13 Hickey et
al.,17 Schwing and McDonald18);

Detailed studies of mortality in a
particular city (Wlnkelsjein et
al. in Buffalo.11 Zeidberg et al.
in Nashville,1' and Gregor in
Pittsburgh20);

3. Studies of daily mortality and the
association with daily pollution
levels in single cities (Lave and
Seskin,13 Schlmrael et al.,21

Buechley22);

4. Studies of disastrous
air-pollution episodes and
consequent increased
mortality23.2^ (London air
pollution episodes);

5. Animal studies showing damage from
air pollution exposure">25,Z6
(Amdur, Frank, and others);

6. Morbidity studies — in general
these have dealt with individuals
rather than aggregates (Ferris et
al.,27 Douglas28);

7. Occupational studies (see NIOSH
criteria documents on sulfur
dioxide and sulfuric acid);

8. Experiments with human
subjects29"31 (Amdur, Frank).

Each type of study has its limita-
tions. However, if one selects a particu-
lar limitation, one can find other studies
free from this limitation.

Table 6 lists some issues that critics
can raise. These include presence or ab-
sence of randomization, population vari-
ables, socio-economic variables, controls
for smoking, confounding by "regional ef-
fects," and direct applicability to the
general population. One row in the table
is devoted to each problem, and a column to
each method. The code P in a row and
column means that the problem specified by
this row is not dealt with satisfactorily
directly or Indirectly by the method speci-
fied in this column.

In human epidemiological studies,
while experimental randomization (i.e.,
deciding to what pollution conditions an
individual will be exposed co without re-
gard for his personal preference but solely
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Table 6

ENUMERATION OF STRENGTHS AND WEAKNESS STUDY DESIGNS
FOR

AIR POLLUTION HEALTH EFFECTS

Randomize P

Population P

Socio-Economic P

Smoking P

Direct Applicability to
General Population N

Regional Effects P

N

N

N

N

P

N

N

NA

NA

NA

P

N

P =• p o s s i b l e problem area
N » design directly or indirectly controls for this factor

NA - not applicable

on the basis of an arbitrary mechanism,
e.g., dice throwing) is necessary for valid
causal inference, such randomization is
virtually impossible in large—scale,
long-term studies because one cannot dic-
tate so arbitrarily an individual's living
conditions vis-a-vis pollution. Animal
experiments and short-term human studies,
however, can be randomized. Such analyses,
in fact, show that exposure to specific
pollutants damages health in animals and
man.

The next three rows in Table 5 exem-
plify adjustments which, if made in the
analysis, might clarify the relationship
between air pollution and ill-health: ad-
justments for the racial and age-sex struc-
ture of the population, possitue socio-eco-
nomic variables, and smoking. Since these
variables are reasonably constant from day
to day, the daily studies and studies of

air-pollution episodes do not have these as
serious limitations, hence have adequately
dealt with these problems. These factors
are irrelevant in animal studies and in ex-
periments on human beings because appropri-
ate randomization eliminates these Issues
directly.

The "regional effects" variables only
affect the following studies: multi-city,
some morbidity, and some occupational. The
single-city, daily mortality, and episode
studies deal with this problem by being'
region-specific. The problem is irrelevant
in experimental studies on animals and man.

Only the occupational and experimental
studies have problems with their direct
applicability to the general population.
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In sum, there are two or more study
methods that address eacl: problem. Workers
who have applied the methods in the studies
cited above overwhelmingly agree in finding
health damage. That human beings are in-
deed damaged is dramatically shown by
air-pollution episodes, association between
daily pollution levels and mortality,
multi-city regression studies, and experi-
ments on human volunteer:;. This consistent
body of evidence forces the assertion that
air pollution injures health.

Criticisms of the Lave and Seskin work
have raised two questions about the sulfate
data. First, that the "I960" data set in-
cludes data from earLier years (hack to
1957) to fill in missing data for many
SMA's. This is not a problem. Were one
studying the relation between daily air
pollution peaks and mortality 017 a given
day, substitution of a different day's
pollution data would be unacceptable.
Lave, however, examined differences in
long-term (annual) mortality rates among
cities. The effect of pollution on the
annual mortality rate of a city depends on
the effect of pollution over several years
on the general health of the population.
Lave's pollution data are an index rather
than a specific measure of pollution levels
during the year of death.

The second criticism of sulfate data
is that bi-weekly and quarterly data are
mixed, causing a potential bias in the use
of minimum and maximum numbers. This is a
valid criticism of Lave and S<<skin, but not
of the health-damage functions derived by
the Biomedical and Enviromanacitl Assessment
Division (BEAD) at Brookhaven. As docu-
mented,12 the BEAD health-daisnye. function
is based on annual average su.l f ,iix- pollu-
tion levels — an index uii.iri.Vi-. ted by use
of bi-weekly or quarterly data. In the
BEAD health-damage function, only average
sulfate levels are iucluuM bei-ause our
analysis lead us to beLU'v.: time this was a
better base than the in in iciuir or maximum
values reported by Lave- T!ur.;, many of the
caveats of the critics of l.ave -md Seslctn
have already been Incorporate.* K the BKAi)
analysis.

BEAD"s OWN ANALYSIS ()!• A
AND ILL-HEALTH

At the same Line :tr.
d a t a a v a i l a b l e in c>,e >•-
relationship between -t. r
ill-health, we have d ..-••"
base for this

!*-!.LUTI.:>N
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total mortality records in the United
States for the years 1969, 1970, and 1971
from the National Center for Health Statis-
tics. There are roughly 2 million deaths a
year in this file; one is analyzing a total
of 6 million deaths for the entire 3,100
counties of the United States, in contrast
to the much smaller number of deaths in the
standard metropolitan statistical areas
(SMSA's) in the Lave and Seskin study.
Moreover — again in contrast to the SMSA
studies — our data include the entire
urban and rural portions of the United
States. We have also used the 1970 Census
Data as a source of some socio-economic
variables, especially income. By including
three years' total U.S. mortality, and
studying people exposed to a wider range of
air pollution, one can be that much more
confident of the significance of the ef-
fects observed.

Our analysis, using these data on the
relationship between air pollution and
health effects, has proceeded in three
stages. Stage I: all 3,100 counties in
the United States were aggregated into 192
groups based on 17 levels of income of the
1970 census and 21 levels of pollution ex-
pressed as emissions per square mile.
Income variables were represented by
race-specific, median family income data
from the 1970 census. Ideally, in relating
air pollution to health effects, one would
like to know the actual dose to which the
population was exposed. Unfortunately, the
dose of air pollution to the population is
not available; Lave and Seskin and other
studies have used air quality data (concen-
tration of pollutant/m^) assurrogate for
dose. The incompleteness of the air qual-
ity data reduces their usefulness initially
for a nationwide study of health damage of
air pollution. Thus, at this stage in our
analysis, we have used estimated emissions
as surrogate for dose. This variable va-
ries by five orders of magnitude over urban
and rural regions in the United States.
Thus, the "pollution" variable was repre-
sented by the decimal logarithm of the
calculated sulfur emissions (S0x) in tons
per square mile for 1970- This logarithmic
transformation of emission has a more nor-
mal distribution than the raw estimates and
was therefore preferred. The mortality
variable was represented by age-, race-,
sex-, and cause-specific mortality rates
for 1969-1971. The multivariable statis-
tical techniques (multiple regression and
path analysis) used provided distinct es-
timates of the relationship of income level
and pollution to mortality. The effects of
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pollution and income were observed by age
cohorts because It was then possible to
compute age-, race-, and sex-specific rela-
tionships that address the issue of cost in
terms of reduction of life span — not
simply total attributable deaths.•"

A striking feature of the analysis of
the relationship of family income to mor-
tality3^ is seen in Figure 13. The average

family income in the 3,100 counties for
non-whites is less than the average given
for whites. This is why we have concen-
trated in deriving our damage function froia
data on whites only. One cannot include
the non—whites: the impact of income on
non-white mortality is overwhelming. In
the 0-4, 5-14, as well as 45-54 age groups
there is a striking effect of family income
on mortality rate with a notable sex dif-
ference in all age groups applicable to

*

Figure 13. Sex-,ac«, aga-tpecific Mortality rates and faaUy lncoae, 19/0.
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non-whites and whites. .In the 65-84 age
group, as one might expect, the effect of
lnuorae has leveled off, although the dif-
ferences in rates between males and females
are still apparent*

Figure 14 shows the relationship of
income and pollution to mortality for white
males and females at all ages. The X-axis
contains midpoints of five-year age co-

horts. The beta coefficient values for
income and pollution as predictors of mor-
tality aire graphed on the Y-axis. The beta
coefficients — a standardized regression
coefficient in a multiple regression equa-
tion — quantify the strength of the rela-
tion between mortality at each age and the
indicated variable (income or pollution).
A positive coefficient indicates that in-
crease in the variable goes with increased
mortality at that age,' while a negative
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Figure 14. The combined effects of income and pollution by age for white
males and females, total mortality.

coefficient indicates that increase In rh»
variable goes with decreased mortality at
that age. Values near 1 or -1 typically
represent high association (the beta coef-
ficient may exceed 1 in absolute value, so
that beta coefficients should not be inter-
preted as correlation coefficients). The
cross-hatched ar«a indicates where the co-

efficient i
from zero.-

not statistically different

Income generally tends to be negative-
ly associated with mortality with increas-
ing age. This is particularly evident for
white males, in whom income maintains ~
and in fact increases — protection against
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mortality with advancing age. Pollution
for both sexes becomes more strongly as-
sociated with mortality as age advances.
The only exception is the 0-4 cohort where
a positive association with pollution is
suspected. This finding suggests that
pollution may be especially damaging to
infants, as measured by their mortality,
and deaths of the very young. Research is
needed.

Comparison of our calculated excess
deaths with other research shows striking
similarities. 32 Winkelstein et al.^ at-
tributed approximately 14 deaths/100,000/^g
TSP/m3. Lave and Seskin 3 calculated an
order of magnitude lower estimates of 0.9
deaths/100,OOO/jxg TSP/m3 for white males
55-74. Since both estimates are based on a
measure of TSP rather than SO/,, certain
transformations of our data were necessary
for comparison. The issue of pollution
equivalence was a difficult problem. Re-
cent studies have estimated that the SO4
part of TSP varies by a wide range.35,36
By assuming 25 to 80 percent to be a rea-
sonable conversion range, we can convert
our excess death estimates to figures com-
parable with the Winkelstein and Lave and
Seskin numbers. By a completely different
approach, Morgan et al. ° also calculated
excess deaths, however, since their esti-
mates are based on an SO4 measure of pollu-
tion, no modification beyond differentiat-
ing between the relative proportion of SO2
and SO4 in S0x was necessary. A modified
version of the Finch and Morris^ compari-
son of excess deaths is found in Table 7.

Stage Z: Since emissions are not an
ideal criterion of air quality in Stage 2
of our analysis, we have used the air-qual-
ity data available in 1970 from the 248 EPA
air—quality measurements for three pollu-
tant species: SO2, SO4, and total suspended
particulates (TSP). As we have already
noted, these 248 measuring stations fall
far short of covering all 3,100 counties in
the United States — the county was the
unit of analysis in Stage 1 of our analy-
sis; and while major urban areas are moni-
tored by one or more measuring stations,
rural areas are sketchily monitored. In an
attempt to surmount this problem, i.e.,
that only 221 counties had one or more EFA
air-quality measuring stations in 1970, we
have assumed that each EPA measuring sta-
tion provides good estimates of the pollu-
tion level for all those counties 1*11011
have similar emission and socio-economic
characteristics* For this purpose we have
used the original 192 groups in the first

stage of our analysis to aggregate our data
to give a population size large enough to
calculate statistically significant mortal-
ity rates. '

Of these original 192 groups, 92 coun-
ty groups contained at least one EPA mea-
suring station. In 44 of these 92 county
groups, 50% or more of the population re-
side in counties containing one or more
measuring station. Unfortunately, these 44
groups are more representative of polluted
urban areas in the U.S. and caution must be
exercised when extrapolating these results
to the more sparsely represented rural pop-
ulations. Nevertheless, as will be seen
from Figures 15-17, there is, in general,
good agreement between the ^ge-specific
damage function derived from the emis-
sion-mortality analysis from stage 1 of our
analysis and that obtained by using EPA
measuring stations and grouping emissions
in counties without measuring stations with
these, stage 2 of our analysis. The data
agree reasonably with those derived by and
from Lave and Seskin, Morgan et al., and
Mendelsohn and Orcutt38 for SO4, and with
Winkelstein and Lave and Seskin for TSP.
Mendelsohn and Orcutt3^ give an age-specif-
ic damage function for white males 45-64 of
16.7 per 10-* per fig SO^/m3. The corre-
sponding damage functions from Stage I and
Stage II of our analyses are 9.1 and 14.4
respectively. Similarly for white males
65+ their figure is 82.2; our corresponding
values from Stage I and Stage II are 20.1
and 38.1. Their damage function for fe-
males 45-64 is 8.0 per 105 per ̂ gSO4/m3;
the corresponding values from Stage I and
Stage II of our analyses are 3.7 and 6.2.
Similarly for white females 65+ their fig-
ure is 56.9; our corresponding values from
Stage I and Stage II are 16.7 and 37.6.
These comparisons confirm the striking
similarity of our calculated age-specific
damage functions with those derived from
other epidemiological studies. The differ-
ence in the damage function for SO4 expo-
sure derived from stage I and stage II in
age groups over 60 may be related to dif-
ferences in the size of the populations in-
cluded in each stage, and the underrepre-
sentation of the rural population in stage
II.

For perspective, it is worth noting
that the National Academy of Sciences, in
its report on saccharin, estimated the risk
associated with the equivalent of the con-
sumption of one can of diet soda pel day.
Depending on different mathematical models
used, the estimate of risk varied by five
orders of aagnitude.
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Table 7

COMPARISON OF ATRIBUTABLE POLLUTION DEATH ESTIMATES
BY VARIOUS RESEARCHERS

Researchers

Excess Deaths
(death per 105 /gg/m3

pollution type)

95% Confidence Limit

Ml nimum Maximum

Winkelstein (1967)***
white males and females
ages 50-69 vig/TSP/m3

Bozzo et a l .
white males
ages 50-69
ASSUMPTION:

and females

25% SO4/TSP
80% SO4/TSP

Lave and Seskin (1977)*
white males and females
ages 45-64 ug/TSP/m3

Lave and Seskin (1977)
white males 45-64,(ug SO^/m3)
whi te females 45-64 (ug SO4/1113)

Bozzo et a l .
whi te males
ages 45-64
ASSUMPTION:

and females

25% SO4/TSP
80% SO4/TSP

Lave and Seskin (1977)
All ages , whi te male
Al l ages , white female

Morgan et a l . (1977)
a l l ages (wg SO^/m3)

Bozzo et a l . (1977)
a l l ages (Pg SO4/1113)

14.00

2.29
7.34

0.90

4.41
8.10

1.68
5.38

4.C0
9.35

3.71**

3.56

10.00

2.91

0.40

-5.80
2.20

0.68
2.16

-0.50
4.50

0.00

1.16

16.00

3.67
11.76

1.40

14.60
14.00

2.69
8.59

10.10
14.20

11.47

5.96

*Personal communication to S. Finch ( in Finch and Morris^)
**Median value

***As calculated by Finch and Morris from Winkelstein's data



169

ha asaoclatad with SO* •xpoaure, U.S. 1969-71
(daatlia/100,l)00/ii|/S0ll/raar)

WHITE MILES

Figure 15. Total deaths associated with SO4 exposure (deaths/100,000/
ug/SOi/year), U.S. 1969-71 white males. Stage 1: Analysis based on emissions
data. Stage 2: Analysis based on air quality and related emissions data. Note
the average values given by Lave and Seskin and the results of the
probabilistic study from Morgan et al. for both sexes at all ages.
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Total deatbs associated with SOU exposure. U.S. 1969-71
(deaths/100.OOO/ue/SOK/year)

bhITE FEMALES

Figure 16. Total deaths associated with SO4 exposure (deaths/100,000/ (ig/SO^/year), U.S.
1969-71 females. Stage 1: Analysis based on emissions data. Stage 2: Analysis based on air
quality and related emissions data. Note the average values given by Lave and Seskin and the
results of the probabilistic study from Morgan et al. fur both sexes at all ages.
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Cdeaths/100,000/ug/T5P/yearJ
U.S. 1969-71

WHITE HALES

(Concentration
+ Emission)

Lave h seskln

I
»5
AGE

Figure 17. Total deaths associated with total suspended particulates exposure
(deaths/100,OOO/ftg/TSP/year), U.S. 1969-1971 white males. Stage 1: Analysis
based on air quality and related emissions data. For comparison note values
given by Winkelstein for age 50-69 and Lave and Seskin for age 45-64.
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APPROACH TO ASSESSMENT

Tables 8 and 9 summarize our current
estimates of the health effects on a
unit-plant basis, assuming currently man-
dated environmental controls 39 Table 8
shows our current estimates of the health
effects of the coal fuel cycle on a
unit-plant basis. Most of our attention
has been directed to quantifying coal-min-
ing accidents and occupational disease,
coal transport accidents, and air pollution
from coal combustion. Table 9 shows a sum-
mary of the nuclear fuel cycle effects on a
unit-plant basis.

Only light water reactors have been
thoroughly evaluated for risk, associated
with catastrophic accidents. Reactors,
however, probably account for most of the
potential impact of major nuclear accidents
in the uranium fuel cycle since they repre-
sent 80% of the facilities and, were an ac-
cident to occur, the health impact of an
accident at a reactor is lively to be much
larger than of an accident at other types
of facilities in the uranium fuel cycle.

On an actuarial basis, the Reactor
Safety Study^ estimated reactor accidents
contribute only 0.02 deaths per GWy(e).
Since almost all of the health effect cal-
culated from even the worst hypothesized
accident is attributable to low doses over
a large population, the Reactor Safety
Study applied dose and dose-rate factors.
Converting back to the upper bound estimate
yields 0.1 deaths per GWy(e). The use of
this figure in Table 9 goes some way to-
wards meeting the greater uncertainty in
the estimates suggested by the Ad Hoc Risk.
Assessment Review Group, H. W. Lewis, 1

Chairman. Both tables represent effects
that would be expected from good practice
and full controls in plants to be built.
Similar data from earlier fuel cycle
analyses reflecting current practice with
public health effects of electricity gener-
ation calculated only to populations within
80-km of plants were used to calculate the
total health effects associated with the
production of electric power in the U.S. in
1975. ^ These data are summarized in Table
10.

From Table 10 one derives the estimat-
ed health effects in 1975 associated with a
total fuel cycle standardized to produce
10 1 0 kWH electric power (approximately the
annual output of 2 1000-MW(e) plants) from
coal, estimated deaths 20-300, estimated
disabilities 100-300; from gas, deaths 0-2,

disabilities 20; from nuclear, deaths 1-3,
disabilities 7-40. For overall perspec-
tive, the approximate annual total deaths
in U.S. = 2 x 106; the percent associated
with electricity production is 0.1-1.
Approximate deaths in U.S. ages 1-74 is 1.1
x 10^; the percent associated with elec-
tricity production is 0.2-1.9. One may
compare this with~17% of deaths associated
with smoking, about ~2.5% associated with
car accidents half of which were due to
drunken drivers, ~5% due to iatrogenic
lethality.

HEALTH EFFECTS OF COAL IN THE NATIONAL
riNERGY PLAN

As part of a multi-laboratory effort
estimates were made of the health damage
from coal production and use to be expected
under the President's National Energy Plan
(NEP) for 1985 and 1990.43 The health ef-
fects estimated are those attributable to
industrial and utility coal use in 1975, and
projected to 1985 and 1990 under the NEP.
"Business as usual" (i.e., projections of
the present mix of energy generation and
utilization) oc other alternative scenarios
for 1985 and 1990 have not yet been devel-
oped; therefore, it was not possible to com-
pare the effects of the NEP with those of
other scenarios for 1985 and 1990; or to say
whether NEP will cause more health damage or
less than its alternatives. The estimates
of health damage under the NEP in 1985 and
1990 was compared with estimates of health
damage in 1975 from coal combustion and from
associated activities such as transporta-
tion.

A state-level specification of coal
production, prepared by CONSAD,44 based on
the Strategic Environmental Assessment Sys-
tem (SEAS) projection is shown in Table 11.

Long-range Transport and Transformation of
SOV Emissions

The 1975 base case utility and indus-
trial sites are shown in Figures 18 and 19
respectively. The BNL state of-the-art
long- and short-range air-quality model,
AIRSOX was used to project air quality im-
pacts due to energies in 1975 and estimated
energies in 1985 and 1990.^5 This model
calculates the transport, transformation and
resulting pollutant concentrations from giv-
en S0x emissions.

46 Horizontal trajectories
of pollution from each source (Figures 18
and 19) were calculated using observed up-
per-air winds averaged in the vertical
through the mixing layer. Horizontal diffu-
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Table 8

COAL FUEL CYCLE EFFECTS SUMMARY
(PER 1,000 MW(e) PLANT-YEAR, 65% CAPACITY)*

Deaths Disease/In jury

Mining1

Public
Workers

Accidental Injury' 0.6
Occupational Disease 0.02-0.4

Processing
Public
Workers

Accidental Injury 0.05
Occupational Disease

Transport3

Public and Workers
Accidental Injury 0.3-1.3

Electricity Generation
Public

Air Pollution (50 Mi radius)4 0.6 (0-3)
Air Pollution (total U.S.)5 6 (0-30)

Workers
Accidental Injury6 0.1 (0.02-0.3)

TOTAL 7.7-9.1

42
0.5-1.0

2.9

1.2-5.9

Not Estimated
Not Estimated

3.3 (2.7-4.0)

1 Assumes 62% underground, 38% surface mining (the ratio of Applachian coal
production, source U.S. Bureau of Mines, Mineral Yearbook 1974, U.S.
Government Printing Office, 1976, Vol. 1, pp. 367-76).

2Coal Miners Accidental (non-fatal) Injury (1965-73 MEN)
Underground Mining - 27.6 Injuries Per 10^ tons
Surface Mining - 5.2 Injuries Per 106 tons

[(27.6 x 0.62) + (5.2 x 0.38)] x 2.2 x 106 - 42 Injuries Per Plant-Year
From Morris, S. C., Novak, K. M. and Hamilton, L. D.4?.

^Assumes rail transport, 300 mile tr ips . Range i s due to different methods of
estimation.

*Assumes 3 million people within 50 mile radius, sulfur oxide emission rate of
0.12 lbs . S02 per 10° Btu input (low sulfur coal combined with 902 removal
of sulfur in flue gas) . Results are approximately linear for SO2 emissions.

5Assumes total effect lOx local effect .

''Estimates from Bertolett and Fox, with Poisson 95% confidence l imi t s .

*A 1000 MW(e) power plant operating with an average capacity factor of 65%
produces 0.65 GWy, or 2.05 101 6 J, or 1.94 101 3 Btu in a year.
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Table 9

NUCLEAR FUEL CYCLE EFFECTS SUMMARY
(PER 1,000 MW(e) PLANT-YEAR, 65% CAPACITY)**

Mining
Public
Workers

Radiation Induced Cancer
Non-Radiation Induced
Occupational Di sease
Occupational Accidents

SUBTOTAL

Processing
Public
Workers

Radiation Induced Cancer
Occupational Accidents

SUBTOTAL

Electricity Generation
Routine Public
Workers

Radiation Induced Cancer
Occupational Accidents

Catastrophic Accidents
SUBTOTAL

Waste Management
Public
Workers

SUBTOTAL

Transport
Routine Public
Workers

Radiation Induced Cancer
Occupational Accidents

Catastrophic Accidents
Cancers

Prompt Deaths

SUBTOTAL

Decommiss ioning
Public
Workers

Radiation Induced Cancer
Occupational Accidents

SUBTOTAL

TOTAL

5
7
7

6

8

8
7
2
9

5

4
8

Deaths

0.08

0.06

0.07
0.31
0.52

0.002

0.034
0.0C4
0.04

0.017

0.07
0.013
0.1
0.20

.1 x 10"5

.45 x 10~4

.96 x 10~4

.1 x 10"4

.5 x 10"4

0.01

.3 x 10"5 to

.1 x 10~4

.1 x 10"7 to

.3 x 10"5

0.01

.3 x 10"9

.2 x 10~3

.0 x 10~4

5 x 10~3

0.77

Disease/Injury

0

12

5
7,
7.

6.

8.

8.
7.

5.

4 .

14.

0.08

0.03

.14-2.8*
11.96

.21-14.87

0.002

0.034
1.3
1.34

0.017

0.07
1.13

1.217

.1 x 10~5

.45 x 10~4

.96 x 10"4

.1 x 10"4

.5 x 10"4

0.1

.3 x 10"5 to

.1 x 10"4

0.10

3 x 10~9

2 x 10~3

0.07
0.07

9-17.6

*Based on ratio of occupational disease/death in coal miners.
Lower estimate Is used in total .

**A 1000 MW(e) power plant operating with an average capacity factor of 65%
produces 0.65 GWy, or 2.05 10l& J ( o r 1.94 IQ13 B t u i n a y e a r .



175

Table 10

ESTIMATED HEALTH EFFECTS IN 1975
ASSOCIATED Wiin rKUUUCTiON OF ELECTRIC POWER

Fuel

Coal
on
Gas
Nuclear

Totals

1975
kWhe x 109 a

844
292
297
168

1,604

Equivalent no.
lOOO-MW(e)

plants

128
44
45
26

243

Estimated
deaths

1,900-15,000
88-4,400

6
18-42

2,000-19,000

Estimated
disabilities

25,000-39,000
4,000-7,900

600
130-470

29,000-48,000

aPreliminary.
Data from Electrical World, 185(6), 54, 1976.

sion along the trajectory was parametrized
as Gaussian about the center of mass. Ver-
tical diffusion was calculated using eddy
eddy diffusivity or "K" theory, and aolved
semi-implicitly with a fast tri-diagonal
sparse matrix method; the chemistry was
solved explicitly. The derivative boundary
condition at the surface allowed for removal
by dry deposition; removal by wet deposition
was calculated at each level. Concentrations
at variable levels in the vertical up to the
mixing height were calculated using a vari-
able grid, modified Crank-Nickelson fi-
nite-difference method. For this study,
concentrations were calculated at twelve
levels and values st the breathing level (2
meters) were projected onto a horizontal
grid of ~32 km resolution. Figure 20 gives
the SO2 concentration and Figure 21 the SO4
concentration calculated by the model from

Health-damage functions were derived
from historical accident, disease, and
mortality rates and appropriately adjusted
to reflect expected conditions during 1985
and 1990.*7 Quantitative estimates of
uncertainty are included. These
health-damage functions were applied to
production levels to estimate occupational
health effects of coal mining, processing,
transport, and combustion, and public health
effects of transport accidents. For air
pollution effects, emissions from coal
combustion and resulting air quality effects
were calculated. The health-damage function
was used in conjunction with population
projections to estimate health impacts.

Coal Mining Accidents

The average accident fatality rate for
underground coal mining (1972-1975) was 0.36
deaths per 10° tons. The use of this recent
short-term average appears reasonable be-
cause, although there was a slight downward
trend in accident fatality rate over the
past decade, it is not clear how this trend
should be projected to 1985 or 1990. The
mean accidental death rate in surface mining
(1965-76) was 0.10 deaths/106 tons, and
these d^ta showed no downward trend.

Injury rates cannot be estimated as
accurately as death rates because injuries
have not been reported as completely or as
uniformly as deaths. The accidental injury
rate to coal miners (1965-1973 mean) in
terms of disabling non-fatal injuries per
106 tons of coal mined was 27.6 in under-
ground mines and 5.2 in surface mines.

The above estimates were applied to the
state coal production figures (Table 11) to
obtain deaths and injuries from coal mining
accidents by region (Table 12). Mining risk
varies somewhat regionally, but the national
averages provide a better statistical base.
State-by-state comparisons of predicted ver-
sus actual 1975 accidents showed no devia-
tions beyond that expected from random fluc-
tuation. Length of mining experience has
been a factor in mine accidents in the past
(inexperienced miners have more accidents),
but this could be eliminated by more exten-
sive training programs. No increase in ac-
cident rate is estimated to accompany the
marked increase in coal mined underground
and the concomitant increase in the propor-
tion of new miners.
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Figure 18. 1975 Base case utility sites.4'4

Figure 19. 1975 Base case industrial sites.44
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Table 11

Coal Production by State (106 tons)

Prepared by CONSAD

State

Alabama
Arlzona
Arkansas
Colorado
Illinois
Indiana
Iowa
Kansas
Kentucky
Maryland
Missouri
Montana
New Mexico
N. Dakota
Ohio
Oklahoma
Pennsylvania
Tennessee
Texas
Utah
Virginia
Washington
W. Virginia
Wyoming

NATIONAL
TOTALS

1975

Underground S u r f a c e

7.6
-
-

3.4
31.9
0.2
0.4
-

65.6
0.1

-
-

0 .8
-

15.5
-

45.2
3.8

-
7.0

23.1
-

88.4
0.4

293

15.0
7.0
0.5
4.8

27.7
24.9

0.3
0.5

78.0
2.5
5.6

22.1
8.0
8.5

31.3
2.9

44.5
4.4

11.0
-

12.3
3.7

20.9
23.4

360

1985

Underground Surface

23.7
-

0.2
66.1
49.7

3.0
0.4
-

83.0
1.8

-
-

3.7
-

25.0
2.3

65.3
8.2

-
57.1
25.9

1.1
134.9

8.0

559

11.6
11.7

0.4
18.6
29.2
27.1

0.2
0.5

72.0
2.1
4.4

69.5
23.4
59.0
28.9

2.2
32.1
7.9

47.7
13.0

9.6
4.1

30.0
193.6

700

1990

Underground Surface

25.2
-

0.4
76.3
75.8

4.7
0.7
-

110.5
2.6

-
0.9
4 .0

-
34.2

3.9
88.8
10.0

-
62.9
32.1

1.4
173.7
11.3

719

_
12.5
0.4

18.8
28.1
26.1

0.2
0.5

75.2
2 .0
4.2

82.8
25.4
84.4
27.6

2.1
28.7
16.3
57.7
13.4

9.6
4.1

34.5
227.9

782

Coal Transport Accidents

Accidental death and injury data for
rail freight transport were obtained from
the U.S. Department of Transportation for
1966-1974. Deaths and injuries per Btu
transported were calculated assuming
2.35xlC7 Btu/ton and a 300-mile haul dis-
tance. Ton-miles and train-miles were used
as the basis of alternative estimates. The
latter yields a lower figure. Studies using
detailed models and specific routes show a
non-linear relationship between freight
traffic and accidents.*" Estimates based on
train-miles appear to approximate the re-
sults ofthese simulation studies more close-
ly. More than half the accidents involving

the public are collisions between trains and
motor vehicles at grade crossings. A major
national effort initiated in 1973 to de-
crease these accidents may result in the
health damage in this sector in 1985 and
1990 being lower than estimated.

Deaths in water transport were calculat-
ed on a ton-mile basis by using accident
data from the Coast Guard and tonnage data
from the Corps of Engineers. Injuries were
calculated by applying the ratio of deaths
to Injuries for all occupational accidents.
Public and occupational effects were not
differentiated.
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CALCULATED SO 2
SCENARIO 1975 NCUA UTILITY AND INDUSTRIAL - BASE CASE

Figure 20. f' 2 concentration from total 1975 emissions.
44

CALCULATED SO 4
SCENARIO 1975 NCUA UTILITY AND INDUSTRIAL - BASE CASE

Figure 21. SO^ concentration from total 1975 emissions.
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Table U

Predicted Coal Mine Accidents:

Deaths and Injuries by EPA Region

EPA Region

1975

Underground

A. Accidental Deaths

1
2
3
4
5
6
7
8
9

10

U.S. Total

B. Non-Fata]

1
2
3
4
5
6
7
8
9

10

U.S. Total

0
0

53-58
26-29
16-18

0 . 3
0 . 1

3.7-4.0
0
0

100-108

Surface

0
0

8-9
10-11
8-9

2.2-2.4
0.6-0.7
5.8-6.4
0.7-0.8

0.4

35-39

L Disabling Injuries

0
0

4310-4340
2120-2130
1310-1320

22
11

297-299
0
0

8060-8120

0
0

395-402
480-488
414-420
110-112

32
290-295

35
18-19

1780-1800

1985

Underground

0
0

77-84
39-43
26-29

2.1-2.3
0.1-0.2

45-49
0

0 . 4

190-207

0
0

6270-6310
3160-3180
2140-2150

171-172
11

3610-3630
0
30

15400-15500

Surface

0
0

7.2-8.0
9.1-10

8.3-9.2
7.2-8.0
0.5-0.6

35-38
1.1-1.3

0 . 4

69-76

0
0

364-370
456-463
420-427
363-369
25-26

1740-1770
58-59
20-21

3450-3510

1990

Underground

0
0

101-110
50-54
39-42

2.8-3.1
0.2-0.3

51-56
0

0.5

244-266

0
0

8170-8230
4010-4040
3150-3180
228-230

19
4160-4190

0
30

19800-19900

Surface

0
-

7.3-8.1
9.0-9.9
9.0-8.8
8.4-9.2

0 . 5
42-46

1.2-1.4
0.4

77-85

0
0

369-375
451-458
403-410
422-429
24-259

2110-2140
62-63
20-21

3850-3920

Deaths and injuries in pipeline trans-
port are based on Battelle's estimates of
deaths and injuries per million man-hours in
oil pipelines combined with estimates of
man-hours required to operate a coal-slurry
pipeline.50 Estimated health damage is en-
tirely occupational.

Estimates for "other transport" are the
most subject to error, partly because of un-
certainty as to the composition of the cate-
gory "other," particularly the share of
truck transport, and partly because of un-
certainties in the estimates of deaths and
injuries in truck transport coal.

Estimates of deaths and injuries for all
coal transport categories are given in Table
13.

Health Effects of Air Pollution
from Coal Combustion

Estimates of population exposure at the
Federal Region level were multiplied by the
60% confidence boundaries of the health-dam-
age function to estimate premature deaths
attributable to air pollution from utility
and industrial coal combustion in 1975,

' 1985, and 1990. As stated above, the
health-damage function distribution was
derived for situations of relatively small
additions of sulfates to relatively high
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Table 13

Estimated Accidental Deaths and Injuries in Coal Transport

Total cases

Effect Ca-.es/Btu 1975 1985 1990

Raila

Employee deaths
Employee injuries
Public deaths
Public injuries

Barge Transport13

Deaths
Injuries

Pipeline Tranport°

Deaths
Injuries

Other Transport0

Deaths
Injuries

1
1
5
1

.75xl0~16 to 7.02xl0~16

.32x10-^ to 5.67xlO~14

.18xlO~15 to 2 .22xl0- u

.O9xlO"14 to 4.67xl0~14

1.69xl0"15

1.65xl0"13

1.97xlO"16

1.78xlO~U

2.3OX1O"14

8.52xl0~13

1.7-6.9
130-560
51-219

108-461

3.3
321

0.0
0.0

72
2700

3.1-12.3
232-996
91-390

191-820

5.7
656

0.16
15

120
4300

3.5-14.0
263-1130
103-443
218-932

8.2
Til

0.38
34

130
4700

aUnit and conventional trains assumed equal in affect. Range is not 60%
confidence region but results from different approaches to the problem
(i.e., train-mile vs. ton-mile basis).

bConfidence region cannot be calculated; 60% confidence region is
subjectively estimated to be + factor of 2.

cEstimates of health damage due to "other transport" are highly uncertain
compared with those due to specific transport categories (see text).
Confidence region cannot be calculated; 60% confidence region is
subjectively estimated to be + factor of 10.

background levels. The uncertainty of the
result is greater if total exposure is low
or increments yield large changes in total
exposure. As with most environmental expo-
sures, the effect at low absolute exposure
levels is not known; therefore, predictions
of the effects of the first increment above
zero are highly uncertain. In general, the
effect per unit exposure is assumed to be
decreased at such low exposure levels.

The incremental analysis partly over-
comes many of these problems since it exam-
ines the effect of a change in population
exposure (Table 14). Even here the situa-
tion is not ideal. For Regions 6, 8, 9 and

10 the increments are large relative to the
1975 exposure level. The absolute size of
the increment in each of these regions in-
dividually is small, but since they all show
increasing damage, an error in their sum
could affect the net national total substan-
tially. Moreover, the largest increment
(that for Region 2) is 20% of the 1975 value
in 1985 and 40% of it in 1990. Thus, al-
though the total U. S. increment is small
relative to absolute values of exposures, it
is the sum of regional positive and (1985)
negative increments of which half involve
substantial changes in the absolute value of
exposure.
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Table 14

Estimated Incremental Health Effects of Air Pollution From Coal Combustion
for National Coal Utilization Assessment Utility and Industrial Emissions

Population exposure Increments are due partly to the increased number cf
people exposed in 1985 and 1990 and 1990 because of population growth.
Parentheses indicate decreases.

1975-1985 1975-1990

Regi on
Pop. exp. increment
10^ person-pg/m^

Estimated
Deaths

Pop. exp. increment
10*" person-yg/m^

Estimated
Deaths*

9.6 48-770 17.9 90-1400

2
3
4
5
6
7
8
9
10

U.S. Total

42.8
(-7.3)
16.3

(-55.3)
18.1
(-5.9)
1.2
7.9
0.5

28

210-3400
(-36)-(-580)

82-1300
(-280)-(-4400)

91-1400
(-30)-(-470)

6-96
40-630
3-40

140-2200

78.5
24.2
51.5
2.2

28.5
2.0
2.8

13.0
0.9

221.6

390-6300
120-1900
260-4100
11-180
140-2300
10-160
K-220
65-1000
5-70

1100-18000

*60% range includes estimated error in health-damage function only.

In the incremental analysis, the changes
within regions are interesting. Between
1975 and 1985 the population-weighted con-
centration of sulfate increases in 6 regions
and decreases in 4, but nationally it de-
creases by 8.5%; between 1985 and 1990, it
increases in all regions and nationally
climbs back to within 3% of its 1975 value.
Health damage depends on the number of
people exposed a?, well as on the exposure
level, and increasing population leads to an
increase in population exposure between 1975
and 1985 in 7 of the 10 regions and an in-
crease of 1,9% nationally. In all regions
the population exposure in 1990 exceeds that
in 1975. The trend in the ratio of popula-
tion-weighted concentration to geographical
average concentration varies by region, but
nationally the ratio decreases from 1975 to
1985 and from 1985 to 1990. This indicates
that sulfate becomes less concentrated
around people over this period.

The information available was not de-
tailed enough for division of the population
exposure and health-damage estimates for
1985 and 1990 into fractions contributed by
old and new plants. Preliminary results of
an analysis currently in progress-* * indicate
that three-quarters of estimated 1985 emis-
sions will come from plants existing in 1975

and assumed to meet State Implementation
Plans (SIP) by 1985. Thus, a large part of
the effects in the NCUA cases can be expect-
ed to be attributable to facilities existing
in 1975, even with application of SIP man-
dated retrofit controls aad retirement of
older plants. As utility emissions are pro-
jected to decrease between 1975 and 1990
while industrial emissions double, this will
apply to utility plants more than to indus-
try, but even in 1990 utilities are expected
to have twice the emissions of industry.
Carrying this point a further step, it must
be emphasized how sensitive the results are
to the assumption that SIPs will be met.
Failure to meet these emissions requirements
will be directly reflected in increased
health damage estimates.

In estimating emissions, SO2 control of
80% removal on an annual basis was assumed
for utilities and for the largest industrial
combustors. An increased level of control
offers the opportunity for a decrease in the
associated healthdamage, but in 1985 and
1990 this decrease is moderated by the lega-
cy of emissions from pre-1975 plants. Suf-
ficient data were not available for a full
analysis, preliminary estimate of the change
in health damage due to the newly proposed
Source Performance Standard of 85% removal
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was made on a scenario similar to the NEP 4.
scenario. It appears that the 25% decrease
in emissions on new large sources beginning
in the early 1980s will result in a 4 to bZ
decrease in health damage by region.

CONCLUSION 5.

More weight has to be put on health
damage in calculating the benefit of pollu-
tion control. Damage to health by fossil
fuel power plants may have been badly un-
derestimated. Even granted that the best
control technology will be applied to new
plants there is an outstanding burden from
existing plants. Such damage must not con-
tinue—an urgency exacerbated by the pro-
posed conversion of many oil - to 6.
coal-firrd plants. More attention must be
given Co cleaning coal, improving its com-
bustion, and minimizing emissions of SCX

and N0x. Long-range transport of pollution 7.
demands on grounds of practicality and
simple justice that these problems be
handled nationally not state by state. In-
deed the problem is continental.
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DISCUSSION

N.F. Barr: Since your estimate that
some 90% of potential health consequences
occur as the result of exposures occurring
>80 km from the point of release it would
seem better to estimate these directly
rather than applying a modified assumption
to each local case estimate.

Answer: Dr. Barr is correct in that
when one is calculating the effects of an
energy scenario, one first sites all
plants, then estimates the air
concentration from their emissions and
thence the health effects from the total
short- and long-range transport model. On
the other hand, in the past in generic
estimates of 1000 MW(e)-fuel cycles we
used the short-range transport model to
calculate the concentration of sulfates
and thence health effects in populations
within 80 km of the generating plant.
With the availability of the short- and
long-range transport model, we have
determined that the ratio of Jong-range to
the short-range effects is ~ten. This
estimate was based on the ratio of ten
plants. Our rough estimates of the health
effects of electricity generation in 1975
were based on multiplying the 1000 MW(e)-
fuel cycles by the number of 1000 MW(e)-
plants needed to generate that amount of

electricity from that fuel cycle in 1975.
They only included effects from fossil
fuel emissions out to 80 km around plants.
In the NCUA analysis the short- and long-
range model was used and thus total health
effects were calculated.

P.J. Dinner: With respect to your
assumption that long range effects from
sulphates are lOx local effects, was this
based on calculation using the long-range
transport model?

Answer: Using the short- and long-
range transport model the health effects
from the calculated air concentration of
sulfates from emissions from ten power
plants situated at different points east
of the Mississippi were estimated. These
estimated effects were then compared with
those estimated in populations within 80
km of each of the plants. Depending on
the site of the plant, the ratio of the
effects estimated from the total to the
near transport (i.e., within 80 km) varied
from~3-30; the ratio generally increased
from east to west. The average of the
ratio was about ten. One should emphasize
that this is a generic estimate and that
if one wanted to estimate the health
effects of pollution from a specific
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site, they would have to be modeled complaints like bronchitis and other short
specifically for the individual site. term medical complaints?

Answer: Yes, in Table 10. In Table
M.A. Lone (CRNL): Do the numbers on 8 we have not estimated disease/injury

disability/injury in the last column of from air pollution from 1000 MW(e)
your tables include respiratory electricity generation.
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RISK AND CONSEQUENCES IN ENERGY PRODUCTION

By Herbert Inhaber

Atomic Energy Control Board, Ottawa, Canada

ABSTRACT

The word "risk" is often used in
association with energy production, and
in some cases it is equated with "con-
sequences". The distinction is important,
and has implications for the study of
energy systems. Failure in a given energy
system, such as nuclear power or hydro-
electric dams, can give rise to human
health consequences, such as deaths,
injuries or disease. The extent of these
consequences varies from one system to
another. Furthermore, the probability of
such failures is characteristic of a given
system. For example, a nuclear reactor
or hydroelectric dam may have a probabil-
ity of one catastrophic failure in X
years of operation, where X is a large
number. The probability multiplied by the
number of deaths, injuries and illnesses
caused by the failures (the consequences)
can be taken as a measure of the risk, or
risk index.

Society tends to think of consequences
of energy systems only in terms of these
failures. Catastrophes such as possible
accidents in nuclear reactors, dam failures
or liquefied natural gas explosions inevit-
ably attract more attention than the day-
to-day accidents and illnesses required
to fabricate, construct and operation
these facilities. However, day-to-day
deaths and losses of health in producing
energy may far outweigh the consequences
from the more spectacular catastrophic
events.

INTRODUCTION

The difference between risk and con-
sequence in terms of energy systems is
analogous to what takes place in a lottery.
In that form of gambling, there are
usually one (or more) large and pleasant
consequences - the major prizes. The
great number of tickets which do not win a
prize tend to be ignored, even though the
amount spent on them is always greater
than the total of prize money.

Much the same can apply when we think
of risk and consequences to human health
in energy production. Failures of hydro-
electric dams, mishaps at nuclear reactors,
explosions at natural gas terminals -
these are what tend to draw most public
attention. However, it can be shown that
these large-scale events produce a rela-
tively small fraction of the total risk
or consequences of energy systems. The
day-to-day effects of mining the raw
materials, processing them, building the
energy installations, and operating them
tends to be greater than the more spec-
tacular events of whiqh we hear. In terms
of the lottery mentioned above, it is as
if the prizes had values equal to one or
two tickets, rather than much more.

RISK AND CONSEQUENCE

Before proceeding further, it is
worthwhile to define what is meant by
risk and consequence, since the two are
sometimes confused in the literature.
Consequences to health can be defined as
the number of deaths, injuries or diseases
attributable to a given phase of energy
production. These consequences have a
finite probability of occurring, where
the probability ranges between 0 and 1.
The consequences in deaths, injuries or
disease can be multiplied by the prob-
ability to yield the risk, sometimes known
as the risk index. Since the probability
is unitless, the units of risk are the
same as that of consequences.

To take a hypothetical example, con-
sider a hydroelectric dam. The consequences
of its failure may be estimated to be Y
deaths. Dams of a particular type may
fail, on average, once in X years, yield-
ing a probability of 1/X. The total
annual risk is then the product of the two
values, or Y/X deaths per year.
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The above calculation is applicable
to the more spectacular events associated
with energy production which, as will be
shown below, form a relatively small
proportion of overall risk. However, the
same reasoning can be applied to the day-
to-day consequences as well. For example,
producing a given number of tons of coal
or uranium may produce Z deaths, on
average. In reality, the exact number of
consequences will depend on such factors
as the ore grade, the type of mine, and
so on. A fixed value is assumed only for
illustrative purposes. The probability
of this number of deaths occurring may
be taken as close to 1, providing working
conditions are not changed. The exper -cd
number of deaths is again equal to the
consequences times the probability, or Z.

PREVIOUS WORK

The field of risk assessment has
grown rapidly in the last decade. By
now, there are risk studies on many of the
conventional energy systems, defined as
those which presently produce large
quantities of energy (2)(3). A start has
recently been made on some non-convention-
al sources, such as solar space heating,
windmills and methanol (1) . While no
risk study can yet be deemed to be per-
fectly definitive, those dealing with
conventional systems are generally thought
to be more accurate than those on non-
conventional systems, primarily because
less is known about the latter group.

While papers on the subject have
grown in quantity, their conclusions have
sometimes differed. To some extent, this
is because of varying ground rules. While
no set of rules can be applicable to all
risk studies, the following were used in
a recent work (1) :

(a) Present-day energy systems
were evaluated, not those of the future.
This stipulation is important in making
fair comparisons. For example, fossil-
fueled systems of the future may have
better pollution controls than at present,
thus reducing the risk. It would be
invalid to compare the risk of these
hypothetical future systems to that of
present systems. As systems change in
the future, risk evaluations should be
re-done.

(b) For many energy systems, there
are factors relating to risk which cannot
at present be quantified. For example,
in terms of nuclear power there are
questions of proliferation and sabotage;
for some fossil fuels, there is the
question of increasing concentrations of
carbon dioxide in the atmosphere and its
effect on climate. Because these questions
cannot yet be quantified does not, of
course, mean they should be ignored.
Rather, they are so important that they
deserve papers or even books of their own.
If and when these long-term or risk-
related questions can be quantified, they
should be included in risk studies.

(c) The actual risk incurred in
producing a unit of energy should be shown,
not the incremental risk. By "incremental"
risk is meant the extra risk that would
be incurred by workers in producing
energy above and beyond what they would
incur in non-energy-related activities.
For example, coal miners have a relatively
high risk per man-year of labour. If
they had been office workers, this risk
would have been lower. The difference
between the two is the incremental risk.

There is no way of telling what
occupations coal miners, oil drillers,
reactor operators and all others as-
sociated with energy production would have
if they were not employed in their present
jobs. As a result, writers of major
treatises on risk, such as Comar and
Sagan (2) and Smith et al^ (3) have gen-
erally adopted the approach of evaluating
total risk, not incremental risk. How-
ever, it must be admitted that this re-
quirement is only a philosophical assump-
tion, and the calculations would be done
either way. There have been few if any
studies done on determining incremental
risks.

(d) Public and occupational risk
should be shown separately. These
categories are sometimes called "in-
voluntary" and "voluntary" risk, although
it is unclear whether a coal or uranium
miner "volunteers" for risk in the
ordinary sense. Public risk is sometimes
catastrophic but sometimes not; members
of the public can suffer accidents when
coal is moved by railroad to a generating
plant for example.
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(e) The risk attributable to obtain-
ing the raw and finished materials for
energy systems should be included in the
total risk. That is, the risk in pro-
ducing not only the coal, oil and uranium,
but the steel, copper and aluminum for
turbines, boilers and reactors should
also be included. The argument can be
made that the steel, copper and alluminum
would be produced in any case, and so the
risk attributable to them should not be
counted. This again is a philosophical
choice. Generally speaking, writers on
the subject have included the risk attri-
butable to non-fuels. This question can
be important for energy systems, such as
hydicielectricity, where there is no "fuel"
in the ordinary sense.

(f) Environmental effects, as
opposed to health effects, probably de-
serve separate study. Of course, many
environmental effects, such as air or
water pollution, are related to health.
However, combining the two topics in one
study would likely lead to confusion
among readers.

There are other rules which could be
adopted in producing risk studies, and
those mentioned above are not compre-
hensive. They do give some idea of the
choices which have to be made.

CATASTROPHIC ACCIDENTS

There are many aspects of risk and
r ̂ sequences which can be studied, from
the absolute values to relative ranking
of systems. One aspect which seems to
have received comparatively little study
is the ratio of catastrophic to non-
catastrophxc risk or consequences. By
"catastrophic" is meant those accidents,
either real or hypothesized, which can
affect the health of large members of
the public. This, excludes for example,
coal mine accidents. These can be large
in their consequences (3), but affect
primarily workers, not the public. Of
course, the definition of "catastrophic"
is to some extent arbitrary; it can be
redefined to include workers as well.

Many systems can be used to generate
either electricity or energy. Of this
large number, only a few are generally
considered to have the potential for
catastrophic accidents producing many

consequences. Some of these few are
nuclear power, hydroelectricity (through
dam failures), natural gas (through pipe-
lines) and liquefied natural gas (through
explosions) . Since, as noted above, public
attention tends to be focussed on catas-
trophes, it is of some interest to evalu-
ate the relative proportion of catastro-
phic and non-catastrophic consequences.

Catastrophic consequences can be
studied either actuarily or theoretically.
By "actuarily" is meant relating to what
has actually taken place in the past.
"Theoretical" studies are based on per-
formance expected from paper studies. For
example, the Rasmussen report (9) was a
theoretical study of the risk and con-
sequences of nuclear accidents; it can
usefully be compared to the actual record.
This is done below.

It is clear that all sources of energy
can have consequences to human health in
terms of ordinary day-to-day activities
such as mining fuels and operating plants,
in addition to the potential catastrophic
consequences that some of them produce.
If the relative proportions of catastro-
phic and non-catastrophic consequences are
to be discussed in detail, some numerical
analysis must be done. In what follows,
a simple attempt is made to evaluate the
proportions for three of the systems
identified as having the potential for
catastrophes. (Liquefied natural gas is
not discussed here). It should be
emphasized that the values in most cases
are crude, and in some cases subject to
dispute• References are given so that
readers can formulate their own judgements.

HYDROELECTRICITY

Let us now consider in detail the
risk of hydroelectricity. The total risk
may be divided into a number of parts:
material acquisition, construction,
operation and maintenance, transportation,
and dam failures. One way of showing the
risk for any energy systems is indicated
in Figure 1. Dam failures may be in-
cluded in "public health risk". For some
energy systems, such as coal and nuclear
power, there may be a risk from waste
disposition. It is zero for hydro-
electricity-
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Sources of Risk in Energy Production - The relative importance of the components
depends on the energy system. For example, there will be no fuel requirements
for systems like solar or wind. Public he-:;lth risk from coal will be primarily
due to air pollution, and that from nuclear power from the possibility of reactor
accidents. Transportation plays a part in a number of components.

It should be noted that, as in all
energy systems, different models will
produce different results in terms of
consequences. For example, all hydro-
electricity dams are different in design
and construction, and only a comprehensive
treatment could evaluate all the variables.
The discussion of occupational conse-
quences which follows is only applicable
to some dams in Canada.

The materials required for an average
1000 megawatt power are shown in Table 1
(4). F-om these values one can estimate
the total occupational risk per unit
energy produced if other data is known.
The data required is the load factor, or
ratio of average energy output to the
maximum output of a dam, and the average
lifetime of dams. This lifetime is
generally taken in the literature as the
economic as opposed to the physical life-
time. The load factor chosen is 0.60 (5);
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the lifetime is about 50 years (4). The
total energy produced is then 1000 x 0.60x
50 = 30,000 megawatt-years.

From the materials requirements, one
can go on to calculate the occupational
risk per unit energy (taken as one
megawatt-year) of this system. To save
space, only the methodology and not the
data is discussed. For each ton of steel
we can assume that a given number of tons
of iron ore and coal are required. (In
practice, other materials will be needed
as well, but this is a simplified model).
Once can use industrial accident rates to
determine that, on average, X deaths and
Y accidents occur for each ton of iron
ore and coal produced. Of course, these
rates will vary from mine to mine and
country to country, but only averages are
being considered here. A schematic
diagram is shown in Figure 2. The same
considerations apply to the rock, earth
and concrete mentioned in Table 1.

Morison (4) has estimated the number
of construction fatalities in Ontario per
unit power capacity. Other au+nors (7)
(15) (16) have estimated the t.^rage
number of accidents and deaths produced
in operation and maintenance of hydro
dams.

The final item bearing on occupation-
al risk is that of transportation. The
materials for all energy systems must
be moved to intermediate and final
locations. For some systems, like coal,
with large amounts to be moved, the
transportation risk can be large. For
hydroelectricity, most of the materials,
as shown in Table 1, are earth and rock.
It can safely be assumed that this type
of material will be acquired near the site
of the dam. As a result, the major
transportation risk will be that of the
steel and other materials required to
produce it. It can be shown that the
transportation risk for the relatively
small amount of steel will be slight
compared to other sources of occupational
risk.

Results are shown in Table 2. There
are around 20-27 man-days lost per unit
energy for hydroelectricity production.
However, these number will mean very
little unless they are compared with some-
thing else. As mentioned above, it is of
interest to determine the risk from dam
failures.

HYDROELECTRIC DAM FAILURES

Although there is much data available
on dams throughout the world, there
appears to be no mast2r list of deaths and
injuries associated with accidents related
to hydroelectric sites. The events listed
in Table 3 form only a partial list of
possible incidents which have occurred.

The next question to be answered is
"what is the risk of hydroelectricity
dam failures?" There ate a number of ways
in which this question can be answered.
One can say that there is one chance in
X per year, where X is a large number, of
dam failure. This could be called the
theoretical approach to the subject.
However, if one is to compare catastrophic
consequences to routine or occupational
consequences, the units must be the same.
From an extension of Table 1, one can
estimate the total number of people who
have been killed due to hydroelectric dam
accidents. An analogous calculation can
be made for the number injured. These
two quantities can then be combined into
total man-days lost.

The denominator of the fraction
"man-days lost per unit energy" is still
lacking. One approach to supplying it is
to estimate the total amount of hydro-
electricity ever produced. This would
be analogous to the historical or
actuarial data displayed in Table 3.
Using the valued of Darmstadter (6)/ o n e

can estimate that the total amount of
hydroelectricity produced up to 1978 was
about 3.7 million megawatt-years.

RESULTS FOR HYDROELECTRICITY

The relative sizes of catastrophic
and non-catastrophic risk can now be
compared. As noted above, non-catastro-
phic (or occupational) risk for this
energy source is about 20-27 man-days per
unit energy. The catastrophic risk is
about 7-10 man-days lost per unit energy.
While not neglibible, it constitutes only
about 26% of the total risk from this
energy sources.

NUCLEAR POWER

The risk and consequences of nuclear
power have probably been studied more than
any other type. It would be impossible
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Risk from Material Acquisition - Each of the raw materials which go into an energy
system has an associated calculable risk. The risk depends on the accident, illness
and death rate per unit weight produced in the appropriate industry. The dashes
indicate that other materials are used.

TABLE 1

Material Required for 1000 Megawatt
Hydroelectric System in 105 metric tons (4) (a)

Reinforcing Steel

0.14

Structural Steel Rock Earth Concrete

0.068 117 44 27.5

a) Steel for turbines, etc., is apparently not included in estimates
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TABLE 2

Hydroelectricity Occupational Risk
per megawatt-year net els-tHca! output (5) (7) (15) (16) (a)

Accidental

Deaths
Injury
Man-dayd lost (b)

Material Acquisition and
Construction

8.9 - 20 x 1CT4

0.34
15.9 - 22.5

Operation and
Maintenance

6.3 x 10~4

0.013
4.8

(a) Deaths and disabilities from disease are small.
(b) Deaths counted as 6000 man-days lost.

TOTAL

15 - 26 x 10" 4

0.35
21 - 27

TABLE 3

Major Disasters Likely Associated With
Hydroelectricity Generation (Partial list) (17)(18) (19)(20)

Place

Vajont, Italy
Gleno, Italy
St. Francis, U.S.
Koyna, India
Kiev, U.S.S.R.

Date

1963
1923
1926
1967
1961

Number

2600 -
600
426 -
180
145

Dead

3000

450

in a paper of this length to consider
critically all that has been written.
Results will depend on the type of reactor,
the degree of reprocessing, assumptions
about the frequency and severity of cata-
strophic accidents, and so on. Most
recent studies have evaluated the risk of
the light-water reactor, used widely in
the United States. While there exists
other types of reactors, such as the
Canadian heavy-water CANDU, their risk has
not been studied as extensively as that of
light-water reactors.

NUCLEAR OCCUPATIONAL RISK

Estimates for nuclear occupational
risk seem to vary widely. Some, such as
that of the U.S. Council on Environmental
Quality (8), are comparatively low. Others
are higher. In Table 4, a range of values
are shown. In general, the lower values
are the lower part of the range indicated
by Comar and Sagan (2), and the higher
value is the maximum value of either this
reference or Smith et al̂  (3) . Both
these references are in turn extensive
data compilations.

Results are shown in Table 4. As in
the case of hydroelectricity, each death
is counted as 6000 man-days lost. Most of
the risk apparently comes from gathering
and handling of fuel, ie.e, mining, re-
fining and enrichment. While the object
of this paper is not to compare the risk
between systems, it is of interest to note
that nuclear power seems to have a lower
occupational risk than hydroelectricity.
Table 3 indicates a factor of three between
the lower and upper end of the range in
terms of total man-days lost. If one takes
the average as a likely value, there are
about 6 occupational man-days lost per
unit energy.

NUCLEAR POWER RISK

There has been considerable contro-
versy about appropriate values to use for
nuclear public risk, primarily because of
the relative lack of experience with this
energy form. This paper can mention the
important points only briefly. The
Rasmussen report (9), a theoretical study
of public risk, has often served as the
starting point for discussion of this
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Accidental
& Disease

TABLE 4

Nuclear Occupational Risk per megawatt-yecr (2)(3)(a)

Gathering &
Handling
Fuel

Trans-
portation^

Operation,
Maintenance S
Waste Manage-
ment Total

Deaths 1.0 - 12 x 10~4

Injury £
Disability 3.4 - 16 x 10~3

Man-days lost 0.8 - 7.8

2.7 - 16 x 10-6

-56.0 - 21 x 10
1.9 - 11 x 10-2

1.2 x 10

2 x 10
0.8

-4

-3

4 - 15 x 10"4(b)

1.6 - 2.9 x lCT^b)
3.1 - 10 (b)

(a) From References (2) and (3). Light-water reactors only.

(b) Includes risk for acquisition of non-nuclear material and construction of reactors,
turbines, etc.

subject. In an extensive review article,
Smith et^ al_ (3) used values lower than
that of Rasmussen, while another long
review by Comar and Sagan (2) had values
comparable to these of Rasmussen. In
order to avoid possible pro-nuclear bias,
the highest values in these two review
articles are chosen: deaths equal
3 - 23 x 10~ 5, disabilities equal
7 - 260 x 10~ 7, and man-days lost are
0.2 -1.4 , all per unit energy. This
group of values is used here.

Some estimates for r.uclear public
risk of light-water reactors have been
higher than that of Rasmussen (comparable
studies for other type of reactors have
apparently not been made). For example,
one study, commissioned by the Ford
Foundation (10), noted that under the most
pessimistic assumptions the values of
public risk could be substantially higher
than that of Rasmussen. However, this is
an example of a "worst case", and not
necessarily representative of the likely
value of risk. An analogous situation
might be considering the risk of Italian
dams in 1963. As noted in Table 3, this
was the place and year of what apparently
was the largest accident associated with
hydroelectricity. Considering only this
"worst case" would not give an adequate
picture of the overall public risk of
hydroelectricity. This question is dis-
cussed more fully at the end of this
paper.

On the other hand, some estimates

(21)(22)(14) of nuclear catastrophic risk

are much lower than that used here.

The values chosen here are somewhere in the
middle of the range.

The values for public risk noted above
form a relatively small fraction of oc-
cupational risk. They are 8-15% of the
deaths, 0.004-0.09% of the accidents and
disabilities, and 6-14% of the man-days
lost. It could then be concluded, if the
estimates for public risk are reasonably
valid, that catastrophic risk of nuclear
power seems to be smaller than non-
catastrophic risk.

Another approach to studying the
validity of public risk estimates for
nuclear power is to put actual data on
accidents on a historical or actuarial
basis, as was done in the case of hydro-
electricity. The accident at Three Mile
Island in early 1979 was probably the most
serious event to date affecting public
health in the history of civilian nuclear
reactors. Apparently about 3300 man-rems
of radiation exposure was incurred by the
public (13) . This value is subject to
change as more information is made public,
and the following calculations should be
regarded only as preliminary. The
"central estimate" of the number of fatal
cancers to be expected is about 0.7.

The total amount of energy produced
to the end of 1978 in reactors in the
Western world was about 170,000 megawatt-
years, according to the April 29 issue of
Nucleonics Week. If one divides the
estimated number of man-days lost due to
the Three Mile Island accident by the
total amount of nuclear energy produced.
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one obtains 0.8 - 5.1 x 10~2 man-days lost
per megawatt-year. These values are about
4% of the corresponding theoretical
quantities mentioned above. In turn,
these "experimental" values of public risk
are about 0.25 - 0.5% of the occupational
risk.

These calculations do not prove what
will happen in the future. However, since
the public risk of hydroelectricity was
measured on an historical basis, it is
of interest to do the same for nuclear
power.

NATURAL GAS OCCUPATIONAL RISK

Occupational risk for natural gas
seems to be fairly small on the basis of
published studies. Results are shown in
Table 5, mostly taken from Ref. 2. The
number of man-days lost per unit energy is
1.9 - 6.5, lower than either nuclear power
or hydroelectricity. The reasons for
this result are complicated, but are
probably due to the fact that natural gas
needs little or no refining of fuel, in
contrast to nuclear power, and seems to
require fewer materials and less con-
struction labour than hydroelectricity.
Note that these values apply only to
natural gas, not to liquefied or synthetic
gas, which probably have different values
both for occupational and catastrophic
risk.

people affected tends to be smaller. The
1970-75 period saw 13 deaths and 69 in-
juries to the public due to gas pipeline
accidents in the United States (11). This
is for transmission and gathering only,
not distribution into homes. The dis-
tribution of energy is also excluded from
the risk analysis of hydroelectricity and
nuclear power. If all the natural gas
used in the United States had been trans-
formed into electricity, it can be cal-
culated that the number of deaths, injuries
and man-days lost per unit energy would be
9 x 10"6, 4.7 x 10"5 and 0.06, assuming
50 days lost per injury. The number of
man-days lost due to catastrophic risk is
1-3% of the total occupational risk. If
distribution of natural gas had been in-
cluded, the fraction would have been
10 - 27%.

These values are historical. No
prediction of future risk can be made
using them.

Only natural gas, and not liquefied
gas, is considered here. Concern has been
expressed that the latter form of energy
could have large public risk. However,
there have been few studies on the subject.
An incident related to liquefied gas re-
sulted in the death of a few dozen people
in Cleveland, Ohio during the 1940's, but
there has been comparatively little analy-
sis of its historical record beyond this.
Presumably the public risk of distribution
would be comparable to natural gas.

TABLE 5

Natural Gas Occupational Risk per megawatt-year (2)

Accidental
& Disease

Deaths
Injury fi
Disability

Gathering &
Handling
Fuels

Trans-
portation

Electricity
Production Total

3.8 - 31 x 10-5 2.9 - 3.4 x 10"5 1.4 - 5.3 x 10"5 1.6 - 4.8 x l0~1a)

0.004 - 0.31
Man-days lost 0.6 - 5.0

0.0017 - 0.0019
0.34 - 0.39

0.9 - 2.1 X 10
0.17 - 0.52

-3 0.009 - 0.36(a)
1.9 - 6.5(a)

(a) Includes risk for acquisition of non-fuel material and construction of gas-fired
plant, etc.

NATURAL GAS PUBLIC RISK

Public risk from natural gas tends
to be of a less potentially catastrophic
nature than from hydroelectricity or
nuclear power. That is, the number of

WORST CASES AMD AVERAGES

In considering public risk due to
catastrophes, it should be noted that
"worst cases" can be hypothesized, in con-
trast to representative or average values.
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The example of Italian hydroelectric dams
in 1963 was given above.

The Rasmussen report (9) and a pre-
decessor (WASH-740) hypothesized large
nuclear accidents (which would occur, in
their estimation, extremely infrequently).
Using these large hypothetical accidents
as a substitute for the representative or
historical values used in this paper
would be invalid. Morris (12) notes that
a comparison between an upper limit (or
"worst case") for one technology and a
representative value for another system
"is not a fair one".

SUMMARY

The proportion of catastrophic to
non-catastrophic risk for the three energy
systems considered appears to be low.
Results are shown in Figure 3. The
hatched section of each bar is the pro-
portion of catastrophic risk. Both types
of risk are measured in man-days lost. As
noted in the caption, the data refers to
the maxima of the bands of uncertainty
for each energy system.

Most other energy systems appear to
have little or no risk of public
catastrophe. In some cases, their overall
risk can be substantial, but this is
primarily due to occupa.'_'ional risk in
gathering materials, construction, etc.,
and air pollution from burning fossil
fuels.

It can then be concluded that for
most major conventional or non-conventional
energy systems, the proportion of
catastrophic to non-catastrophic risk is
fairly small. This, of course, is
directly contrary to the impression one
would get from reading some newspapers.
How (a) what appears to be the facts and
(b) what is reported can be reconciled
is not clear at this point.

The study of risk and consequences
is almost by definition an interdisci-
plinary effort. One needs some knowledge
of air pollution, occupational statistics,
the engineering of energy systems, history
c_: these systems, radiology, and other
fields.

It is likely that the relative ri- \
of energy will become a more important
field in the future. While the risk of

some non-conventional systems have been
studied to a limited extent, that of
systems like geothermal, fusion and solar
powered satellites s t i l l await detailed
analysis. Study of relative risk will
give us some idea of what energy systems
are doing to us, as well as for us.
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FIGURE 3

Catastrophic and Non-Catastrophic Risk for Three Energy Systems - The clear portion
of each bar represents the proportion of non-catastrophic or occupational risk; the
hatched part represents the catastrophic proportion. Each energy system has a range
of values for the two aspects of risk. Only the maximum of the catastrophic and non-
catastropic risk were considered for this graph. Fairly similar results would be
produced if the minima were considered. Note that the absolute values of risk for
the three systems are different. Only normalized values are shown here. Risk for
nuclear power deals only with light-water reactors.
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DISCUSSION

R. Gerdingh: Is the AECB using or
planning to use risk differences between
several energy options to "judge" the
nuclear option?

Answer: No. Our jab is to regulate
on the basis of adequate information, not
to judge energy options. The report on
which this talk is based (AECB 1119) was
written to supply background information
on relative risk, not to promote or
advocate particular options.

N. Rubin: How meaningful is it to
compare the relative importance of
catastrophic and non-catastrophic risks
for natural gas and hydro-electricity (for
which there is a statistical base) and
nuclear power (for which the statistical
base is not numerically significant)?

Is this not a confusion of
statistical probabilities?

Answer: No energy system has an
infinite "track record". It is true that
?ess nuclear e7ectrfcity has been produced
than hydroelectricity. On the other hand,
as noted in the paper, the amount of
nuclear electricity which has been
generated is substantial. It would be
incorrect to ignore this track record, and
also incorrect to ignore the theoretical
studies on the subject, such as the
Rasmussen report. I do not consider this
a matter of opinion. Incidentially, there
has been far more analysis of both
catastrophic and non-catastrophic risk of
nuclear power than any other energy
system.
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M.A. Lone (CRNL): Why not include a
psychological risk factor in such
comparisons? This will automatically
alleviate some of the criticisms based on
personal beliefs. For example, whether a
person has a heart attack while walking
through a graveyard depends on whether he
believes in ghosts or not.

Answer: Each person is entitled to
their opinion on risk. However, the study
was an attempt to measure the risk as
objectively as possible. The psychology
of risk is important enough to deserve a
study of its own. The work by Slovik and
others in the United States has been
pioneering.

L.D. Hamilton (comment): Sabotage
will not cause consequences greater than
those envisaged in the Reactor Safety
Report (Rasmussen). The Lewis criticism
of the Report was on the uncertainties
surrounding the low probabilities and not
on the consequences. The actuarially
calculated consequences thus include
accidents from sabotage. In contrast, the
consequences of a shaped-charge attack on
a nuclear fuel cask in the transport of
spent fuel could give rise to consequences
possibly greater than those arising for
accidents per se. For this reason the
U.S. N.R.C. has implemented regulations
designed to safeguard the transport of
spent-fuel elements and thereby reduce the
probabilities of successful sabotage.

R. Martin (CRNL): Would not the
catastrophic consequences of sabotage be
greatest for hydroelectric dams?

Answer: This seems reasonable on the
basis of the literature on the subject,
but I have not included sabotage in my
calculations.

psychology, one cannot help wondering
whether the operator at T.M.I, who turned
on two main circulating pumps in error,
because they were vibrating, hed seen The
China Syndrome beforehand, in wrn'ch a
similar pump was vibrating and flew
apart.

Answer: No comment.

D.K. Myers: I believe that the
United Nations Scientific Committee's last
report in 1977 indicates that the
radiation exposures (and consequent
deaths) resulting from catastrophic events
in the nuclear fuel cycle would not add
more than about five percent to the total
exposures resulting from all other aspects
of nuclear power production. How does
this number compare with the one that you
have calculated?

Answer: My values indicate a range
from 6%-14%. I do not know all the
assumptions which went into the UNSCEAR
report, but considering the range of
assumptions which could be made, I
consider the values I have deduced to be
roughly comparable to that of UNSCEAR. If
one uses the "experimental" values of
nuclear public risk, as mentioned in the
text, the ratio of public catastrophic to
all other nuclear risk is less than 1%.

D.G. Dalrymple (CRNL): The most
significant source of technologically
enhanced radiation is radon released in
burning natural gas (Ediger-Canadian
Nuclear Association Conference, June
1979...quoting from US EPA data). Is the
public health risk associated with radon
release included in your accounting for
natural gas?

Answer: No. This question deserves
further consideration.

L. Bertin: On the matter of
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PROBLEMS AND PITFALLS IN THE ENVIRONMENTAL
ASSESSMENT OF ENERGY SYSTEMS

Gregory Morris

Energy and Resources Group
University of California

Berkeley, California

I. Introduction

One of the most important rea-
sons for wanting to understand the
health effects of energy production
is so that different energy systems
can be compared on a consistent and
meaningful basis. Dr. Herbert
Inhaber's study, Risk of Energy
Production (1, Atomic Energy Con-
trol Board of Canada report no.
AECB-1119), is a quantitative, com-
parative analysis of the occupa-
tional and public health impacts of
energy production from conventional
and unconventional sources.
Indeed, the report has been
described by its author and its
sponsors as a pioneering,
comprehensive, consistent, and
unbiased comparison of the health
hazards of conventional and uncon-
ventional energy technologies (1,
2). The report's widely circulated
and potentially influential conclu-
sion is that the health hazards of
deriving energy from wood, wind,
and sunlight are comparable to
those of using coal and oil and
much greater than those of using
nuclear power.

The Energy and Resources Group
at the University of California has
recently completed an in-depth
review of AECB-1119 (3, report no.
ERG 79-3). Our critique shows, in
documented detail, that AECB-1119's
conclusion is in no sense derived
from the actual characteristics of
the technologies involved.
Instead, it is based entirely on
mistakes of all varieties: concep-
tual confusions, inappropriate
selection of systems and data,

misreading and misrepresentations
of literature, improper calcula-
tional procedures, and untenable
assumptions and contentions. The
nature of these mistakes is more
than occasionally obscured by a
layer of important typographical
and arithmetic mistakes.

We were motivated to pursue
this somewhat unusual critique for
two major reasons: first, the
Inhaber report's erroneous conclu-
sions bear directly on issues at
the heart of current national and
international energy dilemmas, and
could easily cause or be used to
justify poor policy choices;
second, the Inhaber report and the
controversy surrounding it have
attracted far more notice to the
field of comparative environmental
assessment of energy technologies
than have earlier studies, which
made less dramatic claims. This
unprecedented attention to the
topic provided us the opportunity,
in dissecting Inhaber's errors, to
communicate to a sizable audience
some of the complexities and pit-
falls that make comparative
environmental assessment as chal-
lenging as it is important.

The bulk of this report will
be devoted to some of the more sub-
tle conceptual and technical issues
that were raised in connection with
our critique of the Inhaber report.
These issues are organized under
the following headings: Fuel Cycles
and the Boundary Problem, Selection
of Appropriate Systems and Data,
Equivalence of Energy Forms, Occu-
pational and Public Risks, and
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Integration of Unconventional Tech-
nologies into Electricity Grids.
These issues pose pitfalls for
every researcher working in the
field of comparative environmental
assessment, and many of them are
considered to be controversial or
unresolved. The discussion will be
illustrated with examples of the
effects that some of these pitfalls
had on the results of AECB-1119.
(It should be pointed out that the
many outright errors and
misrepresentations alone in AECB-
1119 are enough to completely
invalidate that report. These
indisputable mistakes are docu-
mented in detail in ERG 79-3.)
Preceding this, the method of risk
assessment (or health-impact
assessment) used by Inhaber will be
discussed within the context of
total environmental-impact
analysis. The report will conclude
with a discussion of the magnitude
of the larger and more easily
corrected errors that we identified
in our critique of AECB-1119, and a
consideration of the implications
for future comparative environmen-
tal assessments that are posed by
the subtle problems and pitfalls
discussed in this paper.

II. "Risk Analysis" in Context

The past decade has witnessed
the growth and development of a
tremendous interest in environmen-
tal quality and its connections to
human well-being. One outcome of
this interest has been the realiza-
tion that society's use of energy
generates, in addition to a stream
of mainly beneficial economic
inputs to well-being, a stream of
environmental inputs having largely
detrimental effects. The situation
is made more complex by the
existence of complicated interac-
tions between the economy and the
environment (4). Simple recogni-
tion of an environmental problem,
however, does not generate enough
information to guide society in its
efforts to ameliorate the problem
effectively. Environmental impact
assessment, or "risk analysis," is
the tool that must be used to pro-
duce the requisite data for effec-
tive action.

Energy technologies distri-
bute their environmental impacts
into several different categories
of environmental harm:»use of fuel
and non-fuel resources, small and
large accidents, effects on ecosys-
tems, effects on climate, aesthetic
effects, direct links to war,
sociopolitical effects, public-
health effects, and occupational
health and safety effects (5) .
Massive comparability problems
(apples and oranges) are encoun-
tered when trying to compare dif-
ferent energy sources whose major
impacts are distributed very dif-
ferently among the various
categories of harm. It is quite
likely, for example, that the
greatest risks to human well-being
from coal are effects on ecosystems
(acid rain) and climate (carbon
dioxide), the greatest risks from
oil come from sociopolitical
impacts (dependence on OPEC), the
greatest risk from nuclear power is
its link to nuclear weapons, and
the greatest risk from the renew-
ables is in the field of occupa-
tional health and safety.

It is virtually impossible for
any one person or group to be
expert in all of the categories of
environmental harm, so most basic
environmental research is very lim-
ited in scope. One research group,
for example, might be studying the
effects of acid rain on ecosystems,
while another is investigating the
1. This discussion can be gen-
eralized for most human activi-

?iesThe use of resources by so-
ciety is not, strictly speaking,
an environmental cost, in the
sense that the resources are
paid for by the users, and
economic activity is a social
benefit. Society's mobilization
and use of resources, however,
entails many environmental costs
that are not included in the
economic calculus, so the inclu-
sion of resource utilization as
a category of environmental harm
is justified as a surrogate for
the external costs (i.e. the
costs that are not included in
either the producer's or the
consumer's price) that are asso-
ciated with the utilization of
resources.
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effects of occupational exposures
to low-level radiation. The
results of many separate basic
research projects form the data
base upon which comparative
environmental assessments ate
built. These comparative assess-
ments must grapple with comparabil-
ity problems caused by intrinsic
differences between different
energy systems, a lack of standard-
ization in the handling and report-
ing of environmental data, and in
many cases a complete lack of any
available data at all.

In AECB-1119 the coverage of
the environmental effects of energy
technologies is incomplete and
haphazard. Only two categories of
harm, public health impacts and
occupational health and safety
impacts, are included in the
analysis at all, and the range of
effects considered in each category
is narrow. Public risk from energy
activities, for example, is
represented in only three forms:
days of disability and premature
deaths from respiratory illnesses
associated with emissions of sulfur
oxides in the presence of particu-
lates, deaths and days lost due to
cancer caused by radiation from
nuclear power activities, and
deaths caused by hydroelectric dam
failures. No other source of pub-
lic risk is considered, nor is the
risk to future generations
included. Inhaber should not, of
course, be faulted for all of his
omissions, because in many cases
the required data are simply not
available. He can be faulted for
his willingness to draw sweeping
and quantitative conclusions about
comparative public health risks
from so scanty a data base, with
almost no mention of the possible
significance of what has been left
out.

Of course, the general
approach taken by Inhaber would be
a useful piece of a comprehensive
comparative risk assessment, if it
were carried out correctly and con-
sistently. Even so, no conclusions
could be drawn about the relative
environmental attractiveness of
alternative energy systems on the
basis of this partial assessment

alone. Inhaber's insistence on
ranking all of the energy systems
he considers on the basis of a sin-
gle (and grossly incompltte) index
of environmental harm may be his
most regrettable error of all. The
environmental information that is
missing, combined with the informa-
tion that is lost in translation to
a single index of environmental
harm, is surely more important than
the information that actually forms
the basis of the rankings in AECB-
1119. Such simplistic ranking
schemes should always be viewed
with extreme skepticism.

III. Fuel Cycles and the Boundary
Problem

One of the most important
ground rules for a comparative risk
assessment of alternative energy-
supply systems is that a comprehen-
sive analysis should consider
entire fuel cycles, rather than
just selected fuel cycle com-
ponents. While this ground rule is
transparent in its intention—to
insure that whole systems rather
than limited subsets of systems are
compared—there are serious pit-
falls to its application that can
play a major role in affecting the
results of a comparative risk
assessment. Many of these pitfalls
are related to a complex of issues
called the boundary problem.

Table 1 shows a taxonomy for
classifying energy systems based on
the Brookhaven National
Laboratory's "MERES" system (Matrix
of Environmental Residuals of
Energy Systems). An energy system
is composed of many fuel-cycle com-
ponents, although not every phase
or even every fuel-cycle step is
necessarily included in a given
energy system. Analyzing all of
the risks of an entire energy sys-
tem is clearly a huge job. Com-
parative studies of conventional
and unconventional energy systems
are even broader tasks, and require
a considerable amount of effort by
3. AECB-1119 is further flawed
because the information that _is
included is riddled with errors
(3, 6-9).
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TABLE 1
TAXONOMY FOR CLASSIFYING ENERGY SYSTEM FUEL CYCLES

ENERGY SYSTEMS
petroleum
natural gas
coal
oil shale
tar sands
nuclear fission
nuclear fusion
geothermal
tidal
ocean heat
waves
wind
hydropower
biomass
solar

STEPS
exploration/evaluation
extraction/harvestigg
processing/refining .
transportation/distributionc

storage
conversion
marketing
end use

PHASES
research
development/demonstration
commercial construction
operation and maintenance
dismantling ,
environmental controls ,
regulation and monitoring

A PROCESS is a specific means for accomplishing a step

A TRAJECTORY is a linked set of processes

ACTIVITIES implement a phase of a process

a may occur more than once in a trajectory
b occurs simultaneously with other phases,

but may have its own effects
(from 10)

competent individuals. When insuf-
ficient effort is applied to such
large tasks, massive inconsisten-
cies are the likely result.

The boundary problem is
encountered on several levels in a
comparative environmental assess-
ment of energy systems. The first
step in a risk analysis is to
specify (and thus bound) the energy
systems under consideration. This
entails assigning specific activi-
ties to each fuel-cycle phase and
step in the specified energy sys-
tems (see Table 1) .

The next step in the analysis
involves preparing detailed specif-
ications for each activity step
being considered. Power plant con-
struction and operation, for exam-
ple, are typical activities that
can be included in coal-energy sys-
tems (as two phases of the energy-
conversion step). The construction
and operational requirements for
each activity must be specified in
detail, using specific facility
designs or generic systems as
models (see Selection of Systems
and Data). These specifications

should include lists of all of the
resources (amounts and types of
materials, labor, capital, and
energy) that are needed for each
activity. The data on resource
requirements will be translated
into risk values at a later stage
in the analysis, using formulae
such as labor-requirements per
unit-of-energy times level-of-risk
per unit-of-labor, yielding a value
for level-of-risk per unit-of-
energy.

At this point, the risk
analyst has to decide how far back
to follow the resource-conversion
chains that are prerequisite to
supplying the inputs for each
fuel-cycle activity. Steel used in
construction, for example, has to
be manufactured from iron ore,
which itself has to be mined. Con-
ceptually, an envelope boundary for
the resource flows that are embo-
died in an energy system can be
drawn by tracing all of the labor,
material, and energy flows back to
their natural state (for example,
iron ore in the ground, or a person
looking for a job).
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The only way to insure that
each fuel-cycle activity has been
fully decomposed to its "natural"
boundaries is to employ a
macroeconomic model of the economy,
since the labyrinth of intercon-
nected resource and labor support
chains is far too complex to follow
by hand. The most highly developed
empirical models for this purpose
are Input-Output Models (I/O) of
the economy. By tracing monetary
or physical flows, I/O models
attempt to follow all of the conse-
quences of economic activities.
Large I/O models of the economy are
cumbersome and expensive to run.
In addition, they have serious
practical and theoretical limita-
tions that hinder their usefulness
in quantitative risk analysis.
Nevertheless, I/O models are the
best existing method for comprehen-
sively determining all of the
resource flows associated with each
fuel-cycle activity in an energy
system.

In order to expedite their
work, many analysts have attempted
to draw artificial boundaries
around the resource flows that are
being considered in a risk analysis
of energy systems. One common
method for doing this is to include
only those parts of the resource
chains that are directly related to
the energy systems. This may
include, for example, the resources
that were used to make steel (iron
ore, coal, labor, etc.) for use in
constructing an energy facility but
not the resources used to build the
factory capacity that is needed to
make the steel. It is hoped, of
course, that the error introduced
by this procedure will be small.
Very few studies have been con-
ducted that attempt to compare the
results obtained from a study using
resource-chain analysis with artif-
icial boundaries to the results
obtained with the use of I/O
analysis, however, leaving the
validity of the artificial-boundary
method untested.

Constructing a set of con-
sistent artificial boundaries is
not a trivial task, but in most
cases it should not be a major bar-
rier to the analysis. A more sub-
T. In AECB-1119, this barrier
proved insurmountable. AECB-

tle pitfall, however, is encoun-
tered in the use of artificial
boundaries. Artificial boundaries
may be difficult to apply systemat-
ically to dissimilar energy sys-
tems, due to requirements for qual-
itatively different resource
inputs. These comparability prob-
lems may render the comparative
analysis opaque.

A yet more subtle pitfall
makes the efficacy of tracing
resource flows through the economy
in risk analysis even more tenuous.
The proper goal for a comparative
risk assessment is to determine the
incremental risks that will be
imposed on society by the implemen-
tation of various energy systems.
This simple statement of purpose
seems intuitively to be correct,
and is often made explicitly in
comparative risk assessments. Most
analytical procedures for determin-
ing risks, however, can only calcu-
late the specific subset of socie-
tal risks that are associated with
the energy systems being analyzed.
These gross risks do not neces-
sarily coincide with the, net social
risks that accompany the activi-
ties. In order to equate the gross
social risks that will be associ-
ated with the implementation of an
energy system with ,_he net risks to
society that will result from that
implementation, one has to assume
that none of the • source-
utilization chains that are embo-
died in the energy systems would be
mobilized if the proposed systems
were not deployed. This assumption
is not realistic. For example, in
comparing solar and nuclear energy
systems, it might be determined
that the solar system requires 5000
more workers to produce a given
energy output. This does not mean,
however, that there will be 5000
1119's tabulation of labor re-
quirements, for example, leads
to an order of magnitude error
because the boundary used for
tracing them back is
inconsistent—onsite construc-
tion labor only for the conven-
tionals, but onsite construction
I; "-or plus the labor required
fc component manufacture and
materials production for the un-
conventionals (3, pp. 10).
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more jobs in the economy as a
result of choosing the solar-energy
system. The total level of employ-
ment in the economy results from a
complex interplay of markets and
governmental policies. In the
government's fight against infla-
tion, employment gains in one sec-
tor of the economy could be used as
a trade-off for reduced employment
in another sector. Similarly, a
large increase in the demand for
steel for constructing solar power
plants could lead to price
increases for this material that
would cause other steel-using
industries to cut back on their
consumption. Thus the net increase
in steel-making activity would be
smaller in magnitude than the
excess demand for steel in energy
systems that would be generated by
a decision to go solar.

Gross risks rather than net
risks are the variables that are
computed directly in most compara-
tive risk assessments. This is so
because the methods (discussed
above) for bounding the resource
flows in a gross-risk analysis are
more straightforward—run an I/O
model (or perform resource-chain
analysis with artificial boun-
daries) once for each energy system
under consideration, then compare
the results. While gross-risk
analysis is easier to perform than
net-risk analysis, the results that
are obtained are more difficult to
interpret, unless they are
(incorrectly in most cases) assumed
to be equal to the net risks. A
different method for calculating
net risks needs to be developed.

There is no simple, direct
method for determining the incre-
mental (net) resource flows that
will be associated with a given
activity. An I/O model used in
conjunction with a macroeconometric
model that determines overall
employment, prices, and resource
utilization could, in principle,
provide the net risk analysis that
is desired. This method is obvi-
ously very cumbersome and expen-
sive, and susceptible to the limi-
tations that are inherent in the
models themselves. In addition,
the trained technicians that are

usually required to run these
models are in many cases not fami-
liar with the field of comparative
environmental assessment, making
communication between the environ-
mental analyst and the modeler a
difficult process. A simplifying
assumption is clearly needed to
facilitate net risk analysis. The
two most obvious candidates for
such a simplification are:
1. Assume that the gross risks are
the same as the net risks; that is,
that all of the rerources used by
an energy system are leployed on an
incremental basis. Using this
assumption, I/O analysis or
resource chain analysis is
appropriate, but, as discussed
above, this assumption is not real-
istic. 2. Assume that the small
differences in resource consumption
resulting from a decision to choose
one energy system over another will
be too small to affect aggregate-
resource consumption in the econ-
omy. This would mean that, for
example, choosing a solar-energy
system over a nuclear-energy system
would have no net effect on the
aggregate levels of employment or
steel consumption in the economy.
The justification for this assump-
tion is that the energy sector is
only a minor consumer of most
resources within the general econ-
omy.

On a first-cut basis, it is
probably more realistic to assume
that small changes in resource
requirements in the energy sector
will have no aggregate effect on
the economy than to assume that
these changes will be translated
quantitatively into changes in
aggregate resource flows. Under
this assumption, there is no net
risk to society resulting from
steel production for energy facili-
ties, and the net risk to the labor
force involved in constructing and
operating energy facilities will be
the difference between the risk
level that the workers face in the
energy activities under considera-
tion, and the risk level these
workers would otherwise face if
employed elsewhere in the economy.
It should be noted that the net
risk determined in this way can
have negative valuss—that is,
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adoption of a given energy system
with very safe jobs could decrease
the total level of occupational
risk in society.

If the second simplifying
assumption suggested above—that
the aggregate level of employment
and resource utilization in the
economy is insensitive to the
choice of energy systems—is made
in a risk analysis, then the boun-
daries of the fuel-cycle activities
can be drawn as follows: 1. Materi-
als and energy resources are only
included when they are specific to
an energy activity. The mining of
iron ore, for example, would not be
included in the analysis, since the
aggregate level of icon ore mining
in the economy would not be
affected by the choice of energy
systems. 2. Labor risks, too, are
only included in the analysis when
they are specific to the energy-
related activities being con-
sidered. The labor used in steel
fabrication, for example, would not
be included, but the onsite con-
struction labor at the power plant
would be. in order to determine
the net occupational risks associ-
ated with an energy system on a
scale that is comparable across
technologies, the risks should be
calculated as risks per unit of
labor employed in the energy system
rather than the risk per unit of
energy, so that the labor intensi-
ties of the energy systems (which
by assumption do not affect the
aggregate level of employment in
the economy) will not skew the
results. In this way, risk levels
can be compared across energy sys-
tems, and with the economy as a
whole.

The two candidate simplifying
assumptions can be tested n the
following ways: First, the amount
5. Gross-risk analysis inflates
the requirement for materials
and labor (and thus the risks
associated with these resources)
by implicitly assuming that
these resources would not other-
wise be employed in the economy.
It further inflates the risks to
labor by implicitly assuming
that unemployed persons live a
risk-free life.

of labor and materials that are
required for a particular activity
can be compared to the total con-
sumption level of these resources
in the economy. If the amount
required of a particular resource
is a significant fraction of the
total aggregate level of consump-
tion of that resource, then the
first simplifying assumption is the
appropriate choice. Some designs
for solar-electricity systems, for
example, suggest that at high rates
of installation of these systems,
the total consumption of glass in
the U.S. would double. Under these
conditions, one cannot assume an
unchanged aggregate level of glass
production.

A second way of testing the
two candidate simplifying assump-
tions is to compare the values for
gross risks calculated by bounding
the energy systems with the methods
discussed previously (I/O and
resource-chain analysis leading to
values for gross risk per unit of
energy) with the values for net
risks calculated using the assump-
tion that the energy systems do not
effect aggregate levels of resource
consumption. In this way, two
extreme boundary cases can be
compared—one in which all of the
resources that are used in the
implementation of a given energy
system are assumed to be translated
quantitatively into increases in
the level of aggregate consumption
of these resources, and one in
which no changes in the aggregate
level of resource utilization occur
as a result of the implementation
of an energy system. It should be
added that in cases where the
second simplifying assumption is
not sound, for example if the
choice of energy systems <3oe_£ cause
a change in the aggregate employ-
ment level, then the benefits of
that change (reduced unemployment)
as well as the costs (increased
levels of occupational-health
effects) should be included in a
comparative environmental assess-
ment.
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IV. Selection of Appropriate Sys-
tems and Data

Most intertechnology risk
assessments are designed to produce
information relevant to current or
future policy choices. Such risk
analyses should use data that are
based on facilities operating under
present or anticipated regulations
and practices, and not those of
older facilities and corresponding
practices whose performances will
not be characteristic of new
plants. Only by utilizing
appropriate systems and data can an
analyst be assured that the alter-
natives being compared are truly
representative of what is avail-
able.

The most common pitfall to
making comparisons at the margin
is that many of the data in the
published literature for conven-
tional technologies correspond to
systems presently in operation,
some of which are very old indeed.
Many of the practices and regula-
tions pertaining to the energy
industry have changed in recent
years, leading in many cases to
significant improvements in both
public and occupational health and
safety. In the coal fuel cycle,
for example, risk reductions have
been achieved by decreasing permis-
sible dust levels in mines, improv-
ing safety practices and equipment
in mines, and reducing emissions of
Sulfur and particulates from power
plants. It would be unfair t.o
attribute the health and safety
record of an old coal plant to a
new coal plant; indeed, it would
imply that an illegal plant was
being analyzed. Yet in AECB-1119,
despite the assertion that
"present-day technology, models,
and systems, with their correspond-
ing risk, are used" (1, p.5),
Inhaber used data corresponding to
pre-1969 dust levels for black-lung
deaths (despite using the correct
data for black-lung disabilities) ,
6. At the margin means compar-
ing alternative choices for the
next system to be built, rather
than comparing on the basis of
the average characteristics of
systems currently in operation.

SO2 emissions exceeding the New
Source Performance Standards by a
factor of 3.4, and accident rates
in coal mining that are too high by
at least a factor of two (3,
pp. 100-108) .

Ths ground rule for selecting
appropriate systems and design data
for a comparative risk assessment
of conventional energy technologies
is straightforward--consider sys-
tems^that will be built at the mar-
gin. In principle, this ground
rule should also be applied to
unconventional energy systems when
they are included in a comparative
analysis. In practice, however,
collecting appropriate data for
unconventional energy systems is
considerably more difficult. The
best choice is to use data
corresponding to systems showing
near-term potential for commercial-
ization, since data on present com-
mercial models are generally not
available. In any case, the risk
analyst is usually forced to use
data that are not based on real
operating experience. Not only
must he select data that are
relevant to systems that will be
built at the margin, he must also,
from a large body of literature
based solely on pre-commercial
experience, select data that are
reasonably indicative of what com-
mercial systems will look like.
This task requires a thorough
understanding of the technologies
that will be utilized, and serves
as a crucial test of the analyst's
judgment and industry.

One important difference
between the data that are available
for conventional and unconventional
energy systems is that market
forces have operated to minimize
the amounts of materials and labor
that are used in the conventional
energy systems, but these forces
have not yet affected the designs
for unconventional energy systems.
7. An alternative is to compare
only long-term alternatives,
such as fusion vs. baseload
solar electric. The important
point is that alternatives being
considered should have the same
temporal dimension.



209

The literature pertaining to uncon-
ventional energy technologies is a
hodgepodge of preliminary
commercial-design studies, labora-
tory and bench-scale studies or;
experimental systems, and hypothet-
ical conceptual-design studies.
The likely commercial viability of
these systems ranges from very good
to very poor. Since costs of
materials and especially of labor
are major parts of the cost of
creating energy facilities, it is
almost certain that the most
materials-intensive and labor-
intensive designs will not be
built. Rather, commercial systems
will be frugal in their use of
expensive resources. This is par-
ticularly significant for gross-
risk comparisons such as AECB-1119
that systematically penalize labor
and materials-intensive systems
(see Fuel Cycles and the Boundary
Problem). In a gross-risk
analysis, tie unconventional energy
systems that are the most expensive
to build will also have the
greatest risk.

Another pitfall remains in
selecting appropriate systems and
data for a risk analysis of uncon-
ventional energy systems. Many
unconventional energy technologies
have requirements for nonexistent
types of labor. For example, there
is virtually no occupational health
and safety record available for
builders of solar power towers,
operators of large wind turbines,
or maintainers of large heliostat
arrays. The best available method
for estimating the levels of risk
that will be associated with new
occupations is by analogy with the
risks associated with existing job
categories. Thus, for example, it
might be assumed that an operator
of a wind turbine faces the same
level of occupational risk as an
operator of a conventional power
plant. The construction of these
analogies, like the selection of
appropriate systems and data,
requires a thorough technical
understanding as well as judgment
and industry. Slight manipulations
of the job categories that are
assigned to a given technology can
cause huge changes in resulting
risk calculations. This was the

case in AECB-1119 where, for exam-
ple, 84% of the worker-hours
devoted to operation and mainte-
nance of solar-thermal-electric
plants, photovoltaic systems, and
wind power systems, were assigned
to the high-risk-labor category of
roofing and sheet-metal work.

V. Equivalence of Energy Forms

In order to make fair compari-
sons between different energy sys-
tems, it is insufficient to simply
specify, for each system, a com-
plete fuel cycle leading to a given
quantity of energy, because the
form of the energy is as important
as its quartity. It is useless,
for example, to directly compare
the risks of producing a megawatt-
year of electrical energy at a
residual-fuel-oil-fired power plant
with the risks of producing a
megawatt-year of chemical energy in
gasoline, since the two energy pro-
ducts (electricity and gasoline,
both of which are derived from
petroleum) will be used for com-
pletely different purposes.

The value of a physical unit
of energy (e.g. one megawatt-year)
depends on its thermodynamic qual-
ity and other properties as they
relate to the intended end-use
application and the available tech-
nology. If the application is
operating a computer, then a unit
of electricity would deliver about
three times more end use than a
unit of chemical energy (e.g. in
methanol), because the chemical
energy would first have to be con-
verted into electricity. If the
application is powering an air-
liner, on the other hand, the unit
of chemical energy is worth sub-
stantially more than the unit of
electricity, because only a port-
able chemical fuel can do the job
and the electricity would first
have to be converted (e.g. into
Hydrogen by electrolysis of water)
with significant losses.

The only sensible approach to
building a meaningful, comparable
assessment is to compare the health
risks of alternative pathways lead-
ing to the same energy form (e.g.



210

a unit of electricity at the power
plant, or a unit of chemical energy
as a portable liquid fuel) , or
better still, to the same benefit
(e.g. a warm room, or a given
number of passenger-miles). Even
using the common-end-use criterion,
there are pitfalls to making truly
comparable assessments across
energy systems. In any case, how-
ever, attempting to equate non-
comparable energy forms or end uses
will always lead to meaningless
results. This is the case, for
example, with AECB-1119's treatment
of methanol derived fror biomass,
in which the mechanical energy
delivered to the wheels of a
methanol-powersd automobile is
assumed to be equivalent to elec-
tricity at a power plant.

One of the most serious pit-
falls to making comparative
environmental assessments on a com-
parable basis results from the fact
that different energy systems lead-
ing to a common benefit distribute
their environmental effects via
different agents into diffeLent
media with different temporal and
spatial distributions. In compar-
ing a coal-electric fuel cycle with
a photovoltaic fuel cycle, for
example, the analyst is faced with
the following situation: The r.iajor
pollutants in the coal system are
the airborne emissions released at
the po^er plant (SO2, N0 x, particu-
lates) . These agents are added to
the atmosphere, and in many cases
become widely dispersed. This
occurs on a continuous basis over
the operating lifetime of the
plant, and some of the pollutants
(e.g. heavy metals and persistent
organic compounds) remain in the
environment for a very long time.
The major pollutants in the photo-
voltaic fuel cycle are fugitive
dust in Silicon mines and toxic
furr.es in solar-cell fabrication
fjcilities. These pollutants are
added to the air, but do not travel
far. Thus their effects are dis-
tributed over a rather small area,
and affect mainly workers involved
in the mining and fabrication
industries. All of the impacts of
these pollutants are felt during
the construction phase of the
energy conversion step, and so are

short in duration. No persistent
pollutants remain in the environ-
ment. The problem of non-
comparability of environmental
agents and pathways is exacerbated
by the fact that the availability
and reliability of data are them-
selvc-s highly variable. To over-
come some of these difficulties,
the Ecosystem Impact Panel of the
National Academy of Science's Com-
mittee On Nuclear and Alternative
Energy Systems (CONAES) proposed a
common risk-common benefit cri-
terion for comparability (11). An
example would be to compare the
amount of Sulfur released by burn-
ing residual fuel oil vs. coal in
the generation of electricity.
While this method does assure a
high degree of comparability in the
analysis, it does not facilitate
comprehensive comparisons.

A second and more subtle pit-
fall to the common-end-use cri-
terion results from the slight
differences in a common benefit
that may arise from alternative
pathways to reach that benefit.
Both methanol and electricity can
be used for urban transportation,
for example, but they cannot
deliver the exact same service
using either present transportation
technologies (e.g. automobiles vs.
electric street cars) or technolo-
gies that will be available in the
near future (e.g. near-term elec-
tric vehicles will not be able to
deliver the same speed, accelera-
tion, or operating range as
internal-combustion-engine cars) .
Differences in the mode in which
social benefits are delivered may
be accompanied by subtle changes in
the social benefits themselves.
These differences, of course, may
be perceived as good, bad, or
indifferent; and a given difference
may be judged to be good by some,
but bad by others. This can make
applications of the common-end-use
criterion rather tricky. To sim-
plify the task, the analyst is
tempted to consider only common
energy forms rather than common end
uses; but in so doing, many desir-
able pathways to social benefits
may be overlooked entirely. In
addition, there are subtle differ-
ences between common energy forms
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(e.g. methanol vs. gasoline, peak-
ing vs. baseload electricity) that
are often overlooked.

VI. Occupational and Public Risks

Energy systems impose direct
human health impacts in two dis-
tinct categories of environmental
harm—occupational health and
safety, and public health and
safety. 3ecause impacts in these
categories can be quantified using
the same physical units (e.g.
number of deaths or days of ill-
ness) , some researchers have suc-
cumbed to the temptation to aggre-
gate these effects into a single
index of total (occupational plus
public) health impact. The non-
comparability of occupational and
public health effects has several
dimensions, however, which make
such aggregation a trap that should
be carefully avoided.

First, as discussed above (see
Fuel Cycles and the Boundary Prob-
lem) , the occupational-health
impacts are a gross cost to society
whose net magnitude depends on what
the workers would have been doing
if they had not been working for
the energy industry. The public-
health impacts, conversely, are a
straightforward incremental (net)
cost to society, and so are
directly comparable across techno-
log ies.

The public risks of energy
production and use are imposed on
the bearers of the risks by collec-
tive societal choices of how to get
energy, not by individual choice.
It is possible in principle and
often the case in practice that the
risks and benefits of such collec-
tive choices are not received by
the same people. It is also possi-
ble that those bearing most of the
risk had little voice in the socie-
tal choice. It is a well esta-
blished principle in risk assess-
ment, moreover, that people deem
much larger risks acceptable if
these are assumed by individual
choice than if the risks are
imposed by societal decisions (12) .
The occupational risks of energy
production, by contrast, are

largely assumed voluntarily by
individual workers, who do so in
exchange for the benefits of the
job they choose. (Wages are only
one of these benefits.) While pub-
lic risk is an almost purely exter-
nal social cost, the occupational
risk is partly internalized in the
form of higher wages (translated
into higher energy costs) for work-
ers employed in the more hazardous
of the energy-producing occupa-
tions. Insofar as occupational
risks are at least partly internal-
ized, counting them as fully
equivalent to largely external pub-
lic risks is a form of double
counting. Of course, doing an
analysis of differential wage rates
among different occupations to
determine the extent to which occu-
pational risks have been internal-
ized is very difficult, in part
because many factors other than
risk affect differences in wages.
It is clear that there are also
good reasons, such as imperfect
worker perception of latent
hazards, that internalization is
likely to be incomplete. Neverthe-
less, available evidence is suffi-
cient to indicate strongly that
there is a significant degree of
internalization in the form of wage
differentials (see, e.g., 13).
These considerations simply rein-
force the point already made here
that occupational and public risks
are neither equivalent nor addi-
tive. Thus an environmental risk
assessment that considers both
occupational and public health
impacts should keep separate
accounts for each category, and not
lump them together.

Within each category of direct
human health risk (public and occu-
pational) , impacts are usually
divided into deaths and disabili-
ties (injuries and illnesses).
Many risk analysts have combined
deaths and disabilites into a sin-
gle index of harm, for example by
uniformly counting a death as
equivalent to a disability of 6000
days duration. Such aggregation,
though seemingly innocuous, is
plagued by two subtle pitfalls:
First, there are qualitative
differences between various types
of deaths. Most people, for exam-
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pie, judge quick and painless-
deaths to be less severe than pro-
tracted deaths that are accompanied
by long periods of suffering.
Second, deaths can vary consider-
ably in the amount by which they
shorten life. The typical acciden-
tal death in a hazardous occupa-
tion, for example, might strike a
worker at the age of 40, shortening
his life by 33 years (based on an
average life expectancy of 73
years), while a typical premature
death associated with the aggreva-
tion of pulmonary or cardiovascular
disease by air pollution may shor-
ten the victim's life by a matter
of weeks or less (14). These com-
parability problems are exacerbated
by a lack of available, statisti-
cally accurate, and sufficiently
disaggregated death statistics.
Presumably, this is because the
death rate is low enough in most
industries that the year-to-year
fluctuations are very high, and it
is very difficult to convincingly
show a direct association between
public-health effects and specific
environmental agents. These con-
siderations suggest that, within
the separate categories of occupa-
tional and public-health risks,
data on deaths and disabilities
should not be added together.
Indeed, where possible, these data
should be disaggregated to show the
various types of deaths and disa-
bilities within each category of
harm.

VII. Integration of Unconventional
Energy Technologies into Electri-
city Grids

Solar and wind are sources of
energy supply that are available on
an intermittent basis. Each can
be converted into electricity and
distributed through a conventional
utility grid. Due to the technical
difficulties of storing electri-
city, intermittent renewables will
be used initially by utilities in a
"fuel saver" role, supplying power
to the grid (and thus displacing
conventional fuels) when the sun or
wind is available. (Solar-
thermal-electric generating systems
may be equipped with heat storage
facilities for added flexibility--

see following discussion.)

The intermittent availability
that will be characteristic of
electricity generated from solar
and wind sources in the near-to-
middle term is absent from present
electric-utility systems, and this
characteristic will have novel
implications for system reliabil-
ity. Calculating the reliability
of an electric utility's grid is a
very complex process, usually done
an a computer, and requiring
detailed data both on the demand
pattern (load curve) in the
utility's service area, and on the
reliability characteristics of each
plant in the grid. The central
question for our purposes here is:
How should the changes in system
reliability associated with inter-
mittent alectricity-generating
technologies be manifested in quan-
titative risk comparisons?

The annual output of an
electricity-generating plant is
related to the plant's rated capa-
city by the annual load factor.
The annual load factor is the ratio
of the annual electricity output of
a plant to the output that would
correspond to continuous operation
at rated capacity. A typical value
in the literature for the load fac-
tor of modern coal or nuclear
baseload plants is 70%. Thirty
percent of the time, these plants
will be out of service due to
scheduled shutdowns (e.g. routine
maintenance) and unexpected events
(e.g. turbine-blade failure). Gen-
erating plants converting intermit-
tent energy sources that are not
equipped with energy storage facil-
ities will not be able to achieve
the same annual load factors as
conventional baseload plants,
because the sun shines and the wind
blows less than 70% of the time.
For this reason, and because of the
high costs of storing electricity,
it is clear that the near-term role
of the intermittent renewable elec-
tricity sources will be as fuel
savers rather than as baseload
plants. For the purposes of risk
calculation, the correct method to
use for the intermittent electri-
city options is to determine the
change in the net risk of the util-
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ity grid—equal to the difference
between the risks of building and
operating the renewable technolo-
gies, and the risks of operating
the grid using only the conven-
tional plants which the solar
plants displace.

Energy storage facilities may
be used to augment the versatility
of a plant converting an intermit-
tent energy source into electri-
city. For example, a solar-
thermal-electric plant can be
equipped with a heat storage facil-
ity such as a hot rock bed that can
extend its operating capability
into that of an intermediate-load
plant (requiring about 6-8 hours of
storage), or even into a baseload
role (requiring 16-18 hours of
storage). For a baseload plant
relying on an intermittent energy
source—clearly a long-term
option—the same method of risk
calculation can be applied as is
used for conventional baseload
plants. For fuel-saver and inter-
mediate load plants, the method of
net risk calculation described
above is appropriate.

An electric utility grid needs
to maintain a certain amount of
back-up capacity for all of its
baseload plants, against the sta-
tistical certainty that part of the
time these plants will be out of
service. Conventional and uncon-
ventional baseload-generating
plants of the same rated capacity
and annual load factor will produce
the same amount of energy annually,
and thus will need exactly the same
amount of "back-up" energy annu-
ally. The back-up capacity required
in a grid relying on intermittent
sources of baseload energy, how-
ever, may not be the same as the
back-up capacity required in a grid
8. The term back-up energy is
used here to mean the amount of
energy that must be supplied to
the grid when a particular
baseload plant is out of opera-
tion. Thus a baseload plant
rated at 1000 MWe and achieving
an annual load factor of 70%
needs 300 megawatt-years annual-
ly of back-up energy to deliver
an uninterrupted baseload of
1000 MWe.

relying on conventional generating
technologies. The reason that the
required back-up capacity can be
different while the amount of
back-up energy used is the same is
that the intermittent renewables
may be more prone to common-mode
failure (e.g. outages caused by a
period of widespread cloudiness
over a region in which several
baseload solar plants are located)
than conventional plants. The mag-
nitude of the required excess in
back-up capacity required by a grid
with intermittent baseload plants
is extremely difficult to deter-
mine, and depends on (among other
factors): the amount of geographic
diversity in a utility's network of
intermittent generating plants, the
degree of reliance on the intermit-
tents for supplying the baseload
(e.g. 5% vs. 50% of the normal
baseload demand), the availability
of electricity from the grid's
interties, and the treatment of the
possibility of common-mode shut-
downs of the conventional systems
(e.g. coal strikes, safety-related
shutdowns of nuclear plants) in the
comparative analysis. Back-up thus
enters the risk calculations for
alternative plants of equal annual
energy output only as the net
difference in required capacity,
and the risk of back-up comes only
from the construction phase of the
excess back-up capacity, not from
its operation and maintenance,
which are the same for all systems
with the same rated capacities and
load factors. In AECB-1119,
Inhaber assumed that conventional
baseload plants operating at a load
factor of 0.7 would require no
back-up at all. He then described
a (long-term option) solar-
thermal-electric plant with a
design load factor of 0.85, attri-
buted to it a load factor of 0.7,
and supplied it with enough back-up
energy to make a plant with a load
factor of 0.59 equivalent in annual
energy output to the conventional
baseload plants (with load factors
of 0.7). Inhaber's incredible pro-
cedure for calculating the risk due
to back-up accounts for 85% of the
upper-limit risk attributed to
solar-thermal-electric power
plants, 74% for photovoltaxes, 62%
for wind, and 0% for coal, oil, and
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nuclear.

VIII. Conclusion

Many pitfalls and uncertain-
ties are inevitably encountered
during the course of a comparative
environmental assessment of energy
systems. The analyst's willingness
and ability to deal with these pit-
falls are key factors in determin-
ing the quality and usefulness of
his results. In the course of
dissecting AECB-1119's errors, we
had the opportunity to examine in
detail some of the more subtle and
difficult pitfalls that can befall
a risk analysis. Some of these
pitfalls, and their implications
for environmental analysis, have
been discussed in this paper. The
bottom line of this discussion is:
How important are these pitfalls in
terms of their effects on quantita-
tive risk calculations, and how can
they be avoided or thwarted in
future comparative environmental
assessments?

In our critique of AECB-1119,
we examined the effects of making
partial corrections to the calcu-
lated risk values. Table 2 shows
the effects of correcting only the
misreadings and misrepresentations
of literature, straightforward
internal inconsistencies, improper
calculational procedures, ^nci
arithmetic mistakes that we icr,vi-
fied in AECB-1119 (3). The obvious
conclusion that emerges from mis
table is that the conceptually
flawed (see Occupational vs. Public
Risk) ranking of energy sources on
the basis of total (occupational
plus public) person-days lost pet
megawatt-year that forms the bay is
for AECB-1119's most heralded con-
clusion is totally scrambled ';;>'
these corrections. Indeed, the
only conclusion of AECB-1119 that
survives correction of its errors
is the unexceptional one ttuit
renewable energy sources are not
risk free.
9. Table 2 does not include na-
tural gas or hydropower, because
AECB-1119's treatment of thes*
technologies is thoroughly defi-
cient in usable data.

Some of the errors in AECB-
1119's conclusion that are
corrected in Table 2 resulted from
Inhaber's inability or unwilling-
ness to avoid the pitfalls that are
discussed in this paper. Many more
of the errors, however, resulted
from transparent mistakes that are
not typical of thoughtful and care-
ful research. It would be unfair
to conclude that the subtle pit-
falls discussed in this paper are
capable by themselves of causing
such massive errors as are con-
tained in AECB-1119, although they
certainly contributed to those
errors, and in many cases may have
facilitated them.

From the standpoint of affect-
ing the quantitative risk calcula-
tions in AECB-1119, the most impor-
tant pitfalls were Inhaber's treat-
ment of energy storage and back-up
for the intermittent electricity
sources (see Integration of Uncon-
ventional Technologies into Elec-
tricity Grids), and his treatment
of end-use efficiency for methanol
(see Equivalence of Energy Forms).
The latter pitfall, equating non-
comparable end uses and energy
forms, is one that can be rather
easily avoided. Treatment of the
back-up capacity problem for the
intermittent electricity sources
will remain a difficult problem for
some time, however, although by
comparing baseload plants of equal
design capacities and annual load
factors, an analyst can avoid hav-
ing to assign any back-up energy at
all tg his reference energy sys-
tems.

Selecting appropriate systems
and data for comparative environ-
mental assessments and drawing con-
sistent system boundaries that
reflect the incremental use of
resources (net rather than gross)
will remain difficult tasks, sus-
ceptible to the judgment of the
analyst. In many cases an analysis
10. Since all energy systems of
equivalent capacities and load
factors have the same require-
ment for back-up energy (see
footnote 8 ) , the back-up energy
can be assumed to be the same
for each energy source.
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TABLE 2
EFFECTS OF PARTIAL CORRECTIONS ON AECB-1119'S CONCLUSIONS

All figures in worker-days lost (WDL) or public person-days
lost (PDL) per megawatt-year of output, rounded to two

significant figures.

Nuclear
WDL
PDL

Ocean Thermal
WDL
PDL

Solar Heating
WDL
PDL

Methanol
WDL
PDL

AECB-1119

1
0

23
0

91
4

220
0

.7

.3

-
.8

-
.6

-
.05

- 8.
- 1.

• 3 0

- 1.

100
- 9.

350C

- 0.
Solar-Thermal-Electric

WDL
PDL

Photovoltaic
WDL
PDL

Wind
WDL
PDL

Oil
WDL
PDL

Coal
WDL
PDL

62
9

140
10

220
22

2
9

18
20

-
.4-

-
-

-
-

-
-

-
-

100
520

190
510

290
540

18°
1900

73°
2000

cl

7C

5

4

5

14

Partial
corrections

3.1
0.3

2.2
0.40

11 -
2.1

6.3

- 12
- 70

- 4.6
- 0.90

17
- 5.5

- 6.6C

0.005- 0.015

7.4
1.0

5.0
0.9

9.7
0.21

3 -
9 -

19 -
20 -

- 15
- 2.7

- 14
- 2.2

- 10
- 0.58

19C

1000

43C

1500

Ratio of .
upper limits

0.73
0.021

6.5
1.6

5.9
1.7

53
9.3

6.7
190

14
230

29
930

0.95
1.9

1.7
1.3

a These figures are based on the totals presented in the
Appendices of AECB-1119/REV-2; where Inhaber made errors
in summing the components of these risks, his incorrect
sums are shown here.

b AECB-1119 figure divided by partially corrected figure.
c Excludes risks of facility creation, since no data actually

relevant to this category were provided in AECB-1119 for
the conventional technologies or methanol.

= =£: = = = = = = = := = = :£ = := = — = = = = = • = — = = = s = ss= — = — = — = — = c = s = = = = = = = = = = = = = s s s s ~

(from 3, Table 1.5)

can be facilitated by making sim-
plifying assumptions. Where this
is the case, the assumptions should
be reasonable, clearly stated, and
tested where possible. The common
pitfall in environmental analysis
of aggregating separate categories
of risk into a common index of
total impact can be rather easily
avoided, but the temptation to
reduce the complexity of environ-

mental effects into a single indi-
cator of risk will remain strong.

The inherent uncertainty in
our understanding of environmental
processes will remain a pervasive
pitfall to comparative environmen-
tal assessments for the foreseeable
future. The minimum treatment that
should be given to the uncertainty
issue in a consideration of



216

environmental impacts of energy
systems is a discussion of what is
left out of an analysis due to lack
of available data, along with the
usual description of what is
included. A more satisfactory
treatment of the uncertainty issue
would be a serious consideration of
the relative importance of what is
omitted vs. what is included in an

analysis (10). In addition, a
thorough analysis of the uncer-
tainty issue in a comparative
environmental assessment could
include a consideration of the
resistance to remedy of the identi-
fied risks, the resistance to reso-
lution of the uncertainties, and
the implications of these con-
siderations for policy choices.
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DISCUSSION

H. Inhaber: Where d id I say tha t my
repor t is p ioneer ing, comprehensive,
cons is ten t , and unbiased? I never made
those c la ims.

Answer: Those claims were made in
the preface and body of AECB-1119, and in
the executive summary which was released
before the report i t s e l f . They are there
in black and whi te .

[Eds. note: The Edi tors contacted G.
Morris and asked him to provide d e t a i l s to
substant ia te h is comments. The fo l low ing
is his reply. ]

G. Morris: My claim: "The [Inhaber]
report has been described by i t s author
and i ts sponsors as a pioneering,
comprehensive, consistent, and unbiased
comparison of the health hazards of
conventional and unconventional energy
technologies."

Was i t described as pioneering? "For
the f i r s t time, a comparison is made
between non-conventional technologies--
l i ke solar, wind, and methanol--and
conventional technologies—like coal, o i l ,
and nuclear power." (Inhaber, Exec.

Summary, page 1). "Risk analysis of non-
conventional technologies is new." (AECB-
1119, p. 3). "A quantitative study of
this nature had not previously been
attempted." (AECB-1119, p. 6). "The
f ie ld of risk accounting is only beginning
now." (AECB-1119, p. 40). "The author
has developed a new methodology for
processing and interpreting available
data." (A.T. Prince, Pres. of AECB,
Preface to AECB-1119).

Was i t described as comprehensive?
"The total energy of fuel cycle, rather
than just one small part, was evaluated,
accounting for some of the unusual
results." (Inhaber, Exec. Summary, p. 1,
emphasis in or ig inal ) . "To be complete we
should evaluate risk from the entire
energy cycle, not merely the end the
public sees." (AECB-1119, p. 2). "While
i t cannot be proved that al l sources of
risk have been accounted for, the seven
major ways shown in figure 1 probably
comprise almost al l the risk in energy
production." (AECB-1119, p. 8).
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Was it described as consistent?
"Generally speaking the risk from non-
conventional systems was calculated in the
same way as for conventional systems.
Because the former group is built and
operated differently than the latter
group, the risk components were rearranged
to bring out the differences more clearly.
However, the basis of the methodology is
the same for all systems." (AECB-1119, p.
18). "One approach to the problem is to
compare the estimated risk for other
energy systems in a systematic and
consistent fashion. The results of such
an exercise are reported on the following
pages." (A.T. Prince, Preface to
AECB-1119).

Was it described as unbiased? "Since
the same assumption is made for each of
the energy systems, all are treated on an
equal basis." (AECB-1119, p. 13). "A
number of assumptions had to be made to
produce equitable treatment for all
technologies." (AECB-1119, p. 24). "This
maximization of risk was used only in the
case of nuclear power, and not for other
energy systems." (AECB-1119, p. D-4).
"The example of solar space heating is an
example of my general tendency or policy
to given nonconventional energy systems
the benefit of the doubt, in terms of
risk, wherever possible. This policy was
adopted to avoid any claims of inadvertent
bias." (Inhaber, Science 203:718, 23 Feb.
1979). "To avoid any bias in favor of
nuclear power, I used the highest values
of public risk from reactors taken from a
wide number of sources." (Inhaber,
Science 203:719, 23 February 1979).

B. Cohen: In the first place, your
number for nuclear is dominated by radon.
I will show in my talk that this is
grossly incorrect.

It seems to me that you make the
problem so complicated that no one can
understand what you do and people will not
accept it or learn from it. If we are to
improve understanding, we must find simple
points. I have one to offer here.

There seems to be an impression among
the public that solar electricity is
"pollution free", or at least much less
polluting than nuclear electricity. It
turns out that solar electricity requires
the burning of 5% as much coal as would be
used if the electricity were produced
directly by coal-burning, so solar
electricity must be at least 5% as
polluting as the latter. Actually,
burning coal to make steel is far more
polluting than burning coal in a power

plant, so solar electricity is actually
more than 10% as polluting as coal-fired
electricity. This makes it far more
polluting than nuclear electricity.

Answer: Actually, by far the largest
component in the public risk figure for
nuclear is for large accidents (using a
calculation of probability times
consequences summed over possible events),
although the risk from radon in mine
tailings is included, as is routine
emissions risk.

I certainly hope that I did not
convey the impression to this conference
that I think that solar is risk-free.
Indeed, AECB-1119's only conclusion that
survives correction of its errors is that
2T£ energy system is free of risk.

The risk of solar cannot be linked so
tightly to that of coal, for the following
two reasons: (1) The amount of any given
material that is required for a particular
technology is not a fixed quantity. Some
designs for solar power plants, for
example, would use aluminum supports
rather than steel, thus greatly reducing
the need for coal burning. (2) As I
discussed in my talk, the net or
incremental use of non-fuel resources for
energy systems is not the same as the
gross use. I have suggested that it is
more realistic to assume that the net
change in the total aggregate level of
steel production in the economy would be
unaltered by the choice of which types of
energy systems are built, than to assume
that the aggregate steel-production level
would change by an amount equal to the
difference in gross steel requirements
between two candidate energy systems.
Simplicity is certainly desirable when it
affords realistic insights; however, when
simplistic arguments lead to pat
conclusions that are, in fact, only
correct for special cases, then simplicity
can be quite misleading.

R.S. Dixon: Most of this talk has
been involved with numbers on relative
risks which you claim are not correct.
What, according to your own calculations,
is the ranking of the different energy
forms in terms of their risk.

Answer: The numbers that I presented
are "not correct" values for risk, because
they are based on corrections to data in
AECB-1119, the report which is the subject
of the critique (see ref. 3) that
underlies my talk today. ERG79-3 (the
critique) shows that due to inherent flaws
in the very method of ranking energy
sources according to their relative risk,
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JTO simplistic ranking scheme is justified.
The health impacts considered in AECB-1119
are only a limited subset of the total
range of environmental impacts that are
associated with energy systems. Since
different energy systems distribute their
risks into the various categories of harm
in very different proportions, it is
impossible in principle to rank energy
systems in terms of their risk using a
totally objective measure.

J. Melvin (CRNL): Your logic denies
credit for material savings in one energy
system as opposed to another on grounds
that the saved material would be used
elsewhere in the economy and thus there is
no net saving.

By the same logic, is not energy
conservation an impossible goal because
any energy saved in one place would be
consumed somewhere el se?

Answer: No. There is a difference
in the treatment that should be given to
fuel and non-fuel resources, for the
following reasons. The energy-production
sector is only a minor consumer of most
non-fuel resources in the economy. Thus a
change in gross-resource use by this
sector will have only a small percentage
effect on the demand for non-fuel
materials, and producers of these
materials will have a relatively easy time
selling off a small surplus caused by a
drop in demand, or curbing a slight excess
in demand over capacity by raising the
prices for their products. Energy
consumers, on the other hand, consume 100%
of the energy in the economy, and thus a
drop in demand due to conservation would
be difficult for energy suppliers to
overcome, particularly under present
economic conditions wherein the marginal
cost of energy (the cost of energy from
new facilities or development) is higher
than the average cost of energy.

J.A.L. Robertson: I too have
difficulty understanding how one is
supposed to apply your "exclusion
principle". If we are to consider the
steel used in construction as risk-free,
why should it not be cost-free, i.e., why
should it not be given away because it is
being produced anyway? If we can exclude
steel production, why not also exclude
construction on the similar argument that
the construction force would otherwise be
constructing a shopping mall, say. Both
coal and steel are essential in producing
coal-fired electricity so if we can

exclude "steel-mining" why not also
exclude coal-mining?

Answer: The steel used in energy
systems is not risk-free—the point I was
making is that the total aggregate level
of steel used in the economy is not
particularly sensitive to the amount of
steel used in energy systems. Small
chanyes in demand for steel in energy
systems resulting from the exact choice of
energy systems will be rather easily
provided by the steel industry without a
corresponding change in their level of
steel production. It will not be
cost-free, although if the level of demand
for steel in energy systems dropped, for
example, the price of steel might also
drop slightly to stimulate a substitute
demand.

Construction should be included,
precisely because the net change in total
occupational risk to society is the
difference between the risk of building
the energy system, and the risk that the
workers v/ould face if employed elsewhere.
This is ivhy the risk should be calculated
on a risk per unit of labor basis, rather
than per unit of energy, so that the
specific risk level that the workers are
exposed to in the energy industry can be
compared to the level of risk that the
average worker faces in the economy.

Coal mining produces a fuel material,
and the amount of coal used by the
electrical utility industry is a very
large fraction of the total amount of coal
that is mined. Thus one cannot assume
that the level of coal production will be
insensitive to the demand for coal by the
electric utility industry. This is in
direct contrast to the situation for
steel, a non-fuel resource.

M.C. Paterson: Could I have a yes or
no answer to the following question: Do
you think that a BEIR-type committee
should be convened to settle the various
unresolved issues in environmental
assessment that you have been discussing
here today?

Answer: No, the issue is quite
different. The BEIR Committee had, as its
task, the resolution of a single
scientific question: What is the effect
of low-level radiation on human health?
Here, we are trying to develop a
methodology that incorporates a wide range
of effects, many of which are extremely
resistant to meaningful quantification,
and many of which depend on subjective
value judgements.
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PROBLEMS IN THE INTERCOMPARISON OF

RISKS OF INDUSTRIES AND TECHNOLOGIES

R. Wilson

W.J. Chase

Health and Safety Division

ONTARIO HYDRO

1. Introduction

The intercomparison of risks
of differing energy production
technologies is a simplified
form of cost benefit analysis
where the benefit is well
defined as the production of a
unit of energy, although this
simplification needs a little
critical appraisal as all
units of energy are not
equally useful. This is a
minor cavil as most modern
societies have the capability
of utilizing a variety of
energy forms whether it be
high grade electrical energy
or lower grade heat useful
only for space heating. The
exercise is therefore
essentially one of the
comparison of risks of unit
energy production. Problems
exist in the comparison of the
risk, problems that are not
unique to cost benefit
analysis but which plague
practitioners of occupational
and public safety.

2. What Should be Compared

Economists who have
customarily carried out
cost/benefit exercises have a
preference for reducing all
components in such an analysis
to dollars. In complex
societal problems this is not
always possible and as Van
Horn and Wilson (1) have
identified, it leads
frequently to the need to
place a value on a life - a

virtually impossible task
(quite different however from
establishing the marginal cost
of preventing a fatality).
They suggest that a catalogue
of items on the cost side of
the equation be established.
This appears to be a
preferable approach but it
does leave unresolved the
question of how to choose
between the results of
analyses where the costs are
widely disparate in nature.
The components of the cost
side of the equation are
numerous but can be
generalized as:

human mortality, morbidity and
genetic effects
non human mortality, morbidity
and genetic effects
direct social costs (such as
damage to paint work)
non direct social costs (such
as aesthetic concerns).

All of the above should be
determined in a complete
comparison of the production
of energy. It is frequently
sufficient to consider only
human effects because of the
predominant importance of
human mortality, morbidity and
genetic effects. But even if
the predominant importance of
human effects is accepted, and
in the affluent Western world
there will be some who
challenge such acceptance, it
is still necessary to examine
the relative importance of the
various human effects as these
differ in degree.



Human effects which should be
considered in risk/benefit
analysis are:

mortality from accidents
mortality from induced
diseases
foetal mortality
permanent disabilities and
defects from accidents,
diseases and genetic effects
morbidity (days lost from
normal activities).

Four recent important studies
of risk have considered human
effects in totally differing
ways. Inhaber (2) in a
comparison of the risk of
various methods of energy
production attempted to reduce
mortality and morbidity to the
common denominator of days
lest from work and he used
6000 days, the value suggested
by the U.S. National Safety
Council (3), as the lost time,
in working days, equivalent to
a fatality. This value
represents about 30 years of
lost life and its use in
effect gives equal weight to
mortality and morbidity.
Comar and Sagan (5) in com-
paring current practical
methods of large scale elec-
tricity production acknowledg-
ed that fatalities were not of
equal severity but for simpli-
city used premature deaths
where a premature death was
defined as one occutring prior
to the expected lifespan.
Cohen and I-Sing U:e (4) in a
recent cataloguing of risks
consider only mortality from
accidents and induced disease
and weight these according to
the loss of life years or
days. ICRP-27 (6) took a much
more sophisticated approach in
attempting to develop an Index
of Harm primariiy for the
purpose of comparing radiation
and other risks. The harm
considered '..ncompaored all of
the human effects identified
on the previous page and
expressed them in days lost;
fatalities were given in days
of life lost and injuries were
given in day.: IOEL J rom normal

activities. These were then
weighted. The days lost due
to fatalities, from accidents
and from delayed effects, were
given a weight of 10 relative
to non fatal effects. This in
effect evaluated a fatality
due to an accident as being
about 4000 times as serious
from consideration of human
impact as a typical lost time
accident of fourteen days
duration. The approach taken
in ICRP-27 is clearly more
comprehensive.

In comparing technologies or
industries, all human effects
should be determined and
listed separately. Few would
disagree that of the human
effects listed, those with the
greatest impact are:

mortality from accidents,
mortality from induced
diseases and,
serious permanent disabilities
and defects arising from
accidents, induced diseases or
genetic effects.

By serious permanent dis-
abilities, we mean permanent
total disabilities as defined
in reference (3).

There may be some disagreement
on the classification of
foetal mortality as relatively
unimportant but the tendency
in modern society towards
abortion on demand supports
this view.

There should be no dis-
agreement with the exclusion
of temporary disabilities and
less serious permanent dis-
abilities from effects that
are of greatest human impact.

The majority of safety pro-
fessionals in Ontario Hydro's
Health and Safety Division,
when asked their assessment of
the relative human impact of a
fatality and a typical injury
causing temporary disability,
expressed the opinion that the
impact of a fatality is
roughly three or four orders
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of magnitude greater than a
temporary disability. This
brackets the value of 4000
based on the data in ICRP-27.
Some also expressed the belief
that a permanent total dis-
ability had an impact equal to
or greater than a fatality and
some expressed the opinion
that this was an unanswerable
question.

As experience in industry
shows that the fatal accident
rate is about two to three
orders of magnitude less than
the lost time injury rate,
this subjective rating of
the comparative impact
supports the position that as
much, or greater, emphasis
needs to be placed on exam-
ination of the comparative
impact of fatalities as is
given to attempting to add
fatal and non fatal effects.
The impact of a fatality from
an accident while similar in
range of its effects to the
impact from a cancer, differs
in the magnitude of these
effects. For example, accid-
ents usually involve a younger
population, while the suffer-
ing associated with a cancer
is generally greater. We have
attempted to develop an "Index
of Severity" for fatalities
taking such factors into
account and we have applied
this index to fatalities
resulting from accidents and
cancers.

Proposed Index of Severity of
a Fatality

In developing an Index of
Severity of a fatality, the
factors that need to be
considered are:

(a) the fact of death itself
(b) the years of life lost
(c) the family relationship

of the deceased
(d) the suffering associated

with the manner of dying.

Some of these factors have
been considered by others.

Jones Lee (7) cites Abraham
and Thedie who in attempting
to establish how much society
should spend to save a human
life have assigned 5000 new
francs (NF) as the value of
the suffering of relatives of
a bachelor, 10 000 NF for a
married man and 20 000 NF for
the father of a dependent
family. These values must be
compared with the sum of
110 000 NF which they estimate
is a direct cost due to loss
of output associated with the
fatality itself. This latter
cost which in this instance
swamps the indirect costs is a
purely economic value and it
would appear that in the
judgement of the ijtpact of
technologies, inclusion of
such a value is unethical and
unjustified but is a factor
frequently found in estimates
made by economists on the
value of life.

How should an Index of
Severity of fatalities be
established? This is a
philosophical question and
ideally the principal suffer-
ing and loss factors associat-
ed with the fatality should be
identified and the views of
society in which the technol-
ogy will be practiced obtained
on the relative importance of
these factors.

It may be thought by some to
be a useless exercise to
speculate on these factors but
discussion of them and consid-
eration of their relative
importance can provide a base
for further discussion and may
help develop a societal under-
standing of the impact of an
accidental fatality and a
fatality due to an illness
associated with an industry or
technology.

In our view, there are four
major factors associated with
a Severity Index of a fatality
(Is). These are:

(1) the loss to the individ-
ual
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(2) the loss to the family

(3) the suffering associated
with the manner of death
(S)

(4) the age expectancy
<AE).

We propose a Severity InJex

I S = (AE+S) (Lx+r,F),

where A E = expected
number of years of life

S = suffering associated with
the manner of dying

(S = 2 for occupational
accidents)
(S = 8 for cancer fatalities)

L F = Joss to family
= IQ + (Nc+1) + 0.5 N P

(LQ ~ loss to spouse = 1)
(Nc+1 = loss to offspring)
(Nc = number of dependent children <18 years)
(Np = number of parents living)

Lj = loss to individual
= 3

i.e. I s = (AE+S)(3+LS+(NC+1) + 0.i> Np)

Example 1

For a 30-year old married man with two dependent children and two
parents who dies in an occupational accident:

IS = (AE+SHLH+LS+NC+1+0.5 Np)
= (42 + 2 ) { 3 + l + 3 + l)
= 352

Example 2

For a 60-year old married man who has no dependent children, one
surviving parent, who dies of cancer.

IS = (17 + 8) (3 + 1 + 1 + 0.5)
= 138
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Clearly, this Severity Index
and the elements of it are
totally subjective and to be
useful would have to mirror
the opinion of society. We
believe however, that the
index nan the correct form and
contains all important
elements associated with human
loss and suffering.

Figure 1 shows the variation
of the Index of Severity for
an average Ontario male versus
age at death for both an
accidental fatality and a
cancer fatality. The data
used for fraction of males
married, average number of
dependent children and
parental status in the
calculation are given in Table 1.
These were obtained from
actuarial sources for the
Ontario and Canadian
populations. The calculated
values of the Index of
Severity are also given in
Table 1.

w\\
' • - - . .

Tab Tel: Statistical Data for Calculation of Index of Loss for Ontario Pales

Age
Group

18-20

21-25

26-30

31-35

36-40

41-45

46-50

51-55

56-60

61-65

66-70

71-75

76-80

81-85

86-90

91-95

95+

Age*
Expectancy

(year)

52.8

49.3

44.7

40.0

35.4

30.7

26.5

22.5

18.8

15.5

12.2

9.6

7.4

5.5

4.0

2.8

2.0

Fraction of**
Men Who Are

Married

.14

.43

.77

.87

.89

.90

.90

.69

.88

.85

.80

.75

.67

.55

.42

.32

.32

Number of*
Dependent
Children

.55

.89

1.42

2.19

2.59

2.54

1.94

1.21

.68

.26

.04

-

-

-

-

-

Number of ++
Par .es Who
Are AHve

1.95

1.89

1.82

1.71

1.55

1.35

1.10

.80

.50

.25

.02

.01

-

-

-

-

_

Index of
Accidental

237

266

305

315

294

253

202

153

116

86

-

-

-

-

-

-

_

Severity
Cancer

263

297

345

360

341

300

244

191

ISO

116

94

79

67

54

40

-

* Note: Refer to the footnotes at the top of Page 6.
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Table 1: Stat ist ical Data for Calculation of Index of Loss for Ontario Hales
(continued)

Statistics Canada, Provisional Life Tables for 1975/77, Based on 1976 Census of Canada.
(Data for al l Canada 1

Statist ics Canada, 1971 Census of Canada; Population, Cross Classification of
Characteristics, Population, Marital Status by Age Groups (No. 92-730, Vol. 1
Part 4 [Bullet in 1.4-2]). (Oata for-Ontario)

Statist ics Canada, 1971 Census of Canada; Families, Family Characteristics bjr Marital
Status, Age and Sex of Head (No. 9J-J18, Vol. I I - Part 2 [Bulletin 22-6]), with
Interpolation to obtain five-year age groups. (Oata for Ontario)

Calculated from the 1971 Life Tables, Canada and Provinces 1970 - 1972
(Statist ics Canada, No. 84-532) by assuming that both parents were alive at the time of
b i r th (age N=0) and calculating the fraction of men alive at age N+29 and won.tn alive at
age N+26. The ages 29 for men and 26 for women are the averages of fathers and jnothers
in 1975/76 In Ontario, Ontario Vital Statist ics for 1975/76, Office of the Registrar
General). (Data for Ontario)

The approach enployed in
establishing the equation for
Severity Index was to
recognize that there are two
principals involved in the
loss when a death occurs:

(a) the individual (loss = Lj)
(b) the family (loss = LF)

The total loss is represented
by (Lj+Lp). This loss
is heightened if the victim is
young so that the loss of life
years, Ag, is n ^ h and *•£
there is suffering, S,
associated with the death.
These two factors are distinct
modifiers of the total loss.

The expression for LF we
have chosen (LF = L s +
(Nc+1) + 0.5 NP) is
a measure of the immediate
family at the time of death;
both the loss to the family
and a reciprocal equivalent
loss to the individual are
included in this term. The
remaining loss to the
individual, Lj, is taken
to be a constant and accounts
for the general loss of
enjoyment of life and non
family relationships. We have
selected a value of 3 for
Lj based on a judgmental
comparison with LF values
for various ages.

We have used this Severity
Index to estimate the com-
parative severity of accidents
and cancers in the Ontario
Hydro work force. A total of
41 accidental occupational
fatalities were reviewed along
with an equal number of deaths
due to cancer. Ideally it
would be desirable to obtain
deaths due to malignancies
which were induced by exposure
to some occupationally related
toxic agent, but this is not
possible as cancers identified
as being occupationally
related occur infrequently and
are generally indistinguish-
able from naturally occurring
cancers; but as it is quite
likely that the expression of
malignancies due to chronic
exposure to a toxic agent will
not be dissimilar to the
natural expression, the
comparison should have some
validity.

For these two sets of fatal-
ities, actual data was obtain-
ed on the age at death. The
numbers of fatalities are
plotted by 5 year age inter-
vals in Figures 2 and 3. The
Index of Severity was then
calculated for each age group
using tine actuarial data for
Ontario males from Table 1 and
the total of the indices for
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each age group is shown in
Figures 4 and 5, normalized in
each case to 100 fatalities.
The average Index of Severity
was determined for the two
fatality populations.
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For the accidental death
group, the average of the
Severity Index was 242. Par
the cancer death group, the
average index was 204.

A major deficiency exists in
this comparison of indices due
to the fact that fatalities
from cancer that would result
due to a chronic exposure to a
workplace carcinogen are not
expressed only in the working
force but will also be
expressed in the pensioned
population. \Therefore a
further conparison was made
using fatality distributions
that are somewhat more general
than the specific Ontario
Hydro distributions used
above. These are:

(1) A hypothetical fatal
accident distribution
constructed from the
Ontario Hydro age
distribution with
age-specific occupational
fatality rates from U.K.
industry (6). This
fatality distribution is
shown in Figure 2,
normalized to give the
same number of fatalities
as observed in Ontario
Hydro.

(2) The age distribution for
all cancer fatalities in
Ontario.

The sum of the Severity Index
for five-year age groups for
these populations is shown in
Figures 6 and 7, normalized to
100 fatalities. The average
Severity Index for the two
groups are:

Occupational Fatalities = 231
Cancer Fatalities = 118.
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This example with its
identified assumptions
indicates that for the two
types of fatalities, the
accidents could be considered
more severe by a factor of 2.

provided by Accident Facts (8)
must be treated with some
caution because the figures
reported are total industry
figures and are obtained
simply by dividing the number
of fatalities by the total
number of man hours worked by
the industry regardless of the
composition of the work force
and the distribution of these
fatalities in the work force.
Some field forces require
considerable support staff and
others do not. Information of
this nature is difficult to
acquire.

We have examined the fatal
accident rate for a few
industries for which data is
available and have attempted
to establish the fatal
accident rate for those
workers engaged in production
only. Table 2 shows the ratio
of total man hours to what we
have termed production man
hours; the latter category
being more representative of
the risk in an industry. It
is seen that use of production
or field force hours could
increase the risk by small
amounts or by up to as much as
a factor of two.

Uncertainties in Reported
Fatal Accident Rates

A second important factor that
requires elaboration in the
comparison of risk due to
technologies and in different
industries is the current
practice of reporting
accidental fatalities for an
industry. Agencies which
gather statistical data on
occupational fatalities make
an important contribution to
the achievement of occupa-
tional safety by identifying
where effort, whether it be
regulatory or otherwise,
should be directed but it must
be recognized that no uniform
method of reporting occup-
ational fatalities has been
established andfaat composite
figures for a large number of
industries such as those

Table 2

Variation 1n Industry Fatal Accident Rate Associated
with Inclusion of Non-Production Kan-Hours in Rates

Company

Ontario Hydro

Great Lakes Paper Company
'Woodlands Harvesting Division)

Great Lake Paper
(Pulp and Paper Mi l l Division)

Total Man-Hours
Production Han-Hours

2.1

Z.O
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Maximum Risk Groups

Errors existing in the average
risk in an industry are not
the only concern. Some
consideration must be given to
the maximum risk faced by
certain work groups or trades.
We have determined the average
maximum fatal accident rate
for sub groups of tradesmen or
work classes within an
industry for a range of
industries. • The results are
given in Tables 3 to 8 and
Figures 8 to 13 for the
various industries and are
summarized in Table 9 and
Figure 14.

Table 3

Fatal Accident Rates in Canadian

Agriculture

Forestry

Fishing

Mining

Manufacturing

Construction

Transport

Trade

Finance

Service

Public Administration

Industry by Industry Division (*)

Rate

INo./lO8 man-hours)
1976 1967-76

1.9

44.4

67.5

55.2

5.0

14.7

13.0

i.e

1.0

1.2

4.0

2.4

58.0

42.9

67.4

5.8

20.6

15.0

2.6

0.G

1.7

6.2

TOTAL

• The Labour Gazette. December 1977, with adjusted f a t a l i t y
data for 1976 from Occupational Safety and Health Branch,
Labour Canada

Fatal Accident Rates in Ontario Forest Industries (1972/1977)

Rate
(No. / lO 8 man-hours)

Logging ( * , * * )

Sawmills ( * , " • )

Pulp and
Paper Mills (•,•+)

Total

- Felling

- Skidding

- Vehicles

- Other

115.5

44.7

34.1

9.3

5.4

4.7

14.1

+ Fatality data from Forest Products Accident Prevention
Association.

• Fatality data from Ontario Pulp and Paper Makers Safety
Association.

** Man-hours from Ontario Workmen's Compensation Board data
for rate group 001, partitioned according to production
man-hour data from the Woodlands Division of Great Lakes
Forest Products.

*** Man-hours from Ontario Workmen's Compensation Board data
for rate group 008.

++ Man-hours from Ontario Workmen's Compensation Board data
for rate group 023.

Table 5

Fatality Rates in Ontario Construction (1970-75)*

Fatality Rate
(»fo./208 man-hours)

Roads

Demolition

Sewers, Mains

Prefabricated Steel or
Concrete Erection

Reinforcing Steel, H1gh-R1se
Concrete Forming

Sidewalks

Elevators, Fire Escapes

Pile Driving, Dredging

Bricklaying, Plastering,
Roofing

Heating, Plumbing, Wiring

Painting, Insulating

13.9

175.5

29.8

124.5

29.8

0

20.8

65.0

13.2

3.2

10.4

TOTAL 11.6

"Injury Trends in Ontario's Construction Indbitry"
Construction Safety Association of Ontario, 1975
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Fatality Rates in Ontario Wining (1971-77)*

Underground Mining

Cpen P i t

Contract Sfnfcing and r

Contract Diamond 2 r i i '

Prospecting

Reduction Plants

Shops, Surface

jvL-'optig

- n ,

Fatal i ty Rate
(No./lO^ man-hours)

40

11

73

10

11

8

6

TOTAL

Mines Accident pT~\ f lnt ;cn Associat ion of Ontar io , Annual Reports,
I n d u s t r i a l Disease !"aifns Mot Included

n Gr.tario Hydro (1966-75)*

Faiaiity Sate
(No./lO8 man-hours)

Linemen am; >'• •.L.ndmen go

Handyiren 29

Electricians 10

Riggers 10

Foresters 10

Mechanics and f ' . t ' .^r ; g

TOTAL 10

Ontar io H>Jr_ / . : u " Safety S t a t i s t i c s Reports 1951-75
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Fatal Accident Rates in U.S. Coal Mining (1971/761'*'

Rate

(No./lO8 man-hours)

Underground Wining

Underground 54.5

Surface Areas 36.9

Surface Mining

Strip Nines 26.6

Auger Hines (Bituminous only) 101.3

Other Surface Mining 0

Shops

Preparation Plants 33.2

Independent Shops and Yards 7.4

TOTAL «-B

Data supplied by the U.S. Department of Labour, Mine Safety and
Health Administration.

Maximum and Average Fatal Accident Rates in Various Industries

Maximum Avenge
Rate Rate Maximum

Industry (no./10° man-hr) (no. / lO 8 man-hr) Average

U.S. Coal Mining 101.3

Ontario Logging 115.5

Ontario Mining 73

Ontario Forestry 11S.5

Ontario Construction 188.5

Ontario Hydro (Trades) 90.3

Ontario Hydro (Ref 12)
(Radiation Workers) 14 *

Canadian Industry
Divisions ** 67.4

* Averaged over a l l exposed workers: equivalent fatal accident rate
calculated assuming a risk of 10" ' fatal i t ies/rem-year and 2000 man-hours/year.

** See Table 3.

43.8
42.7

20

14.1

12.9
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We have also extracted similar
data for South African
industries from a report by
Metcalf (9). This data is
trade-specific rather than
industry-specific, i.e. the
information on a trade was
collected over several
industries. This data is
presented in Table 10 and
Figure 15.

Table 10

Maximum and Average Fatal Accident Rates
1n Various South Afr ican Occupations {Reference 9)

Occupation

Maximum (•)
Rate

(no./108 man-hr)

Average (+)
Rate

(no./10e man-hr)
Maximum
Average

Driver

Labourer

Watchman

Electrician

Fitter

Forentan/Supervi sor

Avenge (**)

136

266

392

80

185 (+)

52

55.5

36.2

31.0

16.6

13.3

7.0

2.45

7.3

12.6

4.8

13.9 (•)

7.3

7.1

* Calculated assuming 2,000 man-hours per year.

+ Excluding a small group fo 45 persons, with only one fa ta l i t y .

** Weighted by population.

It is noted that for the
industries for which data was
obtained (excluding Ontario
Hydro radiation workers where
a maximum does limit and
therefore a maximum theoret-
ical fatality rate is
imposed), the higher the
average fetal accident rate,
the lower the maximum to
average ratio.

In our opinion, it is an
omission to compare industries
or technologies without com-
paring the maximum risk to
major work groups or trades in
the industries.

An interesting comparison may
be made in the widely differ-
ing regulatory approaches that
are taken almost universally
throughout the world to occu-
pational safety and to ex-
posure to toxic agents which
may give rise to fatalities.
In the latter case, maximum
permissible exposure limits
are prescribed either in the
form of Threshold Limit Values
(10) for toxic chemical agents
or Dose Limits for radioactive
materials (11). These in
effect prescribe maximum
acceptable fatality rates.

Frequently this equivalent
fatal accident rate is
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comparatively low. In ICRP-27
(6) for example, the occupa-
tional dose limit of 0.5 Sv
per year is equated to an
occupation with a fatal
accident rate of 340
10-6y-l or 17 fatalities
per 10^ man hours worked.
The values given for actual
maximum fatal accident rates
for major occupational groups
in many industries are at
least a factor of 10 higher
than this equivalent fatal
accident rate {c.f. Figures 6
to 11). Regulatory agencies
in the past have obviously
directed effort where problems
lie but none to our knowledge
have considered placing a
limit on fatal accident rates
as is done in the case of
toxic agents. This perhaps is
a regulatory approach that
should be encouraged, i.e. a
performance requirement as
opposed, for example to the
OSHA approach of regulating
the working environment and
working conditions.

5.

comparison of risks. This
is a more necessary
activity than attempting
to add fatal, non fatal
and other risks resulting
from a technology.

Across industry statistics
and fatal accident rates
must be cautiously employ-
ed as low risk support
staff in an industry may
distort across industry
values for fatal accident
rates by a factor of up to
two.

Consideration must be
given within a technology
or industry to the maximum
risks faced by major occu-
pational groups. These
can differ from the
average by at least an
order of magnitude.

1. The comparison of cost in
industries and technol-
ogies requires that a
matrix of costs be
established. This leads
to difficulties in assign-
ation of weight to the
various components of the
cost but does not
invalidate the need to
take this approach.

2. Costs of a technology
which impact directly on
human physical well-being
have the greatest signifi-
cance.

3. Fatalities (and permanent
total disabilities) are by
far the most important of
the direct human effects
and these need to be
examined in detail
because they are not equal
in impact. An Index of
Severity for Fatalities
needs to be developed for
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DISCUSSION

W.J. Moroz: In considering where accident frequency.
funds should be expended to prevent Answer: Yes and no. Effort should
accidents, should you not expend the most be directed to reduce the frequency of
money where it will yield the greatest fatalities, but we must also recognize the
returns; i.e. where most accidents occur size of the work force, i.e. a work force
and not necessarily where accident with a fatality rate X and size Y should
frequency per unit of time worked is get as much or more attention as a v/ork
highest. The former will involve the force 10 times as large with 1/10 of the
product of the number of workers and fatality rate.



THE ROLE OF RADON ON COMPARISONS OF EFFECTS OF RADIOACTIVITY RELEASES

FROM NUCLEAR POWER, COAL BURNING, AND PHOSPHATE MINING

Bernard L. Cohen

University of Pittsburgh

There have been several papers com-
paring the radiation effects of coal-burn-
ing and nuclear power, (1.-5) but nearly
all of them have omitted the effects of
radon gas which, according to generally
accepted theories, is the most important
source of environmental radiation and, in
fact, is more important than all other
environmental radiation combined. We
begin by demonstrating that point for
natural radiation.

Effects of Radon in Nature

The 1977 Report (5_) of the United
Nations Scientific Committee on Effects
of Atomic Radiation (UNSCEAR) gives
(page 79) the annual dose from environ-
mental radon as 0.16 rad to the bronchial
epithelium, and gives (page 398) the
cancer risk as 200-450 x 10-6/rad (we
use 325 x 10-6). For the U. S. popula-
tion, this predicts (0.1G x 2 x 10°
(population) x 325 x 10-6=) 10,000 can-
cers/yr.

It is more usual to describe radon
exposure in working-level-months (WLM).
In these terms, UNSCEAR estimates average
environmental exposures as 0.031 WLM/yr
outdoors (NCRP (9) estimates 0.054
WLM/yr) and 0.26 WLM/yr indoors. Since
the average person spends 80% of his
time indoors, his average exposure is
0.22 WLM/yr. The average integrated
exposure during one's lifetime is there-
fore about 8 WLM. The 1972 BEIR Re-
port (6J gives the lung cancer risk as
6.5 x 10-6/yr-WLM. More recent data (7)
raises this to 10 x 10-6, and risks as
high as 38 x 10-6 have been proposed(8).
Even with the BEIR Report figure, a
rough estimate of the effects is
(6.5 x 10-6 x 8 x 2 x 108=) 10,000
fatalities per year.

The 1972 BEIR Report Absolute Risk
Model assumes a five times reduced risk
below age 10, a 15 year latent period,
and a 30 year to lifetime plateau. Such
a calculation (7J give an average risk
of 2.5 x 10-5/yr am.' a U. S. total of
5000 fatalities/yr. The BEIR Report

doubles the result of this type calcula-
tion to take into account the higher re-
sults from their Relative Risk Model
which would lead to an estimate here of
10,000 fatalities/year from radon.

In view of these various estimates
we will conservatively assume that en-
vironmental radon causes 8000 fatalities
per year in the U. S. By comparison, the
BEIR estimate is that all natural whole
body radiation combined causes 3500
fatalities/year.

The UNSCEAR analysis (5.) gives 7%
of natural whole body radiation as due
to U and Th, suggesting 250 fatalities
per year due to those elements. Thus
radon is 30 times more effective than
all other radiation from U and Th.

We now proceed to an evaluation of
the effects of radon releases instigated
by the nuclear, coal-burning, and phos-
phate mining industries. There have
been previous studies of these effects,
(I£'li) but they have omitted three very
important elements, the covering of
uranium mill tailings now required by
the U. S. Nuclear Regulatory Commission,
the erosion away of the earth's surface
which plays an important role in any long
term evaluations, and the saving of lives
by removal of uranium from the ground in
the nuclear industry.

Effects Over Multi-Million
Year Time Spans

North American rivers carry 86 gm of
sediments plus 33 gm of dissolved mater-
ial into the oceans each year for each
square meter of continental area (12).
Dividing the sum of these, 119 gm/m2
by the density of rock, 2.7 x 106 gm/m3,
indicates that the surface of the contin-
ent is being eroded away at an average
rate of 44 meters of depth per million
years (44 x 10-6 meters/year). As a re-
sult of this erosion, it is reasonable
to assume that essentially all uranium
in the ground will eventually have its
turn near the surface where it will con-
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to environmental radon in the
atmosphere. In this perspective, bring-
ing uranium to the surface as in mining
of uranium, coal, or phosphate, has no net
effect over long time spans. It merely
shifts ttie time period during which this
particular uranium contributes radon to
the atmosphere from some future time to
the present.

The average depth from which radon
released in soil can successfully diffuse
to the surface is about 1 meter (]3),
whence a given atom of uranium has an
appreciable chance of releasing a radon
atom into the atmosphere for about
(1.0m/44 x 10~6m/yr=) 22,000 years. This
time period is independent of the concen-
tration of the uranium so for example,
burning away the surrounding coal does
not affect the probability that a given
uranium atom will contribute to atmos-
pheric radon.

The total uranium in the top meter
of U. S. soil may be estimated as
8 x 10"l2m3 (area of u. s. x lm depth)
x 2.7 tonne/m3 (density) x 2.7 x 10-6
tonne U/tonne soil (average concentra-
tion) = 5.8 x 107 tonne, and this will
eventually cause 8000 caricers/yr for
22,000 years, a1total of 1.8 x 108 can-
cerSi or 3.1 cancers/tonne.

Mining uranium and removing it with
other precursors of radon from the scene
can, in principle, avert these cancers.
A light water reactor requires the
mining of about 160 tonne/GWe-yr of
uranium, which, if it. were completely
removed, would avert (160 x 3.1 = ) 500
cancers/GWe-yr. However, this ignores
the effects of the mill tailings in which
the immediate radon pre-cursors 226Ra and
230jh are left at the site. If this had
a half life long enough for nearly all of
the material to have 22,000 year resi-
dence in the top meter, there would be
no benefit in mining it and in fact, the
situation would be very similar to that
for coal ash. However there is a sub-
stantial benefit due to the relatively
short (77,000 year) half-life of 2 3 0Th,
especially since tailings piles are
covered. For example, if we assume a
5 meter thick cover, the radon emissions
will not become substantial until 4 meters
have been eroded away, which takes 88,000
years during which 53% of the radio-
activity has decayed away. If the tail-
ings pile itself is 5 meters deep, the

bottom will not be effective until 9
meters have eroded away which takes
193,000 years, during which 83% of the
radioactivity has decayed away. This in-
dicates that something about half way be-
tween 47% and 17% as much radon is event-
ually emitted from a covered tailings
pile as would be emitted if the 238u were
not removed. A more careful calculation
in Appendix A indicates that the actual
fraction is about 29%.

Thus, if the original uranium would
have caused 500 cancers/GWe-yr, the tail-
ings pile will cause only 150. The dif-
ference, 350 cancers/GWe-yr are averted
by removal of the uranium. However, this
estimate is valid only if that uranium
does not lead to further radon emissions.
This would be the case if the 238JJ Were
consumed in breeder reactors, but another
option would be to dump it in the ocean.
Uranium in the ocean /tas a residence time
of about one million years before deposi-
tion into bottom sediments. (J_4_) Essen-
tially all of the uranium in question
here, mined or unmined, is destined to
spend its million years in the ocean, so
in the long term perspective, the harm
it does while in the ocean is no differ-
ent if it is placed there now than if it
is eventually moved into the oceans by
normal erosion processes.

In summary, we conclude that over a
multi-million year time span, coal-
burning, phosphate mining, and all other
activities that simply bring uranium to
the surface have zero net effect on
human radiation exposure. Nuclear energy,
en the other hand, will eventually save
350 lives/GMe-yr.

This evaluation is based only on
radon, but it is clear from the result
that this effect is completely predomin-
ant. For example, the UNSCEAR analysis
(5_) of effects of all other radioactivity
emissions over millions of years gives a
few thousand man-rem/GWe-yr whichwould
cause something less than one fatality/
GUe-yr. (UNSCEAR gives considerably
larger effects for ' " i s enough to
cause 20 fatalities/GWe-yr, but this is
based on 50% release to the oceans which
is grossly larger than can reasonably be
anticipated with current regulations.)
Even the Union of Concerned Scientists
estimate (1_5) of effects o^ nuclear power
plant accidents is only 2.4 fatalities/
G!</e-yr.
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It is interesting to consider the
time distribution of the effects we have
been discussing. About half of our ur-
anium is surface mined from a depth of
less than 100 meters, and within this
range, the uranium is roughly uniformly
distributed with respect to depth (16).
This uranium would have caused 250
fatalities over (100/44 x 10-6=) 2.3
million years for each GWe-yr of
uranium minimng, or 1.1 x 10~4 fatali-
ties/yr/GWe-yr. The remaining 250 fatal-
ities would have been spread over several
tens of millions of years thereafter when
the deep-mined uranium would have reached
the surface. These are the lives that
are saved by use of nuclear power.

The 150 lives lost due to radon
emissions from mill tailings occur
roughly between the time when the cover
thickness is eroded to 1 meter and when
all of the tailings are eroded away.
This corresponds to the time between
when erosion has removed 4 meters and 10
meters, which is 88,000 to 220,000 years
after mining, a period of 132,000 years.
The fatality rate during this period is
then (150/132,000=) 1.1 x 10"3/yr/GWe-yr.

It may be noted that our estimates
of radon health effects have been based
on effects of environmental radon which
are heavily weighted by indoor exposure.
This procedure is valid if the materials
in question have the same probability as
average soil of having buildings con-
structed on them, of being used for
making brick or other construction
materials, etc. It seems like a reason-
able approach when giving credit for
what would have happened if the material
were not mined, but may well lead to an
over-estimate when dealing with mill
tailings especially over relatively short
time periods. We ignore this complication
which would further reduce the health
effects of nuclear energy.

Effects Over a 500 Year Time Span

It is conventional in assessments of
radioactivity problems to limit consider-
ations of health effects to periods of
100-1000 years. In this section we do an
analysis of this type for 500 years.
During this period erosion is insignifi-
cant so we need only consider the
emissions from materials enriched in
radium which are deposited over surfaces
of lower natural radium content. This
applies to the uranium mill tailings,

phosphate mining residue, and coal ash,in
the last case because uranium is typically
1 ppm (part per million) in coal (13)
which is about 10% ash, so after the coal
is burned, uranium is 10 ppm in the ash,
much higher than the 2 ppm in typical
soil,

Nuclear power from light water re-
actors without plutonium recycle requires
mining about 160 tonne of uranium per
GWe-year, and essentially all of the
radium is left in the mill tailings.
Coal burning consumes 3 x 106 tonne/
GWe-yr so if it contains 1.0 ppm of
uranium, the ash contains 3 tonne/GWe-yr
of uranium. Thus there is about 50
times more radium in uranium mill tail-
ings than in coal ash from Droduction of
the same amount of energy.

Specifications on covers for uranium
mill tailings (17) require that the radon
emissions be reaTJced by about a factor of
250 (from 500 to 2 pCi/m2-sec). If this
factor is applied directly, the radon
emissions from coal ash become five times
larger than those from mill tailings,
assuming the same stacking conditions,
migration efficiency, etc. There would
be uranium ore and mill tailings residues
scattered around the site, but decommis-
sioning plans include gathering these by
scraping soil where there is detectable
activity and covering them (18). There
might be a certain amount of spillage of
uranium ore in transport from the mine to
the mill. In similar transport of coal
there is about 1% spillage; in present
uranium ore transport spillage is larger
than this, but measures are being taken
to improve the situation Q 9 ) . If there
is ]% spillage, the radon emission from
coal ash is only two times larger than
from uranium mining and milling. Some
consideration might be given to residues
left in mining operations although cover-
ing plans for decommissioning mines are
comparable to those for mill tailings
pi 1es.

Other factors worthy of considera-
tion-are that the covers may be faulty
and inspection processes may be ineffec-
tive in some instances which would en-
hance hazards from the nuclear industry,
and that coal ash is normally in much
higher population areas and is not all
stored in deep piles which would enhance
hazards from coal.
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When a l l factors are considered, i t
seems reasonable to conclude that the
effects of radon emissions from coal
burning and from uranium mining and
mil l ing residues are roughly equivalent'
over a 500 year time span. Their effects
can be deduced from our previous estimate
that uranium from the top meter of soil
causes 3.1 cancers/tonne over a 22,000'
year time period. Over a 500 year time
period, i t would cause 1/44 of this or
.070 cancers/tonne from the top meter.
I f the ash is stacked 5 meters high,
only 1/5 of i t is in the top meter,
reducing the effect to .014 cancers/
tonne. The 3 tonne/GWe-yr deposited on
the surface in coal burning can then be
expected to cause .042 cancers/GWe-yr
over the subsequent 500 years. F̂ om the
above discussion, we expect a similar
number from uranium mining and mi l l i ng .

The principal source of radiation
exposure from other parts of the nuclear
industry is 3H, 85Kr, and 14C released
principal ly from reprocessing plants.
UNSCEAR (5) gives an evaluation of these
based on recent past technology; we now
endeavor to modify i t taking into account
the technology being designed into new
plants (20J.

For 3H, UNSCEAR gives 100 man-rem/
GWe-yr, but new plants are expected to
reduce this by about a factor of 4 by
deep well inject ion or ocean dumping of
t r i t i a t ed water, to 25 man-rem/GWe-yr..

.For 85Kr,UNSCEAR gives an equivalent,
whole body dose of about 120 man-rem/
GWe-yr but this is reduced in the new
technology by about a factor of 20 to 6
man-rem/GWe-yr; For 14C, UNSCEAR gives
900 man-rem/GWe-yr over the f i r s t 500
years based on a world population of
10 b i l l i o n , but we are calculating on the
basis of present population which reduces
the effect to 360 man-rem/GWe-yr. Re-,
moval of 85Kr should remove at least 2/3
of the 14C, reducinc i t s effects to 120'
man-rem/GWe-yr. Adding the effects of
3H, 85Kr, and T4c gives a total of 150
man-rem/GWe-yr, which corresponds to .027
fatalities/GWe-yr (6). Miscellaneous
local effects of other radioact ivi ty re-
leases increase this to perhaps .030
fatalitles/GWe-yr from sources other than
radon.

We must s t i l l consider the l ives
saved from burning up uranium, 1.1 x
10-4/yr/GWe-yr, which, for the 500 year

period is .055 lives/GWe-yr. The net
loss of l i f e from the nuclear industry
in this time span.is then .042 from radon
emissions + .030 from reprocessing plant
and reactor emissions - .055 (l ives
saved) due to burning up uranium, for a
total of .017.fatal ities/GWe-yr.

Radiation exposure due to radioac-
t i v i t y releases other than radon from
coal burning are estimated by McBride
et al (4_) for advanced technology as
about 20 man-rem whole body plus higher
doses to severai body organs, which cor-
responds {§_) to about .004 f a ta l i t i e s /
GWe-yr. Adding this to the .042 from
radon gives a. total of .046 f a t a l i t i e s /
GWe-yr.

The radon emissions from phosphate
mining may be compared with those from
coal burning on an annual production
basis. Coal burning involves the surface
release of 3 tonne/GWe-yr of uranium,
which, i f a l l our current electr ic power
generation were from coal, amounts to
800 tonne/GWe-yr in the U. S. Phosphate
mining (5J in the U.S. in 1973 produced
38 x 10° tonne of marketable rock with an
average uranium concentration of 125 ppm,
which corresponds to a total of 4700
tonne/yr-of uranium brought to the sur-
face, six times more than our estimate
for coal. The total phosphate rock mined
was 3.3 times the marketable rock, and i t
also has a high uranium content. I t
thus seems reasonable to conclude that
the quantity of uranium brought to the
surface in phosphate mining is about 10
times larger-than in coal mining.

For accurate comparisons between
coal-burning and phosphate one would have
to consider the depths of piles of coal
ash and phosphate mining residue in
the wide variety of situations in which
they are l e f t , but that is beyond the
scope of this paper so we assume that
the average conditions are comparable for
the two. We may then conclude that net
radiation effects integrated over a 500
year time span are .017 f a t a l i t i e s /
GWe-yr for nuclear, 2 1/2 times higher
for coal, and 25 times higher for phos-
phate.
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Appendix A: Emission of Radon From
a Covered Tailings Pile

Define h = thickness of cover
g = thickness of tailings pile
y = distance below original top of

cover
A = decay constant of " 0 y n =

0.9 x 10-5 yr'l
v = rate at which material is

eroded away = 4.5 x 10"5m/yr

Assume emissions from a depth y are
attenuated by a factor e'ky where
k 2L lm-1.

dE = Rn emitted from an element
of tailings volume between
y and y + dy between times
t and t + dt .

= A dy e-k (y-vt) e-*t dt
Where A is a combination of constants-

Integration then gives

h+g y/vr
E = A \ dy e-ky j dt

kv-A

h+g

5 dy

Since the integration includes only
values of y > h :k 5m, and (k - A/v) OL
(1 - 0.2) i.0.8, the first term in the
bracket is always larger than e4 which
is much larger than 1, so we ignore the
second term in the bracket, giving

h+g

E = =11
V

h

For h = g = 5 meters, this is

E = A/0.9 x
0.8 m-1

-l . e . 2 7 = i
J

We now compare this with the situation
where the decay is controlled by the
238(j haif life, which corresponds
essentially to A = 0. In this case

i'
y/v

E = A \dy e

h+g

dy

dt

- 1]

Ignoring the second term in the bracket
for the same reason as above, this becomes

E =

h+g

kv J

Inserting values as above gives

5
E = x 10

-5A=1.1 x 105 A^r (2)

Comparing (1) with (2) shows that the re-
moval of the uranium and covering with
5 m of dirt reduces the total radon
emission by a factor of (1.1/0.32=) 3.4,
i.e. to 29% of the emission with the
uranium present.
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DISCUSSION

G. Morris: The suggestion that well
insulated houses may cause increased radon
concentrations (and thus risk) is a red
herring—it can easily be ameliorated by a
small fan and heat exchanger. This may
not be implemented now, but how long was
it before mill tailings started to be
covered?

Answer: The heat exchanger is not so
small and is not cheap. But the point is
that nothing is being done in that
direction or is even being contemplated,
and thousands of people are presumably
dying now. The effects of mill tailings
are only important over very long time
periods, with very few people dying now.
Actually mill tailings don't approach
their full radon emission rates until
several years after the mill has been shut
down giving the pile time to dry out.

0. Foster: Dr. Cohen states that use
of high grade insulation in homes produces
elevated radon levels in dwellings. The
net health effect is to produce an
additional 8,000 deaths per year. If one
opts for lower insulation levels this will
require higher energy production rates
which will also have a negative health
effect including elevated radon levels
from use of additional fossil fuels. What
are the comparative health effects of
these two courses of action?

Answer: If one adopts a 500 year
integration time for health effects, the

radiation health effects from coal burning
are only 0.04 fatalities/GWe-yr which is
orders of magnitude less than 8000
fatalities/year.

O.K. flyers: It has been noted that
most of the radon hazard is due to living
in houses. Others have noted that radon
levels are lower near the ocean. Can we
not benefit in a radiological sense from a
vacation near the ocean?

Answer: There are wide variations in
radon levels with geography, season of the
year, time of day, etc. and one co^ld take
advantage of these to reduce radon
exp< sure. It is my personal view that the
dar jer from radon or from any other
ra iation is sufficiently small compared
to the other risks we face that it
deserves no special attention or action.

J. Muller: Is some
removed from tailing areas into surface
and ground water, and is it feasible that
it might becomes a serious source of radon
brought into houses through ground water
in areas of uranium mining?

Answer: This problem is considered
in the Generic Enviornmental Impact
Statement on Uranium Mill ing. Measures
are included to prevent escape of radium
from tailings. I don't believe this
problem is a serious one if proper
precautions are taken, but I have never
looked into it personally.
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HEALTH PROGRAMS IN COAL MINING
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INTRODUCTORY REMARKS

It is a very real pleasure for
me to be here today as a practioner
of Occupational and Environmental
Health, to represent the Coal Assoc.
of Canada at this conference on
"the Health Effects of Energy Pro-
duction. "

I have been asked to outline the
activities and concerns of the Coal
Association: to make some general
pertinent comments regarding the
renascent coal industry; and, to
talk about recent progress in the
development of Occupational Health
and Safety programs in the coal
mines of Eastern Canada, with a
look at future directions.

Coal has become an increasingly
important energy source. As the
needs for this mineral commodity
increase towards the end of this
century, and beyond, the exploitat-
ion of this plentiful resource
must include a very carefully
planned forward thrust in the re-
finement of the technology involved
in the health and safety programs
so necessary to protect future
generations. This challenge which
confronts us applies to the physi-
cal, psychological and social as-
pects of the life process and we
are most confident that it can with
certainty be met.

THE COAL ASSOCIATION OF CANADA

The rebirth of the coal indus-
try in the late 1960's made it
apparent that there was a growing
need for a national association
charged with the responsibility
for providing a single authoritat-
ive voice to represent the coal
industry in all matters relevant
to the acheivement of its' object-
ives. In 197 3, the Coal Associat-
ion of Canada, Inc. was formed.

The principal functions of the
Association are to project the

views of the coal industry, on the
international, national, and
provincial levels both to govern-
ments and the public: and, to co-
ordinate the coal industry's
efforts with those of governments
with respect to policies effecting
exploration, development and mining
of coal. It is concerned with the
place of coal in Canada's National
industrial and energy policies;
and a practical legislative climate
as well as appropriate land use,
environmental protection and safety,
health and social policies as they
affect the industry.

Membership in the Association
is limited to those companies or
firms operating coal mines, holding
coal lands, leases or licences,
involved in codl exploration, or
actively associated in the operat-
ion of coal mines in Canada. It
has a full time President, Board
of Directors, and arranges an
Annual Conference on Coal for all
concerned, along with other period-
ic special interest meetings. Also,
a new program of provision of ser-
vices to consultants, financial
institutions, and suppliers to the
coal industry has been adopted.

THE REBORN COAL INDUSTRY

About 89.5% of the world's coal
resources are located equally in
the U.S.A., U.S.S.R., and China.
Europe, Australia, and Canada have
about 8.8%. Canada's share is 2%.
which represents tremendous
tonnages.

Although Canada possesses very
large amounts of coal, it remains
a net importer. In 197 8, 15million
tons of coal, valued at $750million
were exported, and 18*5 million tons
of Canadian coal valued at about
$200 million were utilized in this
country. 15*5 million tons, worth
$6 60 million, were imported from
the U.S.A.
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Today there are only ten signi-
ficant producers in Canada; one in •
Nova Scotia, one in New Brunswick,
one in Saskatchewan, four in Alber-
ta and three in British Columbia.
About two dozen other Corporations,
with sizable coal rights are plann-
ing to produce' coal.

Very clearly, more coal will be
mined for the production of energy
and electricity, as the anticipated
rapid demand for thermal coal in-
creases, along with the increased
demand for metallurgical coal.
Also, there will be increased de-
mands due to the new processes of
liquefaction to produce a range of
liquid and gaseous hydrocarbons, as
well as gasification of coal to
produce low, medium, and high B.T.U.
gases for combustion, process
energy, cogeneration of electricity,
petrochemical feedstocks, and syn-
thetic fertilizers.

Also, from forecasts by provin-
cial and federal authorities, as
well as prestigious international
organizations, a recent comment in
a report commissioned by the
Minister of Energy, Mines, and Re-
sources, in February 1979, states
the following:

"Coal will then not only pro-
vide a much larger share of
thermal and industrial uses,
but will also serve a number .
of other purposes as well.
As a result, an indicative
target of increased coal pro-
duction is a five-fold increase
by the year 2000 and a further
doubling of production by the
year 2020."

RESEARCH AND DEVELOPMENT -
HEALTH & SAFETY

The complex and yery expensive
range of research and development .
leading to both the improved con-
vential and the newer uses of coal,
will of necessity take into consid-
eration storage, transportation,
and preparation techniques.

Also, included in this height-
ened perspective will be a whole
new important role for Occupational
Health & Safety, due to the increas-
ed social demands and technological
breakthroughs in making the mining
of coal as free as possible from

occupational accident and disease.
It is therefore predictable that
this whole area will be highly pro-
filed in the aspirations and devel-
opment for mining, distributing and
using coal along the many interest-
ing paths of the future.

FATALITIES(including deaths arising
from accidents at work,occupational
diseases and accidents to and from
work)
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The above graph illustrates the
number of fatalities per 1,000
workers (not including administrat-
ive or office employees).
As noted, there has been dramatic
diminution in the number of
fatalities over the last 20 years,
because of safety technology.
The figures below demonstrate the
same trend in tabular form.
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CAPE BRETON DEVELOPMENT CORPORATION
OCCUPATIONAL HEALTH & SAFETY

Important attention to new
directions in occupational health
and safety began in 1973 in the
Cape Breton Development Corporation.
An unfortunate legacy of inattent-
ion to these problems and their
low rating on the priority order,
presented a challenge to incoming
top management at that time.
There was a genuine desire to begin
to build modern necessary and re-
sponsive occupational health and
safety services for coal mining.
Directors of Accident Prevention
and Health Services were appointed.
Needed professionals were hired,
further trained and began to devel-
op a multidisciplinary team to
tackle long neglected areas of
working life, accompanied by so
much human waste and suffering in
the past.

Organized, effective Occupation-
al Health Programs in coal mining
have basic similarities to Occupat-
ional Health Programs in all other
work settings, and, must address
varities of problems. However,
three major areas of concern have,
always clearly stood out:
accidental injuries; the effects
of coal dust on health; and, mental
health within the work structure,
as a result of long-standing arch-
aic work practices and clear memor-
ies of human abuse. Noise, skin
disease, effects of chemical agents
sanitation, hygienic environmental
problems, and others- are all ex-
tremely important, but the three
areas mentioned above are most
crucial.;

THE PHILOSOPHY & ORGANIZATION
OF HEALTH & SAFETY SERVICES

Within the Cape Breton Develop-
ment Corporation a nursing program
was developed early. Traditional,
trained nurses were interviewed,
and those with occupational apti-
tude and/or experience were hired,
received academic classroom and
practical training. The Physician
has acheived Specialist status
and the object is to have the
nurses become certified in Occupat-
ional Health Nursing. Six nursing

stations were established,followed
by underground stations manned
by Underground Emergency Attendants
with CNA or Army M.A. experience.

Along with this development, a
medical records librarian came on
staff to begin a system for ob-
taining and storing occupational
health records, in a meaningful
fashion, including computerization
of all data, coded for confident-
iality. This would ensure proper
storage and retrievability of
records for epidemiological studies.
A library in Occupational and
Environmental Health has also been
slowly established.

In order to respond to mental
health needs within the organizat-
ional structure, an employee
counselling service was established
with a long term employee scholar-
ship student, Master in Social Work
at its' head, a full time Alcohol-
ism Counsellor, and four other
geographic Counsellors (long time
coal miners) for troubled and not-
so-troubled employees, in a wide
variety of categories.

Toxicological and Hygienic
problems were now addressed by a
Hygiene Technician, a long time
coal miner, with a mechanical
aptitude and an engineering bent.
Initial training and observation
indicated that his practical back-
ground and adaptability to study,
made him ideal for this job.

A parallel.development was
taking place in the Accident Pre-
vention department, with a team of
eight being trained by a profession-
al safety engineer, and subsequent
input in inspections, employee
training, awareness, accident in-
vestigation in each geographic area.
This department is presently ad-
dressing the important area of coal
mine accidents, and, injuries, a
bugbear of the inJustry.

A"Pneumoconiosis and Dust
Control" Committee has been formed
with three inputs - Engineering:
to effectively measure dust ex-
posures, and develop and study
newer effective techniques of dust
control; Medical: to set periodic
examinations for employees exposed
to dust; and Computer input to
place all data on computer, and
over a period of time relate total
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dust exposures to the development
of lung diseases. This is a com-
plicated, multi-variable study,
necessitating the co-operation of
many corporate departments.

Examinations of new applicants,
medicals for disability and pension,
rehabilitative efforts, sanitation
inspections, continuing workplace
surveys and travel, cataloging and
monitoring chemicals, developing
noise programs, treating injuries
and illnesses, health education
and training for staff and employ-
ees, and many other occupational
health programs, such as physical
fitness, problems of retirement,
etc. are being addressed and
developed.

PRESENT CONCERNS & FUTURE TRENDS

Each occupational injury or
disease is a signpost of a weakness
in the administration and practice
of work. This is the basic prem-
ise, and, the one towards which all
efforts should be directed in coal
mining and all occupations. We
must develop the technology and the
knowledge to ensure that men and
women who work may do so safely
and with minimal or no threat to
their physical, psychological, or
social health.

In 1700, Bernadino Ramazzini,
the father of Occupational Health
stated in his 'De Morbis Artificum
Diatriba'...

"...workers in certain arts
and crafts sometimes derive
from them grave injuries so
that where they hoped for a
subsistence that would prolong
their lives and feed their
families, they are too often
repaid with the most dangerous
diseases..."
This spurred him on to tackle

problems in Occupational Health,
and, we must certainly incorporate
sound concepts of Occupational and
Environmental Health and Safety
into all work practices, in order
to negate this ancient concept of
the natural consequences of work-
ing in certain occupations.

The institution and incorporat-
ion of engineering and hygienic
measures, which control or limit
contamination by toxic substances
in the working environment will

set one part of a very strong
foundation for an occupational
health program.

Epidemiologic Health Surveill-
ance is another important part
of this foundation, in order that
employees and their exposures to
a variety of physical and psycho-
logical agents may be followed
over a time interval.

Three important areas must be
considered:

(a) known problems, and their
control

(b) suspected problems, and
their study, observation,
biolojical effects, etc.,
and

(c) emerging problems, which we
must be prepared for in new
areas of coal mining, pre-
paration and utilization.

We must develop detection systems
for recognizing, measuring these
latter new challenges, and con-
trolling their harmful biological
effects. Also, it is clear that
the contamination of atmospheric,
aquatic and terrestial environment
outside the plants are related to
industrial processes and factors
inside the plants themselves.
It must be clearly borne in mine
that the production and utilization
of coal still remains for the
future, the safest energy source
for human beings since, as has been
pointed out by Dr. Michael Jacobson
of the Institute of Occupational
Medicine of Edinburgh, in his study
done for the British Research
Council, in 1976,there are less
serious health alterations, acci-
dents, and deaths than from the
utilization of any other energy
source per man in the industry,
though per B.T.U. this is not true
due to labor intensity of coal
mining. Even so, much attention
must still be directed towards
eliminating or lessening threats
to health, and accidents resulting
from present and future processes.

EMERGING CONCEPTS

Those persons or organizations
responsible for carrying out or
administering work must develop
and maintain top priorities which
would enable them to achieve the
goal of safe and healthful
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performance of work.
This noble and socially respon-

sive attitude can only be achieved
by careful planning, along with
integration of the areas of Occup-
ational Health and Safety and
Environmental Health into one
functioning unit responsible to
the highest executive level. It
will be as important in future
industrial growth as production
itself, which has to this point
in time, in many jurisdictions been
the main harbinger of success.

Therefore, an important
strategy must be worked out which
includes Occupational Health
programming, awareness and educat-
ion, research, supervision and
responsibility. This would have
a continuing evaluative mechanism,
involving inspection, incentives,
health and safety committees, and
consultation at all levels.

Mr. Irving Shapiro, Chairman
of E.I. duPont de Nemours & Co.
has stated:

"... -he health and safety of
employees must be our pre-
eminent industrial goal. If
we cannot make certain products
without exposing our employees
to unreasonable risk, then
we are just not going to make
those products."
The handwriting is on the wall.

Those industries which are to sur-
vive and thrr.ve, and those which
will newly develop, must accept
this fact which society is now
making very clear, and to which
governments, industrial leaders,
and, employee repres ntatives are
giving careful and studious
attention.
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DISCUSSION

J.R. Johnson: Is the value you gave
of 2% fo r the coal resources of Canada
compared to to ta l world resources on an
equal basis, i . e . do a l l resource
estimates refer to proven resources?

Answer: No. I was re fe r r ing to coal
resources only and 2% of a l l known
reserves are found in Canada.

B. Cohen: Your f i r s t f igure showed
that product iv i ty of coal miners
(tons/man-day) has been increasing rapid ly
in the past 10 years. In the U.S.
product iv i ty has been decreasing rapid ly
during th is t ime. Could you explain the
difference?

Answer: The introduct ion of health
and safety measures, pa r t i cu la r l y the
l a t t e r , temporari ly diminish p roduc t iv i t y ,
but the curve u l t imate ly ascends again, as
programs are f i rm ly in place.

L. Ber t in : With reference to your
quoted f indings on the safety of ruining in
B r i t a i n , which showed i t to be the safest
source of energy, we have been to ld that
in Canada nuclear energy is a much safer
source than coal . Can you please explain
this contradiction?

Answer: We have at present the
technology to make the mining of coal very
safe, i f we wish to allocate funds.
Nuclear power is a different kett le of
f ish-- the technology has not as yet been
fu l l y developed for protection, even with
expenditure of funds.

R. Wilson: Is i t fa i r to compare
safety in uranium mines in Canada with
coal mines in Britain to jus t i f y the
statement that coal mining is the safest
form of energy production? The stat is t ics
on occupational fa ta l i t i es for coal mining
in Canada and especially in Cape Breton
are very poor—much worse than uranium
mining in Ontario.

Answer: I t is very d i f f i c u l t to
compare apples, oranges, and bananas.
"Time lost" injuries have different
meanings in different provinces and in
dif ferent countries. As far as Devco is
concerned, we are dealing with a socio-
cultural phenomenon peculiar to the Cape
Breton area, which I would be glad to
discuss with you in detail after the
session.



255

HEALTH CONCERNS ASSOCIATED WITH REFINED OILS

J.D. Lovering

Vice President, PACE
Petroleum Association for Conservation of the Canadian Environment

Uttawa, Ontario

Abstract

It must be realized that "concern"
does not mean "established fact".

The principal human health concerns
expressed for refined oils are burns,
local and systemic toxic effects, car-
cinogenesis, teratogenesis and mutagen-

Exa-.iiples of local and systemic toxic
effect?, and carcinogenesis for refined
oils will be given. Health concerns over
the relationship of teratogenesis and
mutagenesis and refined oils will be
discussed.

The principal health concerns ex-
pressed for diposition of used motor oils
are the same as those of refined oils,
especially related to the health effects
of re-refined oils, possible contamina-
tion of the food chain, and contamination
of potable water with direct consumption
by man. Possible transmission of carcin-
ogens or toxic materials via the food
chain or water are the most noteworthy
health concerns at present for disposed
used motor oils.

Discussion of some of the activity
being directed at resolution of the health
concerns surrounding disposition of used
motor oils will be given.

PACE

The Petroleum Association for Con-
servation of the Canadian Environment -
PACE - was conceived by Canadian oil
companies in 1969 and chartered in 1971.
Supported by 13 major companies, its
fundamental objective is environmental
protection.

Canadians have become accustomed to
one of the highest standards of living in
the world. Many of the essentials we
enjoy are provided by the petroleum in-
dustry. Yet the operation of the indus-
try and the use of its products have
potential for damaging the environment.

Companies in the petroleum industry
are aware of this potential and have
placed a high priority on environmental
protection. Regional associations, or-
ganized from coast to coast by oil com-
panies, also develop and put into prac-
tice appropriate environmental protection
policies.

In locations grouping several refin-
eries and petrochemical plants, the petro-
leum industry cooperates with other local
industries to control air, soil and water
pollution. Such groups are the Lambton
Industrial Society in Sarnia, Ontario
(founded in 1952) and the Laval Industrial
Association in the Montreal region, est-
ablished in 1960.

In these ways the industry has de-
veloped expertise in conservation of the
environment, and has made it available
to governmental and private organizations.

PACE promotes, nationally, the col-
lection of such knowledge and furthers
the effective use of it. PACE committees
study and correlate interactions between
the manufacture and use of petroleum
products and the environment. Research
projects constantly add to the available
knowledge.

The application of knowledge is as
important as its acquisition. PACE main-
tains close liaison with government and
other environmental agencies and organ-
izations to promote the development and
application of environmental conserva-
tion techniques. In one year alone,
members of PACE committees devoted over
36,000 hours to furthering the petroleum
industry's environmental objectives, and
to recommending action within the
industry.

It would be a simple matter to have
a pristine pure environment if Canadians
were prepared to abolish industry, and
to stop creating any form of waste. Such
a solution is, of course, impractical.
Therein lies one of the fundamentals of
PACE's philosophy — to help discover
and coordinate practical solutions for
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our environmental problems without de-
priving mankind of the benefits of modern
technology.

The problem of exactly what consti-
tutes a "refined oil" may seem trivial,
but since the health effects of refined
products are quite variable some limits
are necessary when one speaks of "health"
concerns". This paper will include a
mention of greases at one end of the
spectrum and kerosene at the other.

The health concerns surrounding
refined oils can be listed as carcino-
genic, mutagenic, teratogenic and local
and systemic toxic effects. Thermal
burns are also, of course, a hazard with
such flammable materials, but are so well
known little new can be said. The addi-
tives in the final products can produce
health risks, but these will not be
discussed in this presentation.

Carcinogenicity does not need defin-
ition. Sines the last half of the nine-
teenth century a large body of literature
has accumulated from Great Britain and
Europe describing "Paraffin Cancers"
found in workers refining shale oil, coal
oil, and petroleum, and scrotal cancer
in workers exposed to "spindle oil".
Later reports of epitheliomas of hands,
arms and scrotum associated with exposure
to cutting oils and lubricants have come
from England, and reports of skin cancer
in workers exposed to cutting fluids have
also come from Canada.

The exact constituents of many of
these oils and "cutting fluids" have not
been well defined, and, therefore, while
they concern us, do not lead to unequi-
vocal conclusions as to various oils'
roles in the formation of cancer.

Over 5,000 workers who had worked
in one plant in the United States at
metal machining producing oil mist, for
over one year, were studied. Exact
exposures were not defined, but insoluble,
soluble, and synthetic cutting fluids
were all used in the plant, and the
exposure was thought to be mixed to all
of these oils. No statistically signi-
ficant increase in lung cancer, over the
general population was found. There have
also been earlier American studies, but
none of the studies can yet be said to
have completely allayed health concerns

as to oil mists and carcinogenesis.

Mutagenesis refers to mutations in
DNA (nucleic acid), the genetic material
common to all higher living organisms.
The concern, of course, is that such
changes in human reproductive cells can
lead to undesirable changes in future
generations.

This term is confusing to many,
since there have been tests developed in
bacteria and other cells that are used as
short-term predictive tests of carcino-
genicity. The utilization of such results
as a human cancer prediction is contro-
versial. It must be realized that such
tests in bacteria, while useful and
properly called mutagenic, are not pri-
marily being used at this time to pre-
dict changes in the human genetic pool.

Benzo(a)pyrene has shown equivocal
capacity for producing chromosome aber-
rations, in test systems, tests in
rodents are equivocal, and no results
ire available on benzanthracene.

• It is thought, however, that
the metabolites of these compounds, as
well as- dibenzanthracene may react with
DNA to produce mutations. Dibenzanthra-
cene has been shown to produce chromo-
some aberrations in test systems, but
has not been tested in rodents — to my
knowledge. ' .

One should noc draw hasty or un-
founded conclusions from these facts.
The mutagenic health concerns, of course,
are for those oils with a high aromatic
content, and while such tests are sug-
gestive , they do not confirm or predict
human genetic danger. It seems wise to
avoid prolonged or repeated inhalation
of these' oils.

Teratogenesis refers to the pro-
duction of physical defects in the
offspring "in utero" (or in the mother's
womb). Such defects may range from
the very minor abnormality to gross
deformity. Social changes will result
in the exposure of many more American
women to workplace hazards. High on
the list of health concerns is the
possibility that the fetus may be
exposed to teratogenic agents in the
workplace in the early days of the
mother's pregnancy. To keep this in
perspective,•one must remember that
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viruses, drugs, and x-rays, can be tera-
togenic. Workplace hazards by no means
stand alone in this field. At the pre-
sent time refined oils are not high on
the lists of potential teratogens, but
work in the field of teratogenesis is in
its infancy, so this health concern will
remain for the foreseeable future.

Toxic, of course, means pertaining
to, or of the nature of, a poison. Toxic
effects of refined oils can be very mild
or very severe and range from a mild
skin flush to death. Locally, refined
petroleum oils have for years been known
to produce skin irritation, dermatoses,
and mucous membrane irritation on con-
tact. Systemically some refined oils,
that volatilize easily, can, on suffi-
cient exposure, cause symptoms of cen-
tral nervous system depression. Kerosene
is an excellent example. Kerosene also
may cause a very severe bronchopneumonia
when aspirated, and aspiration may be
fatal. Adverse effects on other organs
has been reported. Most of us think of
refined oils as more viscous than kero-
sene, and refined oils with very large
molecules tend to be less noxious than
kerosene since they are not as well
absorbed from the intestinal tract.
Mineral oil has been employed as a laxa-
tive, a base for low-calorie salad
dressings, and for nose drops, in the
past. The use for salad dressing and
nose drops is, for all practical pur-
poses, abandoned. The material was
found to cause a lipid pneumonia in
some instances, to interfere with
absorption of various vitamins, and to
have other adverse effects.

No resume of this kind would be
complete without mentioning the injury
that can occur to the hand when grease,
under high pressure is injected into
the hand. This can occur accidentally
under some circumstances when using a
grease gyn. A very serious inflammatory
process ensues, and surgical treatment
is an absolute necessity.

What about health and environmental
concerns of disposed motor oils? Canada
has about 80 million gallons of used
lubricating oil yearly. About 56% of
this is recovered and over half of this
is used as a dust supressant. Some
research indicated lead contamination of
soil adjacent to roads, but there is some
doubt about the validity of the research.
In Canada it is felt that road oiling is
a satisfactory use for the oil. Environ-
ment Canada also recommends that used
lubricants collected up to 150 miles from
a cement kiln should be utilized as fuel
for the kilns. There has been concern
over the amount of used oil in municipal
waters and entering the ocean. A report
has been issued by the Ontario Ministry
of Environment regarding evidence of
PCBs in some samples of motor oils
sprayed on dirt roads. It now appears
that the collecting tanks were contamin-
ated. Much more research must be done
because at present there are no estab-
lished health concerns related to
disposed motor oils.

There has been considerable research
activity going on in the field of marine
organism exposure to petroleum hydro-
carbons. Appearance of neoplastic
processes in these organisms has been
reported, but its relevance to man is
not clear at this time.
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DISCUSSION

• A. Han: In your lecture you inferred
that there is doubtful value in
bacteriological tests for prediction of
mutagenic effects in humans. There are
experiments reported in the literature
which show that the Ames test has, on a
qualitative basis, value in predicting the
mutagenic effect of a compound. Also,
known carcinogens have been found to be
mutagens and discounting bacteriological
tests just because we have no data on
humans is dangerous. We know from
mammalian cells in culture that effects
found in these cells are good in
predicting qualitative effects in humans.

Answer: I stated that I believed it
true that the Ames test will give a
positive result related to known human

carcinogens or mutagens. However, a
positive Ames test did not necessarily
indicate that the agent was carcinogenic
or mutagenic in humans.

D.A. Kaden (comment): I can
understand your hesitance in extrapolating
directly from mutation in bacteria to
human mutation. As was mentioned,
however, there are methods of screening
for mutation in mammalian cells. I would
like to point out, for instance, the
availability of a system to study mutation
induction in human lymphoblast cells.
Several polycyclic aromatic hydrocarbons
have been examined in this system, with
benzo(a)pyrene, fluoranthene, and
cyclopenta(cd)pyrene found to induce
mutation in human cells.
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THE EXPECTED ENVIRONMENTAL CONSEQUENCES AND HAZARDS OF
LASER-FUSION ELECTRIC GENERATING STATIONS*

by

Joseph J. Devaney and John H. Pendergrass
Los Alamos Scientific Laboratory

Los Alamos NM 87545
USA

I. INTRODUCTION

This paper briefly describes the
operation of an expected early form of a
laser-fusion electric power plant and
estimates the hazards and the environmen-
tal effects of such a station including
those from accidents or sabotage. The
principle environmental effects are those
of a medium size chemical plant. Elec-
tric, magnetic, steam, and radioactive
hazards are of a lower order. Indeed in
the event of extraordinary success in
getting high temperatures and densities so
that more difficult nuclear species can be
reacted, such as protons with boron-11,
there will be no radioactivity at all and
also enormously lower hazardous chemical
inventories. In our plant designs, for
any fusion fuels, nuclear explosions 'or
even excursions beyond design limits) are
not possible.

II. OPERATING PRINCIPLES OF A LASER-FUSION
POWER PLANT

In the atomic nucleus there are two
principal competing forces, the attractive
nuclear force (technically, the hadronic
force) which is very strong but very short
range and therefore limited to attracting
only a few very close nuclear constituents
at the same time. The constituents of the
nucleus are neutrons and protons and are
collectively referred to as nucleons.
This nuclear force is opposed by ordinary
electric repulsion of the positively
charged protons in the nucleus. The elec-
tric force is less strong but operates on
all protons, not just those very close to
one another. (The complete roster of
forces includes in addition the nuclear
weak forces or leptonic forces and gravi-
tational forces which may be neglected
here.) Thus for small nuclei, the strong
attractive force dominates, but because it
is limited to affecting only neighboring

*Work performed under the auspices of the
U. S. Department of Energy.

nucleons the associated energy of binding
the nucleons grows only proportional to
the number of nucleons. On the other hand
the weaker electric repulsion, affecting
all protons, grows as their number
squared, and so eventually can overwhelm
the nuclear force in large nuclei and that
nucleus is then no longer stable against
disassembly. Thus the picture we have of
the nuclear periodic table is one of
increasing nuc'iear binding energy per
nucleon as the size of the nucleus is
increased until the two forces above have
equal effect, which occurs at the element
iron, and then gradual lowering of the
binding energy per nucleon, with increas-
ing size, until finally the binding is so
weak that parts of the nucleus can actual-
ly escape. Therefore either splitting a
heavier nucleus than iron (the fission
process) or combining nuclei lighter than
iron (the fusion process) binds the
resulting nucleons tighter and so releases
energy.

In either process one gets greater
releases of energy per nucleon the more
distant each initial nucleus is from
iron. Initiating the processes is also
easier the farther the nuclei are from
iron. Thus, for fission reactors one
chooses the heaviest available nuclei,
that of naturally occuring uranium or
thorium, or the artificially made even
heavier plutonium, and for fusion one uses
the lightest elements, namely hydrogen.
Hydrogen nuclei are the easiest to fuse
together and pound for pound release the
most energy of all these nuclear pro-
cesses. Ordinary hydrogen (protons) is
the major fuel of suns. Because of a
"resonance", that is, a fortuitious reac-
tion enhancement, the heavier isotopes of
hydrogen, deuterium plus tritim, are
easier to fuse than deuterons with deuter-
ons. And because the nuclear weak force
(leptonic force) 1s Involved in the fusion
of protons, deuterons are easier to fuse
than protons. However, unfortunately for
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earthbound fusion reactors the electro-
static repulsion even of minimally charged
(i.e., only + 1) hydrogen isotopes for
each other is both long range and strong
enough to prevent reaction unless one can
somehow slam the isotopes into one another
at very high speed. This can be done
either by accelerating the isotopes in an
accelerator of some kind (which is thus
far net energy production inefficient) or
by utilizing the high particle speeds
found at extremely high temperatures. One
must also cause the isotopes to hit each
other frequently enough to get a decent
return of energy, which is to say, the
reactor must also operate at a sufficient-
ly high fuel density. Extreme tempera-
tures and high densities mean extraordi-
nary pressures and consequently very
rjbust and unusual restraining vessels are
needed. Finding such "vessels" is the
sine aua non of the fusion business. But
thei,c earthbound difficulties of getting
the fusion reaction to go are on the
contrary advantageous in the sun, enabling
it to react very slowly, using up its
nuclear fuel with a constant energy output
for about 10 billion years, so allowing
higher life forms (mankind) to evolve. On
earth, we cannot wait the many years of
the sun to get energy efficiently from
fusion, so we must raise the temperature
very much hotter than the sun and also
maintain a higher density, if we can, so
that appreciable power will be available
on our time scale.

As we've noted, deuterium, a heavy
hydrogen isotope of 0.015% natural abun-
dance in ordinary hydrogen, and tritium, a
still heavier, weakly radioactive isotope
not found naturally, have a nuclear reso-
nance at very low energy, enhancing their
reactivity. This fact together with their
minimal electric charge of only plus one
makes them the easiest to react. Their
reaction products are a helium nucleus,
also called an alpha particle, and a neu-
tron. The latter product is both good and
bad. Good because it can be captured by a
lithium nucleus to make more tritium which
is necessary to resupply the tritium used
up in the reaction, and bad in that one
cannot guarantee its capture solely in
lithium and so it may be captured else-
where, possibly forming a radioactive
nucleus which on escape could be hazardous
to man. The equal mix of deuterium plus
tritium is the "first generation" fusion
fuel.

With more difficulty one can react
deuterium with deuterium, which produces
lower energy neutrons than the deuterium-
tritium mixtures.^ Also this reaction
does not use tritium and so does not need
lithium, thus reducing tlie radioactive
hazard greatly and nearly eliminating the
chemical hazards of a fusion plant. The
deuterium-deuterium (DD) reaction does
produce tritium and neutrons,2 but the
former is produced only in the reaction
and is largely "burnt" up. The latter is
mostly of lower energy and so shielding is
simpler and a whole class of nuclear reac-
tions, the neutron in-multiple nucleons
out,3 are nearly eliminated, as well as
the neutron in-proton out, (n,p), reac-
tions. Thus induced radioactivity is
sharply curtailed and reactor design flex-
ibility greatly enhanced. Unfortunately,
to obtain all these benefits takes nine
times the temperature in order to initiate
pure deuterium burning as it does to burn
a 50:50% mixture of deuterium with triti-
um.^ So pure deuterium fuels are
considered "second-generation" fusion
fuels.

With even more difficulty^ one can
react nuclei like boron-11 and ordinary
hydrogen (protons), producing no neutrons
at all and hence no induced radioactivity
at all. The products of this reaction
are: one 5.7 million electron-volt (MeV)
helium nucleus or alpha particle, and two
1.5 MeV alphas or rarely alternatively to
the three alphas, one carbon nucleus per
reaction. All are non-radioactive and
unlikely to produce radioactivity unless
the alphas are carelessly allowed to fall
immediately on a very light nucleus like
beryllium. With the carbon production
alternative one gets a total of 16-MeV of
prompt high-energy x rays (gamma rays) per
reaction, which must be locally shielded
against. This proton-boron reaction is
best yet from the point of view of shield-
ing, chemistry, and waste management, but
takes even higher temperatures, namely
eighteen times that of deuterium-tritium.
So this is a "third generation" fuel.

Naturally our first fusion projects
attempt to react the easiest fuel, deute-
rium plus tritium. What makes even this
fuel so hard to react is the requirement
that one must reach temperatures ten thou-
sand times those of the sun because we
cannot wait for times like billions of
years to recover the energy of the reac-
tion. At these extreme temperatures,
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nothing is solid, nothing is liquid, in
fact nothing is even gaseous; matter has
been dissociated into electrons and ions
to form a fourth stale of matter called a
"plasma".5 Light elements will be
wholly stripped of their electrons, heavy
elementsonly partly stripped in amounts
depending on the temperature. Holding
together such extremely hot plasmas long
enough for useful power production is the
sine qua non of producing fusion power.
There are two methods of confinement under
vigorous study: by magnetic fields and
inertially. The former has been under
study for about twenty-five years and is
very difficult because magnetic fields
restraining hot plasmas are generally
unstable and will permit the plasma to
leak out. The latter, inertia! confine-
ment, depends on getting the plasma so
highly compressed and heated that useful
energy is produced before (inertial) dis-
assembly. Inertially confined fusion has
been under study for five to ten years.
The nuclear fuel may be compressed by any
process capable of dumping large amounts
of energy onto a very small pellet con-
taining thermonuclear fuel. All the major
constituents of the physical world are
being considered as pellet compressors, to
wit: nuclei (i.e., heavy ions), electrons,
and light. We have restricted our discus-
sion to compression and fusion by light,
laser light. The hazards and environmen-
tal consequences are very similar for all
presently known schemes of inertial
confinement.

In a representation at the fundamental
physical level of the principle of yin and
yang, all physical entities are divided
into two kinds: fermions6 which are
antisocial, stand-offish, and are at
bottom the reason why we cannot push our
hands through a wall even though both hand
and wall are overwhelmingly composed of
empty space. Examples of fermions are
electrons, protons, neutrons, and muons.
The other entities, bosons,7 are gregar-
ious, prefering to associate with each
other in the same total physical state.
Examples are pions and photons. A laser
is a light emitting device that takes
advantage of the gregarious nature of the
fundamental entities cf light, called pho-
tons. In a laser, a potentially emitting
region is made overwhelmingly ready to
emit and is located in a suitable optical
system so that a few photons will cause an
overwhelmingly large number of identical
photons to appear rapidly (gregariousness

of bosons), all in the same direction, and
all "in step". These, acting together
form an intense, in-step or in-phase, uni-
form, light beam (a laser beam), in a very
short time, that can be focused onto an
extremely small pellet.8

Because laser light is without repul-
sive electric charge and is "all in step"
one can concentrate huge amounts of power,
100 terawatts or more,9 on a tiny
pellet. The struck exterior parts of the
pellets are thereby raised to very high
temperatures and pressures which sends an
inward compression wave, called an implo-
sion, into the center of the tiny pellet
where temperatures more than ten-thousand
times that of the sun and densities one-
thousand times that of solid hydrogen are
reached so that thermonuclear reactions
can take place sufficiently rapidly to
produce useful power before the high pres-
sures dissassemble the pellet.

The above discussion briefly gives the
major physical principles underlying the
initiation and microexplosion of a laser
pellet. Using deuterium-tritium fueled
pellets, each reaction releases a total
energy of 17.6 MeV of which 4/5 (14 MeV)
is given to a neutron, the rest (3.6 MeV)
to an alpha particle, which is also a
helium nucleus. The neutrons, being with-
out charge, pass mostly through the pellet
and are ultimately captured outside the
reactor chamber, usually in a lithium
blanket surrounding the chamber, to make
both more energy and also tritium for fuel
replenishment. The doubly charged alpha
particle delivers its energy to the pellet
itself and forms part of the exploding
debris. The explosive debris is guided by
walls or magnetic fields out of the cham-
ber into plenums for unburned fuel recov-
ery and radioactive control. X rays,
charged particles and neutrons are pro-
duced by the thermonuclear explosion.
Neither of the former two leave the reac-
tion vessel. Less than one percent of the
latter escape the reaction vessel proper
and of those a yet smaller amount escape
the steel lined concrete room containing
the reactor vessel.

Hot lithium surrounding the reaction
cavity captures the neutrons and is thus
the direct recipient of most, of the output
energy and indirectly of nearly all the
remaining energy from the pellet debris.
Following well known alkali-metal coolant
technique, lithium is used as a primary
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coolant and heat transfer agent which
takes the heat of the nuclear reaction to
a steam generator. The steam formed there
powers turbines that drive electric gener-
ators in the conventional way.

111.ENVIRONMENTAL EFFECTS OF A LASER-
FUSION ELECTRIC POWER STATION

For definiteness we consider a 1000
megawatt of electricity (MWe) station with
the first wall of the reaction vessel pro-
tected against xrays and debris by a thin
film of gently flowing liquid lithium
(wetted wall concept), since that is a
"worst case" because it has larger amounts
of lithium than other projected laser fu-
sion plants. For this example we take the
reactor vessel to be made exclusively of
niobium. Each deuterium-tritium fuel pel-
let yields 100 megajoules (MJ) of energy
(the energy of 2/3 gallon-US gasoline).
There are thirty reactors, each firing 1.1
times per second (Fig. 1). We equip each
reactor room with lithium fire suppressant
and with vents containing 99% efficient
high volume traps. 99.95% efficient traps
are possible at higher cost. Possible
environmental impacts and hazards to man-
kind can occur from:

A. Nuclear excursions or explosions
B. Nuclear weapon proliferation
C. Loss of coolant accident (LOCA)
0. Tritium releases
E. Chemical fires and accompanying

releases of radioactivity or chemicals
F. Induced radioactivity releases (other

than tritium)

G. Radioactive waste disposal
H. Lasers
I. Normal electrical generation and steam

plant effects
J. External intrusions, natural disasters
K. Land use
L. Resource and transportation use
M. Thermal pollution
N. Air and water pollution

A. Excursions, Nuclear Explosions

Because of its extremely small size,
the high symmetry of implosion required,
the enormous difficulty of getting a small
device to react, and the high degree of
reaction completion (burnup) in normal
operation (67%), significant excursions or
explosions of pellets are effectively
impossible and even if they occurred,
could yield at most only about 50% core
energy, neutrons, and consequent radioac-
tivity per pellet. The maximum possible
nuclear excursion is equal to the energy
available burning one gallon of gaso-
line. Simultaneous pellet initiation by
any means is impossible, short of bringing
in an atomic-bomb that is, and then the
A-bomb itself is far worse than the pellet
microexplosions. Thus perturbations of
the reaction system of any kind including
loss of coolant accident (LOCA) cannot
lead to excess radioactivity production or
blast beyond normal design limits and in
contrast are overwhelmingly likely to
destroy all pellet nuclear reaction
possibilities.

Fig. 1. Conceptual 1000-MWe Laser Fusion Power Plant
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B. Nuclear Weapon Proliferation

Deuterium and tritium are thermonucle-
ar fuels, just as boron, lithium, carbon,
etc., are, but by themselves these alc-
ments are not suitable for explosives.
They need enormous compression and heating
in order to react at all and still more
compression and heating to react explo-
sively. Aside from the sun or the massive
apparatus of a fusion laboratory or a
fusion power plant, the only present
source of such compression and heating is
a fission weapon. Thus thermonuclear
fuels by themselves cannot proliferate
nuclear weapons. Their use in weapons by
some entity can only mean that prolifera-
tion has already occurred in that entity,
consequently the potential of laser fusion
power plants for nuclear weapon prolifera-
tion is nil.

Note that the whole tritium cycle of a
fusion power plant is within the reactor
site boundaries so that protection against
unauthorized diversion is relatively
simple.

C. Loss of Coolant Accident (LOCA)

There are no fission products, because
no fission. The induced radioactivity in
the pellet structure is at once too small
to contribute to structural melting and is
mostly discharged from the reaction cham-
ber in exhaust. Thus there is no possible
reactor fuel meltdown in the sense of fis-
sion reactor core meltdown. It remains to
determine that the coolant and structural
radioactivities are not sufficient to melt
the structure in the event of total loss
of coolant. The maximum afterheat from
radioactive impurities (occurring after
3.7 years continuous operation - the maxi-
mum possible) in the lithium coolant is
1.4 kilowatts per reactor in a lithium
mass of 20,000 kilograms. This rate is
only a hundred thousandth (1.2/1000,000)
of the normal heat production per reactor.

The afterheat in the structure ranges
from 0.16% of normal operational heat pro-
duction after one year operation to 0.38%
after 5 years operation and for a high
ratio of structure to coolant (i.e., few
voids). The projected maximum temperature
rise a'sove normal operation is calculated
to be a few hundred degrees kelvin even
with total loss of coolant. Thus there is
no possibility of a meltdown of structure

similar to a fission reactor core melt-
down, and therefore emergency cooling for
laser fusion reactors is not required.
However continued pellet firing in the
absence of coolant is a situation of heat
input with little output and would eventu-
ally lead to structural softening or even
melting. Such events are multiply and
redundantly guarded against by flow, pres-
sure, temperature, etc., sensors which
independently shut down the laser power
supply, the laser oscillators, the laser
amplifiers, and the pellet insertion, any
one of which will terminate fusion energy
production.

D. Tritium

Tritium is only a problem for the
first generation fuel cycle. It is nearly
nonexistant for second generation fuels
and nonexistant for third generation fuels.

Were it not for the fact that heavy
hydorgen-3, i.e., tritium exchanges with
light hydrogen in biological compounds and
al*:o forms a tritiated water which can
readily pass into the biosphere, the
(2.26-year half-life of iritium with a
mean beta energy of only 5.66 kiloelectron
volts (keV)) and a maximum energy of 18.54
keV would be an utterly negligible hazard,
since its betas are stopped by outer
(dead) skin.W Consequently, the con-
trol of tritium is simply the same as the
control of a hazardous chemical, namely,
it must be kept from entering the body in
appreciable amounts. Shielding is not
required.

Although tritium oxide is readily
metabolized by all living orgainisms, most
biochemical reactions discriminate against
the incorporation of tritium so that only
a fraction of tritiated water becomes
bound by exchanging with ordinary hydrogen
on organic molecules.11 Moreover pro-
cesses that allow accumulation and incor-
poration of tritium also assist in this
elimination. Once organically bound, tri-
tium then demonstrates a longer half-time
in the body (about 450 days versus 10 days
for normal water in the body), but that
portion constitutes a small fraction (less
than 1%) of the total tritium label in the
body.11 Tritium released as the gas,
HT, or T2, is of much less concern than
that released as tritiated water, HTO or
T2O, because the gas phase is not read-
ily incorporated into living organisms and
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because it is lighter than air, so rising
or diffusing above the biosphere. The
dose rate for HT to T2 is only 0.5% of
the dose rate for HT or T2 • "
Conversion of tritium gas to oxide is
considered to be extremely slow in the
atmosphere and slow even in the presence
of suitable catalysts.^ Table I gives
the tritium inventory in our plant design
based on maintaining a concentration of
1.47 parts per million (ppm) atomic in the
lithium.

TABLE I
PLANT TRITIUM INVENTORY

System Inventory

Reactors (30)
Piping
Separator

Steam Generators (15)

Production Subtotal

1-Day Reserve Fuel 2.02 kg

387 g

The systems in Table I fall into two
broad categories, tritium dissolved in
lithium, and tritium gas or ice not so
dissolved. The former occurs in the
blanket, in the heat exchangers, and In
heat transfer loops with a total of 386
grams of tritium. The latter is found in
the fuel reserve. The tritium inventory
is also physically separated into two
sites: the power plant proper with 386
grams mostly dissolved in lithium; and the
reserve fuel, 2.02 kg in the form of DT
ice or gas. The power plant design
restrains a credible accident to involve
only one of these sources at a time.
Because of its natural buoyancy, rapid
releases of tritium especially associated
with heated gases from a fire or explo-
sion, inject tritium into the upper atmos-
phere well above ground and are therefore
a thousand times lesser hazard to man
compared to slower releases which are
mixed with air and consequently do not
readily rise above ground.

The reserve fuel supply is stored in
the form of pellets, typically containing
0.17 mg of DT in a pellet of 1 gram
weight, the material surrounding the DT
being noncombustible. The pellets are
stored in the absence of combustable
materials, refrigerated, and doubly gas-
tight sealed, preferably in a small,
inaccessable, underground chamber. The

probability of any release by fire, loss
of refrigerant and sabotage is exceedingly
small and would most likely consist of a
small amount of gaseous DT. However, the
slow, hence worst, release of even all the
reserve fuel over an eight hour period (an
unlikely event) would le?d to average
doses at plant boundary of only 8 mil-
lionths of a roentgen-equivale.it. for man
(rem).T2 Total release of all ne pro-
duction inventory of tritium would give
average doses of only 1.5 millionths rem.
Thus gaseous tritium releases of even
total portions of the plant tritium inven-
tory would not produce a significant
radiological burden in the environemnt.
Such total releases are also extremely
unlikely.

Even though tritium is one of the
least noxious radionuclides with body
burdens of up to 1 milli-curie permissi-
ble,^ the exchange of hydrogen in com-
pounds and of water in the atmosphere and
the biosphere make control of tritium
oxide and other tritium compounds neces-
sary. Fire, especially of the lithium
blanket and consequent formation of tri-
tium compounds can lead to hazardous
tritium release, but we will show such
release to be a negligible hazard compared
to the associated lithium release.

Lithium is the least reactive of the
alkali metals; it has the highest specific
heat; it has a high heat conductivity; and
it has a relatively high boiling point.
Consequently, it is likely to burn slowly
in most release accidents, it will also
react very slowly with nitrogen in the
absence of oxygen. It also reacts with
concrete, hence the reactor room is steel
lined. The lithium is moreover contained
in double walled high pressure vessels
throughout the plant. The piping is
surrounded by a tritium leakage space and
then by outer piping. Each reactor vessel
proper contains a microexplosion proof
inner wall, 18,300 kg of lithium blanket,
and an outer wall of niobium or stainless
steel 2.2-cm thick. These are found in a
reaction room of roughly 600 times the
volume of the entire reaction vessel. The
room is of reinforced concrete lined with
steel, vented to lithium hydroxide and
tritiated water traps and provided with
rare gas or "puffed" mineral (so as to
float on light lithium) fire blanketing
"sprinklers".14 Thus the lithium
vessels with included tritium are remark-
ably sabotage proof and although the
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maximum credible accident or sabotage^
is a lithium fire, the probability of such
fire leading to releases from the reactor
chamber is exceedingly low. Note that
because of the massive lithium amounts
with consequent high heat conductivity,
the low relative chemical reactivity of
lithium, and the containment in a massive
metal vessel, lithium will burn rather
than explode, and that slowly. (One will,
of course, locate these plants beyond
reach of major floods or tsunamis.)

So the maximum credible fire in the
power plant complex will be confined to
but one of the reactor rooms and involves
at most 11.7 g tritium, which has 114,000
curies activity.

For a worst case credible accident one
permits a failure of the lithium contain-
ment vessel and the fire blanket sprinkler
with a consequent fire leading to escape
of one-third the lithium as smoke, plus
tritium combustion products, into the
traps with a very conservative 99% effi-
ciency of removal giving a total release
of 0.04 g of tritium in the chemical form
of LiOT. For hot fires, the release would
be in the form of T2 plus U 2 O . The
escape and range of such LiOT smokes
depend critically on the particle size.
Large and medium particles not imbedded in
hot gases, will not leave the plant
boundary. Small particles normally can
persist in the atmosphere for long
distances, except that LiOT is strongly
deliquiscent, so sma?7 particles with
their high surface to volume ratio are
rapidly enlarged from atmospheric moisture
and thus also fall out quickly.

Our postulated maximum credible
release is 0.04 g of T in LiOT. Compare
Fig. 2 for the total body dose from 1 gram
of tritium released in the form of T2O.
The values 01" Fig. 2 should be reduced by
roughly times 4/100,000 if the release is
associated with buoyant fire heated
gases. We expect our figures to be lower
than 0.04 times the values of Fig. 2 at
all distances and much lower at large
distances and especially if associated
with buoyant gases. But most importantly,
the hazard of tritium is utterly negligi-
ble compared to the greatly overwhelming
chemical hazard of Li, L12O, and LiOH,
which form corrosive lithium lye on
flesh. Thus, because of the low concen-
tration of tritium in the lithium and the
corrosiveness of Li, Li'20 and LiOH (all
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DOWNWIND DISTANCE,™

Total body dose versus distance
of 10,000 Ci of tritium oxide
over an 8-hour period (from
calculations by Battelle
Northwest Laboratories).

from LiOH on flesh), the lithium chemical
hazard exceeds that of the tritium radio-
active hazard to such a degree that by the
time one has received a lethal chemical
dose fro',1 lithium (0.2 mg/m3 for 1 hour
exposure) the tritium radiation dose is
but 90 millionths rem. Thus adequate
control of chemical toxicants controls
tritium hazard to an utterly negligible
level, and failure of control leads to
chemical drath long before radiation
effects would be demonstrable.

Under routine operation there is no
forseeable reason that the projected light
water reactor (LWR) liquid tritium release
rate of 0.005 microcuries per liter prior
to dilution in a natural body of water,^
or very roughly 5 curies tritium released
per day, cannot be improved several fold
(i.e., to 2 curies/day) in a first genera-
tion laser fusion reactor without economic
penalty. This release rate (of non-oxi-
dized tritium) would result in a maximum
body dose (8-hour period) to the public of
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about a ten-millionth of a rem if released
through a 100-m stack or about a thou-
sandth of a rem at 100 meters from a
ground level release. Tritium is natural-
ly produced in the atmosphere at a rate of
about 6 Mega Curies/year (MCi/y), result-
ing in a steady-state inventory of clOO
Mega Curies (MCi). In 1975 the tritium
content in man's biosphere is cl200 MCi
due to testing of nuclear weapons in the
atmosphere. This residual is decreasing
and at year 2000, the amount of tritium in
man's environment due to weapons testing
will be about equal that due to natural
background (assuming no further weapons
testing conducted in the interim). Also
by the year 2000 about 100 MCi of tritium
will have been generated by light water
reactors (LWRs), see Fig. 3. it is
assumed that most of this will be withheld
from the general environment in effective
waste management programs, resulting in a
release of about 5 MCi from this source.
Although fusion power plants have the
potential for being a significant contri-
butor of tritium to the environment, the
tritium background level in the biosphere
will not be significantly increased if
release from fusion plants is held to that
required of light water reactors.
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E. Chemical Fires and Releases

Laser fusion reactor lithium inven-
tories are relatively small as fusion
reactors go, about 600,000 kg in our
case. Tftfs inventory is absent in second
and third generation fuel cycles.
Although lithium fires are the most haz-
ardous credible hypothetical accident with

first generation fuels, sabotage or acci-
dental lithium fires are unlikely; if they
occur, they are unlikely to be large; even
if large, they are likely to be automati-
cally extinguished. The technology of
handling molten alkali metals safely is
well developed, and although lithium fires
are the maximum credible accident, the
probability of large destructive fires is
believed to be extremely low. Alkali
metals have extensively researched for
liquid metal reactors and for the space
program. 90% of the lithium is contained
in microexplosion-proof reactor vessels of
outer wall 2.2-cm thick niobium, located
within steel-lined reinforced concrete
chambers of about 600 times the reactor
volume and equipped with rare gas or
"puffed" (so as to float) mineral fire
blanket "sprinklers". Moreover lithium
has high thermal conductivity, high
specific heat, and high boiling point
(1347°C). Also,for tritium leakage
protection, all piping will likely be
double walled. Thus the lithium system is
remarkable sabotage-proof and fire-proof.

With the same consecutive failures as
detailed under tritium release, one can
get lethal chemical doses (i.e., at least
0.2 mg/m3 for 1-hr exposure, LiOH) at
plant boundary from any of Li, LijO or
LiOH, all of which form caustic LiOH on
flesh. Chemical and other dosages can be
reduced 20-fold by very high efficiency
traps (i.e., 99.95% rather than 99%
efficiency).

It should be noted that no one would
complacently "stand" in lithium smoke,
because the smoke is highly irritating and
the eye will smart at very low levels.
Therefore, smoke irritation will drive
persons away from the smoke plume, unless
incapacitated, and the one-hour needed for
lethal exposure at 0.2 mg/m3 will be
unlikely to be attained. By the way,
lithium compounds are found in nature in
small amounts in igneous rocks, mineral
springs, and brines. As with any caustic
chemical, hydroxide levels in water
supplies should not be permittted above a
pH, i.e., power of hydrogen, of 9 or so.
Recommended maximum levels for the lithium
ion in drinking water are 5 mg/liter.l?

Significant quantities of insulating
oil, like a million gallons, may be
required for the electric pulse forming
networks for electrical pumping of the
lasers. If a flammable oil is used for
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this purpose, this oil inventory would
have about 150 million megajoules of
stored chemical energy, which is large
enough to warrant careful fire avoidance,
but small compared to industrial quanti-
ties in regular petroleum storage,
refining, etc.

F. Induced Radioactivities (Other than
Tritium)

We discuss induced activities of first
generation fuels, only. These are the
worst. Second generation fuels have much
less activity, and third, none. Induced
radioactivities of structure, coolant, and
pellet are to some degree at the option of
the designer since some flexibility in
choice of materials and their impurities
exists. For simplicity, the cavity struc-
ture here is assumed exclusively of
niobium. Activated reactor structural
materials represent the largest amounts of
radioactivity produced in this laser
fusion plant, however those materials will
present only a handling and disposal pro-
blem (because of some very long half-life
products) for operating personnel because
they are solid, immobile, and not readily
dispersed. The laser fusion reactor
structure has almost a hundred times less
activity than the fission products of a
liquid metal fast breeder reactor (LMFBR)
and more than a hundred times less than
the plutonium in LMFBR. For a laser
fusion power plant with an intense cavity
wall irradiation of 6.4 MW/m2 of neutron
energy flux, after five years operation
the total plant niobium activity 17 min.
to 12 days after shutdown is about 1500
MCi for 27% overall plant efficiency.

Although niobium burns in air at
800°C, it melts at 2468°C and boils at
4742°C and in the presence of large
quantities of molten lithium, we therefore
expect little entrainment or oxidation of
niobium in a lithium fire. The boiling
point of niobium dioxide is 3500°C and
of the pentoxide is 2900°C.19 There-
fore conservatively we expect at most 0.1%
niobium escaping the chamber in the
lithium. This estimated upper limit
corresponds to one-thousand times the
solubility of oxygen-free niobium in
1150 K lithium which is the maximum high
temperature operating temperature. (At
2400 ppm oxygen impurity in niobium that
limit is equal to the niobium solubili-
ty.) The escaping niobium activity is
thus about 90 Ci, primarily Nb-92m (which

produces a 99% 0.934 MeV gamma ray). This
activity is one-fourth the activity of
tritium in the lithium which in turn is
negligible compared to the lithium chemi-
cal toxicity.

If one could somehow burn off and
remove the lithium and then expose the
remaining niobium structure to a hot
oxidizing atmosphere, then because the
niobium oxide formed has a non zero vapor
pressure, the niobium structure would
erode into smoke at a rate, for example,
of 0.41 millionths of a gram per square
centimeter per second at 1450°C,l° or
0.03 Ci/cm2-s of prompt niobium activity
released through 99% efficient traps.
While we cannot exclude this scenario as
absolutely impossible, its construction is
tortured and consequently must be held to
be extremely unlikely. The total inven-
tory of a reaction chamber contains very
roughly 5 times the chemical lethal dose
from lithium as the total prompt radio-
active dose from all the niobium. So even
if our tortured scenario took place to the
fullest extent possible, we would still be
most concerned with the chemical hazard.
Seventeen minutes after shutdown the
radioactivity has dropped so the ratio of
lethal doses is 10 times, lithium chemical
to niobium radioactive. Much lower struc-
tural activity results from use of other
materials such as aluminum or silicon
dioxide.

Escape of structural induced radioac-
tivity in normal operation is nil.

Pellets containing low atomic number
materials such as beryllium lead to rela-
tively minor activities, although each
element must be individually investi-
gated. Heavy metals in pellets (with
exceptions such as lead) can produce very
considerable activities because they are
compressed close to the 14-MeV neutron
source at time of emission, and have
appreciable 14-MeV neutron cross
sections. The amount of induced activity
is typically less than structural activi-
ties and is expected to be deposited or
plated on metal substrates in exhaust
plenums. For example, if tungsten were
used in pellets at 1.1 g/pellet, the total
tungsten activity after one year can build
to as high as about 9 MCi per reactor.

In the regular operation of the plant,
activity monitors are designed to detect
exhaust leaks and shut down the relevant



268

reactor in 2 to 5 seconds. Maximum total
rupture would lead to a primary leak of a
total of 5 curies before shutdown which
through standard traps would lead to a
0.05 curie release and through high effi-
ciency traps to 0.0025 curie release if a
heavy metal like tungsten is used, much
smaller activities otherwise.

Rupture of exhaust systems without
induction of air into the systems will not
release any of a plated out metal like
tungsten because it melts at 3410'C and
vaporizes at 5560cC. However, if the
broaching event permits air access to the
exhaust system associated with fires of
large enough scale (a contradiction since
large fires will themselves deplete local
oxygen supplies) to heat appreciably the
exhaust plenum then it is possible that
tungsten-oxide will form and be vapor-
ized,^ thus eventually forming smoke.
The evaporation rate through standard
traps ranges from a millionth Ci/cm^-s
at 660 C to five-ten-thousandths
Ci/cm?-s at 1000'C to five hundredths
Ci/cm -s at boiling point (1827CC). The
scenario of a broach of the exhaust plenum
plus an oxygen-rich long-term fire of high
heat production cannot be absolutely ex-
cluded, but again this construction is
tortured and so again must be taken as
extremely unlikely. Even if all the tung-
sten were somehow vaporized the total
radioactivity would be under one-thou-
sandth the chemical hazard from all the
lithium. We conclude that careful control
of pellet exhaust including continuous
processing is needed, but the hazard is
manageable, and is greatly inferior to a
standard chemical hazard, to wit lithium,
in the plant. Again pellets designed
without heavy metals like tungsten do not
give anything like this radioactive debris
hazard.

Choosing rather dirty high purity
lithium coolant^! one can get unsatis-
factorily large-fire maximum releases of
545 curies with tantalum the dominant
activity. We have used an expected smoke
production factor of 1/3 and 99% traps for
this figure. At 99.95% traps and 10 ppm
impurities, the corresponding release
figure is 0.39 curies. These figures may
be compared to a maximum tritium activity
release of 380 curies in a catastrophic
fire (for 9955 traps). Again the radio-
active toxicities from these releases are
small compared to the lithium chemical
toxicity from such fires.

Because of strict (double wall)
control of tritium produced in lithium,
the probability of lithium leakage and
thus lithium impurity leakage in normal
operation is vanishingly small.

Failure of the inner reaction chamber
wall is not an external hazard to either
plant personnel or the public, except
possibly for the former in cleanup proce-
dures. Very slight failure will introduce
lithium into the exhaust processing loop
and should be easily detectable. Small to
large failures will interfere with the
optics or the laser beam and will reduce
pellet illumination so bringing pellet
microexplosions to a halt.

Argon activation in air (if present)
surrounding the reactor proper and inside
the reactor room can be as high as 200 Ci
(Ar-41) for slow air exchange (once per
hour) and 1% neutron leakage, but this
activity drops 100-fold in eight hours
and, of course, argon, as a rare gas has
an extremely small biological effect.
Similarly carbon-14 activity (formed by
neutrons on nitrogen-14 in air) released
through traps from a chamber break is of
the order of one-tenth millicurie leading
to doses of four hundredths of a microrem
to a maximally exposed member of the
public.

G. Radioactive Waste Disposal

There are no fission products (because
no fission) nor long lived actinides to be
disposed of from fusion reactors. If the
fusion effort is successful in reacting
third generation fuels there is no
radioactive waste whatsoever. As noted
above, because the first generation fuel,
deuterium-tritium, releases energetic
neutrons there will be induced activities
in fuel debris, in structure, and in
lithium coolant impurities although not in
lithium itself. Because these materials
are to a considerable degree at the option
of the designer, activation probabilities,
radioactive intensities, and half-lives;
metallurgical, biological, and chemical
properties are all also controllable to an
equivalent degree. Resolution of benefits
versus drawbacks is a matter for systems
studies. Thus choosing materials whose
activation product half-lives are very
short so that brief holding periods will
render them harmlessly decayed, or alter-
natively very long (millions of years or
more) so that their specific activities
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are negligibly low, reduces radioactivity
hazard. Together with low activation
cross sections, low biological residence
times, raid favorable chemical properties
for storage, removal, etc., one can reduce
hazards to negligible levels. For
example, except for tritium, pellets
containing just DT and lithium are without
radioactive hazard. Beryllium captures
neutrons to form very long-lived
(1,600,000 yr.) low-activity beryliium-10,
a beta emitter with no gamma emission.
Lead captures from 1.4% abundant lead-204
to form 14,000,000 year lead-205, a very
weakly radioactive electron capturer, and
lead-208 very weakly captures to form 3.3
hour lead-209, a no gamma, beta emitter.
On the other hand use of a substance like
tungsten in pellets leads to 121.5 day
W-181 and 75 day W-185 from (n,2n) nuclear
reactions^ with a total asymptotic
plant activity of 309 megacuries which
would require isolation for a few years
(the activity drops about ten-fold per
year).

Structural niobium drops to one tenth
activity after 100 days and then to a
thousandth activity at 100 years with
niobium-94, half-life 20,000 years, being
the long-term culprit. Low to intermedi-
ate level permanent storage would be
required for this beta and gamma emitter
upon dismantling of the plant. From the
point of view of long-time residual radio-
activities, nickel-free stainless steels
appear better for structural use, also
vanadium (80%) - titanium (20%) alloy is
attractive. Aluminum is greatly superior
from the point of view of long-term radio-
activity.

In general with careful choice of
primary materials plus good control of
impurities, it appears possible to control
radioactive hazards to negligible levels
in time much less than geologic; perhaps
in times no longer than an additional
plant lifetime (35 years). The worst
impurity for example in about 7000 ppm
total lithium impurities after 35 years of
continuous running is tantalum-182 with up
to 114,000 curies, but with a half-life of
only 115 days, so that its activity drops
about a factor of ten for each year of
plant shutdown, and further, initial
tantalum impurities in lithium can be
reduced by factors of 10 to 100 or more.
Similarly for the 87-day sulfer-35 acti-
vated impurity in lithium with a maximum
activity of 31,000 curies. Thus not only

does the plant designer have considerable
choice as to what radioactivities will be
produced, but waste disposal beyond a few
years holding can likely be eliminated
even with first and second generation
fuels. In any case, the amounts, types
and half-lives involved are all far less
severe than with fission powered reactors.

H. Lasers

The lasing medium (if other than
CO2) may be poisonous (mercury, HF,
etc.), but is likely to be hazardous only
for plant personnel. The quantities of
lasing materials required would be a few
times 10 kg (pilot plant scale by chemical
industry standards). The handling tech-
nology of such materials in such amounts
is well developed by decades of industrial
experience.

Any strong shock, vibration, or dirt
intrusion into the lasers or the beam
transport system can cause shutdown, but
is not likely to cause a hazard to humans
beyond possible very local overheating
which could be rapid.

I. Normal Electrical Generation and Steam
hant Effect?

We will not discuss the normal elec-
trical machinery and steam plant effects
on the environment and hazards. These are
well known, minimal, and better available
elsewhere. However, perhaps one number,
happenstance for a nuclear power source,
will give perspective. Operating experi-
ence plus theoretical projections indicate
that the chance of steam turbine failure
leading to serious strike damage in a
plant is less than three ten-billionths
per reactor per year for the turbines of
fission reactors of the lightwater types
(LWR).

J. External Intrusions, Natural Disasters

Because the reactors are built to
withstand microexplosions and are enclosed
within steel and reinforced concrete in
order to contain lithium leaks or fires
and to reduce radioactive releases, cata-
strophic broaching of sensitive structures
from external events are extremely unlike-
ly. In general laser fusion power plants
are of necessity more substantially
designed than other critical structures
such as bridges, dams, fossil-fueled power
plants, etc. Large aircraft strikes even



270

with 5 miles of an airport are about one
per million years (clO~6/y). Associated
aircraft crash fires are usually not sig-
nificant compared to strike consequences.
The worst case with respect to wind damage
is the tornado. Current nuclear power
plant designs will resist the worst
recorded tornado with a comfortable safety
margin. Earthquake resistance superior to
that for hydroelectric and fossil-fueled
installations are now required for fission
fueled plants. In spite of much lower
consequences of installation ruptures of a
laser fusion power plant, equivalent or
superior construction is envisaged.
Inherent fragility of optical beam trans-
port systems in laser fusion plants
requires careful seismic engineering to
ensure plant stability. Because this
first generation wetted wall plant con-
tains 600 Mg of lithium, the plant should
not be located where large long-duration
floods or tsunamis are a possibility.
Because of the ruggedness of the reactor
vessel, having outer walls of 2.2-cm thick
niobium, enclosed in steel-lined concrete
rooms, etc., the large masses of metals,
the need for highly rigid optical system,
and the consequent massive structure, it
is hard to imagine external sabotage that
can induce more damage to humans or to the
environment than the initiating sabotage
event itself. Present normal security
procedures user! at fission plants or at
national laboratories are adequate to pro-
tect against ordinary societal aberra-
tions. Lasing action, beam transport, and
pellet manufacturing are all vulnerable to
internal sabotage or accident, but present
no hazard to the public nor to the envi-
ronment not already discussed.

K. Land Use

Laser fusion generating stations will
need only about 25 acres for a 1000-MWe
plant, although comparable plants average
more, i.e., gas-fired plants average 150
acres for 3000 MWe." However, more
meaningful comparisons of land use would
include land use for the fuel resource
(i.e., mining) and the reprocessing land
use. Since laser fusion reprocesses its
own fuel (tritium recovery), one only
needs deuterium which comes from the sea,
thus far no land use, and lithium, which
at present is mined from brine lakes or
from highly concentrated ore deposits,2^
so also little or no land use. Fuel
transport land use is negligible. Thus
operation of the 1000-MWe laser fusion

reactor at about a 0.75 load factor will
occupy about 25 to 150 acres of land.
Magnetically confined fusion reactors
require about 200 acres in order to reduce
magnetic fields to no more than twice
background.25 By comparison the annual
land use of a 1000-MWe, 0.75 load factor,
light water fission reactor (no reprocess-
ing, negligible fuel transport) is 1094
acres;'' that of an oil-fired plant
(on-shore extraction) is 3554 acres per
annum;23 that of a surface mine coal-
fired plant is 4173 acres per annum,23
which rises to 12,359 acres for deep
mining." jne land required for a
(high-insolation solar thermal power plant
is 6,600 acres;26 for solar photovoltaic
is 10,000 acres,26 and for biomass
plantation and power plant is 160,000
acres.26 Lower insolation increases
land needs of solar plants inversely with
insolation. Underground location of
fusion reactor buildings does not appear
to offer any advantage from the point of
view of environmental impact, on the con-
trary the usual above ground location
permits early detection of external plant
malfunctions together with more convenient
access for unusual repair or replacement
needs. Coaland oil-fired plants typically
store about thirty days of fuel at plant
site, c400,000 tons and c50,000,000
gallons respectively. The latter repre-
sents an extreme fire hazard.

In addition to these annual land uses
there are also one time land uses. For
example, for the mining of the materials
used in construction. A typical such
number for a fusion plant (1000-MWe) is 40
acres.2'

L. Resources and Transportation

Laser fusion plants require 250 to 350
g/day2° of deuterium and 0.9 to 1.3
kg/day28 of lithium for tritium
breeding. These amounts are a trivial
burden on transportation. Although iso-
tope separation is needed for deuterium,
the separation is easiest of all because
the mass ratio of deuterium to protium
(ordinary hydrogen) is large, to wit 2.
Deuterium may be obtained from the ocean.
One out of every 6,500 hydrogen atoms is
deuterium so that 1-m^ sea water con-
tains 10.29 trillions of trillions, or
34.4 grams, deuterium atoms.2' The
world inventory is estimated at 10,000
trillion kg.30 it is readily extracted
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and current cost (1976) is low,
($6OO/kg).3O

Lithium in the United States may be
obtained from lakes: Great Salt Lake,
0.55 billion kg; Salton Sea, 1 billion kg;
Searles Lake, CA, 36 million kg.31 It
is generally agreed that the US has at
least. 3 billion kilograms of lithium
recoverable at reasonable cost and perhaps
7 billion kilograms hypothetical
resources.31 At considerable cost the
oceans might be mined; their total is
25,000 trillion kg of lithium.31 Three
billion kilograms will supply 6 to 10
million (1000-MWe) reactor-years of
lithium consumption. Lithium ores are
either liquid or frequently high grade
(greater than 1* lithium).

We conclude that the environmental
degradation from deuterium or lithium
procurement should prove to be minor and
that sufficient resources exist for the
order of mi 11 enia at a level of one
thousand 1000-MWe laser fusion power
plants. Lithium needs no isotope separa-
tion. Neither lithium nor deuterium are
radioactive.

By comparison, fission reactors
require about 3 kg/day of (radioactive)
fission fuel and generate the same mass of
fission products which must be carefully
disposed of. Uranium ore is mined at
about 0.2% concentration and is radio-
active as well as requiring isotope
separation (except Canada's CANDU reactors
do not require isotope separation) with an
exceedingly small and difficult mass ratio
to separate of 238/235 = 1.01276.

Fossil plants require enormous masses
of fuel with significant impacts on trans-
portation, primarily rail, pipelines, and
sea-going tankers. The amounts needed for
an equivalent plant are about 12,000 tons
per day of coal or 1,600,000 gal/day of
oil.

The structural metal requirements of
the various fusion plants are roughly
equal and are about 20% higher than those
for say a liquid metal fast breeder
reactor (LMFBR).

M. Thermal Pollution

Heat rejection requirements for laser
fusion plants are likely to be slightly
higher than fossil of fissile plants

because of (probably) lower overall effi-
ciencies (recirculating power requirements
are high). However, it is likely that
most future electric generating stations
(regardless of thermal energy sourc~ type)
will be required to use some type of
cooling tower rather than reject heat
directly to fresh water streams. Water
makeup requirements for fossil plant
cooling towers is about 2.9 million
gallons per day.

N. Air and Water Pollution

The air and water pollution of fusion
plants is nil. In contrast the air pollu-
tion even for a modern coal-fired plant
ranges from massive to catastrophic. A
single coal-fired plant can pollute in
excess of 100,000 square miles. The
consequent effects on health, weather, and
economics have not been fully realized.
Considering the sulfer-oxides and particu-
lates alone among many other toxicants,
the coal-fired power plant under normal
operation is for example 18,000 times more
hazardous to humans from air pollution
than fission reactors.32 Moreover
attempts at ex post facto pollution con-
trol (i.e., precipitators, scrubbers,
etc.) fail most importantly in removing
the fine particles which remain in the
atmosphere the longest, are the most
biologically reactive, obscure the most,
and are retained in human lungs the
most.33 If pre-washing of coal is
attempted one converts (some) air pollu-
tion into water pollution.

IV. SUMMARY

Inadequate design of first generation
laser fusion power plants could create a
potential for hazardous accidental radio-
active releases, but in general the chemi-
cal hazard in the unlikely event of large-
scale lithium fires is the maximum believ-
able hazard. The lithium hazard is absent
in second and third generation fuel
cycles. The low radioactive hazard is yet
lower for second generation fuels and
absent for third generation fuels.
Because of the extreme difficulty of dis-
ruptive access to significant radioactivi-
ties, sabotage is unlikely to release
activities that are significantly worse
than the instigatory event itself. Plants
can be designed with little or no need for
radioactive waste disposal beyond isola-
tion for a few decades. Amounts and types
of radioactivity are far less and far less
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toxic than from fission power plants.
There is no possibility of a nuclear
explosion, nor of "core" melting, but a
very small chance of a loss of coolant
accident (if that), which is in any case
not an external hazard.

In sum our assessment of conceptual
laser fusion power plant hazards and
environmental impacts suggests that a
modest chemical hazard under abnormal
conditions will be the principal concern.
This concern vanishes if second or third
generation fuels can be efficiently
reacted.
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Footnotes

1. 2.45 MeV versus 14.1 MeV; MeV, a unit
of particle energy, means million
electron volts.

2. Helium-3 is also produced and will
react somewhat faster than deuterium,
but slower than tritium. Helium-3 is
not radioactive.

3. These are: neutron in - two neutrons
out. which is written (n,2n), also
(n,Jn), and (n,np^ the p standing for
proton, plus some .i.inor variants which
we do not list.

4. Ideal ignition temperatures are: for
50:50 deuterium tritium, DT: 4.1
kilo-electron volts (keV), for
deuterium with deuterium, DD: 36 keV,
and for 50:50 protons and boron-11
p(B-ll): 71 keV. G. H. Miley,
"Fusion Energy Conversion," American
Nuclear Society (Illinois, 1976), p.
21.

5. The four phases of matter are solid,
liquid, gas, and plasma.

6. Named after Enrico Fermi, 1901-1954,
an Italo-American physicist, first to
build a fission reactor.

7. Named after Sir Jagadis Bose,
1858-1937, an Indian physicist.

8. Smaller than, or about the size of, a
human hair because we want to keep the
resulting energy release controllable
under all circumstances. Thus we use
very small amounts of thermonuclear
fuel. Projected Maximum possible
energy releases for a 1000 mega-watt
electric plant per microexplosion are
about that of a gallon of gasoline
(US)maximum (150 megajoules, MJ).

9. The Los Alamos Antares laser emits for
a billionth of a second, 50 times more
power than the whole United States
electrical output of about 2 terawatts
or 2 trillion watts.

10. At 10 keV the tritium betas have a
range of about 0.00025 cm, and at 20
keV, 0.00084 cm for muscle tissue.

11. J. A. Strand and R. C. Thompson,
"Biological Effects of Tritium
Releases from Fusion Power Plants,"
unpublished Battelle Northwest
Laboratories Report, BNWL-2022 (Sept.
1976), p. 3, 12, 13. Also R. G.
Clark, "Safety Review of Conceptual
(Magnetic) Fusion Power Plants,"
unpublished Battelle Northwest
Labor ories Report BNWL-2024 (Nov.
1976) p. 3, L. L. Burger, "The
Conversion of Tritiated Hydrogen to
Water in the Atmosphere," unpublished
Battelle Northwest Laboratories
report, BNWL-2113 (Sept. 1976) p. 29.

12. Natural backgrounds are 0.1 to 0.2 rem
per year, mean lethal whole-body dose
is 400 rem.

13. Battelle Pacific Northwest
Laboratories, unpublished working
paper, "Controlled Thermonuclear
Reactor Environmental Assessment,"
CTREA-2, P-l (1976).

14. Ordinary water sprinklers cannot be
used because lithium reacts with water
to release more heat and hydrogen gas,
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which itself is likely to explode or
burn.

15. Short of the provoking event being
itself more hazardous than the events
it provokes, i.e., like an atom bomb.

16. US Government report, "The Safety of
Light-Water Nuclear Reactors and
Related Facilities, WASH-1250,
Appendix B (1973).

17. P. L. Hibbard, "The Significance of
Mineral Matter in Water," J. Am. Water
Works Assoc, Z\_ (1934), p. 884.

18. G. V. Samsonov, The Oxide Handbook,
(Plenum Press, New York, 19/3) p. 109,
177.

19. See also M. S. Kazimi et al., "Aspects
of Environmental and Safety Analysis
of Fusion Reactors," MIT report
MITNE-212 (Oct. 1977) p. 11, where
they find a maximum flame temperature
of 2227°C or less in air, and only
1042°C in oxygen depleted air, i.e.,
with nitrogen alone.

20. Tungsten tri-oxide boils at 1827°C and
has a vapor pressure of 20 millionths
of an atmosphere at 660°C and a
hundredth of an atmosphere at 1000°C.
Tungsten dioxide decomposes at
1852°C, G. V. Samsonov, supra note
18, p. 112 and 203.

21. About 700 ppm impurities of which 100
ppm of tantalum is most significant.
At about double the ordinary lithium
cost the total impurities can be
reduced to 10 ppm.

22. (n,2n) means a neutron captured by the
target nucleus followed by the
emission of two lower energy neutrons,
so leaving the residual nucleus with
one fewer neutron than the target.

23. Council on Environmental Quality,
"Energy and the Environment: Electric
Power" (Washington, 1973), pp. 53, 57,
48.

24. D. A. Brobst and W. P. Pratt, eds.,
"United States Mineral Resources," US
Geological Survey Professional Paper
820 (USGPO, Washington 1973), pp.
366-367.

25. No harmful biological effects from
magnetic fields have( been
unequivocally demons'trated, but some
investigations assert there is an
effect. Natural magnetic fields vary
by a factor of two. Two hundred acres
allows a 500 m separation of magnet to
plant boundary which is sufficient to
reduce fields to normal background
levels. J. R. Young, "An
Environmental Analysis of Fusion
Power," unpublished Battelle Northwest
Laboratories report BNWL-2010 (Nov.
1976), p. 22.

26. J. S. Reuyl et al., "Solar Energy in
America's Future," Stanford Research
Institute paper (unpublished), SRI
Project URU-4996 (Jan. 1977).

27. J. N. Hartley, et al., "Materials
Availability for Fusion Power Plant
Construction," unpublished Battelle
Northwest Laboratories report
BNWL-2016 (Sept. 1976), p. 26.

28. Derived using net efficiency (with
high temperature topping cycle) of
38.4% to 26.8% respectively.

29. S. S. Penner, ed., "Energy, Vol. Ill,
Nuclear Energy and Energy Policies,"
(Addison-Wesley, Reading, 1976), p.
526.

30. Supra note 20, p. 29.

31. B. F. Gore and P. L. Hendrickson,
"Fuel Procurement for First Generation
Fusion Power Plants," unpublished
Battelle Northwest Laboratories
report, BNWL-2012 (Sept. 1976).

32. L. B. Lave and L C. Freeburn, Nuclear
Safety]^, 409 (1973).

33. 20%-70% lung retention. See for
example, Task Group on Lung Dynamics,
Health Physics 12, 773 (1966).
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DISCUSSION

P.u- Dinner: Does an accidental
release of 0.09 g lithium out of an
inventory of 600,000 kg represent a
credible upper limit release fraction for
accident analysis?

Answer: Our maximum credible
accident is estimated to be a failure of
the lithium containment vessel and the
fire blanket sprinkler, with a consequent
fire leading to emission of one-third of
one reactor's lithium as smoke. We
further estimate that the steel-lined
concrete reactor chamber (one of thirty)
will hold, thus confining the fire to one
reactor chamber or to at most 18,300 kg
lithium of which one-third enters the
traps, assumed functional, to give a
release of 61 kg lithium for 99% efficient
traps {3 kg for 99.95% efficiency). The
0.09 g figure refers to the associated
tritium release, which at 1.47 ppm
concentration in lithium ar,d for 99%
efficiency traps, would be 0.09 g as
stated.

G.C. Cowper: Do you have an estimate
of tritium doses in normal operations?

Answer: At present (1978) we see no
reason why we cannot better LWR tritium
release rates several-fold (to about 2
Ci/day) in a first generation reactor
without economic penalty. This release
(as gas) would give a maximum body dose to
che public of about 10"' rem if
released through a 100-m stack or about
10~3 rem at 100 m distance from a
ground level release.

W.B. Lewis: What is the meaning of
the word "generation" in your 3rd
generation fuel?

Answer: At the moment, third
generation fuels are "pie in the sky"
because of the great difficulty we have in
getting even first generation fuels to
productively react. The term "third
generation" refers to thermonuclear fuels,
such as p + lh — » 3 4He, that
have the great advantage of no
radioactivity or negligible
radioactivity.
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A SUMMARY OF EVOLUTION AND CURRENT ISSUES
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Mississauga, Ontario

Summary
Nuclear risks are unique in that

we lack historical experience of major
accidents - the actual record shows
less than one death in all of nuclear
power operation. We postulate acci-
dents in order to provide a basis for
the plant design. Canada has long
used numerical guidelines for the
assessment of these postulated acci-
dents, and I review how these guide-
lines have evolved. I compare them
to the "real" risks of nuclear power.
I also discuss recent public enquiries
into safety in Ontario.

Uniqueness of Nuclear Risks?
I was recently on a radio hot-line,

all keyed up for the expected onslaught
of people concerned about meltdowns and
disasters. I never got it. One caller
I remember particularly well. She
lived near Douglas Point, was quite
unperturbed about the risk from the
reactor, but was unhappy about the
smell of hydrogen sulphide from the
nearby heavy-water plant. I have often
wondered since then if she had a better
perception of the real hazards of
nuclear power than our critics, or
indeed ourselves, who are sometimes
too close to the accident analysis to
keep a perspective.

Our critics have said that nuclear
risks are unique, and perhaps they are
right - but not for the reasons they
use. They claim, correctly, that
nuclear power has the potential for
very serious accidents, but this is not
unique: hydroelectric! ty carries with
it the potential for dam failures, for
example. Rather, what is unique is
the way one observes the risk, and then
attempts to reduce it. First, how do
we observe risks? Take some examples:
if I wish to determine the risk of
highway driving, I can ride in a police
car for a few weeks and count directly
how often and how severe accidents are.
If I wish to determine the risk of
smoking or of coal-burling power olants,
I cannot deduce specifically which
individual has been injured, but I can

do epidemeological studies and predict
stati sti cally how many people have died
from smoking each year. That is, the
evidence is indirect, but real. Real
experience with nuclear power reactor
accidents gives me one statistical
death (from Three Mile lsland)(TMI)
sometime in the next thirty years or so.
This is an excellent record, of course.
We know directly how nuclear power
plants respond to minor accidents. But
we can imagine worse ones, and, with one
exception (TM1 again), we lack di rect
evidence of how plants and people
respond to these. We therefore go be.-
yond the historical record to ensure
safety: we allow for greater risks than
have actually been observed.

Nuclear power is unique in one
further aspect: with cars, smoking, coal-
fired power plants, etc., the recognition
and quantification of risk came after
their widespread use. For nuclear power
the experience in the laboratory and in
research or small-scale reactors (in
which there were some serious accidents),
was incorporated into power reactor
designs before they were built.

In this paper I wi11 discuss how
safety guidelines evolved in Canada
for nuclear power, and then describe
some aspects of the current scene.

Assessing the Design
All countries require the design

of a nuclear power plant be assessed
against the consequences of postulated
accidents. These postulates are
generally so severe as to bear little
relationship to reality; their inten-
tion is to provide a peg for the
designer to hang his hat on. For
example, one assumes the instantaneous
rupture of the largest pipe in the
reactor cooling circuit, leading to
accidents on the time scale of seconds;
our actual experience suggests small
leaks, with a time scale of hours or
days (TMI , Brown's Ferry: the latter
did not have a leak but the time scale
was again long). In addition, we
survey all sizes of a given pipe break,
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to find the worst; we take no credit
for the normal control systems in the
plant, even though these can handle
many accidents; if any radioactivity is
released, we assume the weather is such
as to blow it, with least dilution,
towards the most populated area; for
dose calculations for individuals we
assume a 6-month old infant at the
plant boundary, etc.

This list is not a complaint
about how hard a job we give ourselves.
Rather, it emphasizes the difference
between postulated accidents used for
plant design and assessment, and real
risk. The former may provide a bound
to the real risk, and can provide a
relative scale on which to judge the
usefulness of a particular safety mea-
sure. But too often a postulated
accident and its analysis is interpre-
ted as what wi11 happen. Rather, the
analysis gives us confidence that a
real eve.il - which may not resemble
the postulate in detail - can be
adequately handled.

Evolution of Guidelines
I shall now discuss the "rules"

or guidelines for assessing these
postulated accidents.

Many of the early ideas on CANDU
(CANada J)euterium ]Jranium) safety were
set down in a 1959 paper(') by E.
Siddall, then with the Nuclear Power
Plant Division of AECL. Since they
have survived in form, if not in detail,
I shall describe them. He started by
comparing the chance of early death
from accidents in nuclear and coal-
fired electricity generation, and said
that as a starting point, the former
should be five times safer. This gives
a guideline for nuclear power of 0.2
deaths/year. He combined this with the
estimated consequences of extreme

accidents to derive a design approach:

1) design a nuclear station to a
quality that assures the low frequency
of accidents.

2) design, test, and maintain safety
systems to a quality that assumes high
availabi1i ty. i.e. readiness to respond.
He suggested 998 times out of 1 000 demands.

3) separate the systems which run the
plant in normal circumstances (process
systems) from the systems which are
there only to protect it in case of
accident (safety systems) - see also
Laurence(2'.

In other words, if one knows (or
can bound) how often accidents occur,
and one knows (or can bound) how often
safety systems fail to operate, then
one can design to reduce the likelihood
of disasters to an acceptable level.
The way of achieving this was not to
place all our safety eggs in one basket,
i.e. separation.

The early, remotely-sited reactors
(NPD, Douglas Point) were basically
assessed on this basis (target for
number of deaths/year).

With the design of larger reactors,
nearer to population centres, (Pickering
G.S. A ) , the guidelines became more
detailed(3,4,5)t and sub-targets were
set up for less damaging, but more
likely accidents. Two classes of
accident were defined for design assess-
ment: single failures (the failure of
any process system, e.g. loss of
coolant), and dual failures (a single
failure plus the unavailability of any
safety system - e.g. loss of coolant
plus no flow of emergency cooling water).
The maximum frequencies and dose limits
are shown in the table below, for cur-
rent practice, as specified by the
Atomic Energy Control Board (AECB).

AECB

Situation

Single Failure

Dual Failure

• A , , . m , , . » . » , , . , OMI<

Guidelines lor Accident Conditions

Maximum Frequency

1 per 3 years

1 per 3000 years

Individual Dose Limit

0.5 rem* whole body
3 rem thyroid

25 rem whole body
250 rem thyroid

Total Population Dou Limit

10' man-rem whole body
10 4 thyroid rem

10* man-rem whole body
10* thyroid rem
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The dose l imits were chosen as
follows CO :

1) for single fa i lu res, the individual
dose l imi t gives the same average
exposure as the ICRP'" guidelines for
normal power plant operation. ICRP
does not specify the population dose
for normal operation. Here, the AECB
suggested the 10^ man-rem population
dose, as i t causes a negl igible number
(1-1/2 cases) of fatal cancers.

2) for dual fa i lures, the 25 rem in-
dividual dose l imi t is around the thresh-
hold of early detectable cel l damage.
The population dose of 10° "lan-rem
causes ^150 fatal cancers; the basis
was that i t produced roughly the same
number of leukaemia cases in t o t a l ,
as occur naturally in a year or so,
over the same population.

I have already discussed some of ,
the conservatisms which go into calcula-
tion of doses. We find in practice two
further pessimisms:

1) current reactors are l imited by
individual dose, rather than population
dose - i . e . , the public health conse-
quences of an accident are at least a
factor of two below the consequences
implied by the population doses above,
based on s i t ing alone.

2) current reactors are l imited by
thyroid, rather than whole body dose.
Since most thyroid cancers are curable,
the public health consequences are yet
smaller than envisaged in the population
dose 1imits above.

On the frequency side, the guide-
lines concentrate on being able to
ver i fy the frequencies, rather than to
predict rea l i s t i c on?i. That i s , an
accident frequency of one in 3 years
is clearly unacceptable for economic
reasons; the real rate must be less than
th i s ; but the guideline number is
large so that whether the frequency is
being met or not can be determined
after a few years' worth of plant
operat ion*2 ' . Simi lar ly, a safety system
unavai labi l i ty of once in 1000 times can
be ver i f ied in about a year of on-power
test ing, although lower values are
theoret ical ly possible.

The point is again that the design
approach and a real risk calculation
are not the same, though they often
use the same language.

An extension to this two-step
probabil i ty approach has been prepared
by a working group, reporting recommen-
dations to the Atomic Energy Control
Board ' • " ' . This increases the number of
frequency classes from two to s ix , with
corresponding widening of the range
of dose l imi ts (at both the small dose
and large dose ends). The basic
principles remain the same. The proposal
is currently awaiting AECB disposit ion.

By contrast to these approaches,
the Reactor Safety Study (RSS) (?) t r ied
to calculate rea l is t ic risks of accidents
for U.S. power reactors. This involved
detailed probabil i ty - consequence
predictions, took 70 roan-years of e f f o r t ,
came up with f a i r l y low risks from
nuclear power, and engendered a huge
controversy as to the va l id i t y of the
results. The verdict appears to be^ )
that the methodology is sound, but that
the uncertainties in the results were
larger than stated, and of an unknown
magnitude. At the very least, we can
view i t as an independent check that the
styl ized guideline approach, discussed
ear l ie r , results in appropriately safe
designs. This is true even i f one
uses the pessimistic versions of the RSS
results derived by he Union of Concerned
Scient ists, for ex p le(9 ) {they quote
an average risk of 2.k f a ta l i t i es per
reactor year - of course, they believe
that since this risk w i l l come in
"lumps", an average is not a good
measure of public acceptabi l i ty) .

In short, such a st i^y is not
a design approach. Rather, i t is done
after the fact on reactors which were
bui l t according to other guidelines.
I t sat isf ies people's curios ity as to
what the " rea l " risks are, and ver i f ies
they are not worse than a given amount-
as specified by the licensing
guidelines.

In Canada, we use similar methods
(event trees) to those in the RSS -
not for licensing or for public risk
predictions, but to check for lack of

* International Commission on Radiolo-
gical Protection.
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redundancy in the design. We have
found them highly useful for such.

Pub! ic Enqui ries
We have had two public enquiries

in Ontario recently, which covered
(among other things) reactor safety.

The f i r s t , the Royal Commission
on Electric Power Planning, had a
mandate to look at long-range elec-
t r i c i t y generation plans for the
province, and to produce an interim
report on nuclear power, now issued' '0 '
The hearings were marked by a very
open format; witnesses could be cross-
examined by l i t e ra l l y any member of
the public; public part icipation was
encouraged (although there were few
lay members of the public there), and
enormous amounts of information were
recorded, part icular ly on safety. I t
is wori""h quoting the main conclusion
on safety.

"The absolute safety of any
industrial process, or human ac t i v i t y ,
including the generation of e lec t r i c i t y
cannot be guaranteed. In the case of

the CANDU reactor, we have concluded
that, within reasonable l im i t s , the
reactor is safe. However, t l need
for continual vigilance and r assess-
ment of reactor safety systems /
Ontario Hydro cannot be overemphasized".

A second committee, the Ontario
Select Committee on Hydro Affairs is
currently examining CANDU safety in
Ontario. This is a sub-committee of the
Provincial Legislature, and consists of
MLA's of a l l the po l i t i ca l part ies.
Witnesses test i fy to the Committee, and
are examined by Committee members and
their technical/legal s taf f .

Conclusion
This paper, as did most others at

the conference, focussed on the risks of
power generation. I hope that once
conferences such as this have 'establ i sh-
ed, what r isk we accept, we can then turn
our attention to the associated benefits.

They are, after a l l , the reason the
technology was used to begin with:
le t ' s not lose sight of them.
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DISCUSSION

H. Inhaber: What were the doses from
the Three Mile Island accident?

Answer: My la tes t information is
tha t the maximum dose to a hypothetical
ind iv idual standing at the boundary of the
s i t e is less than 100 mi l l i rem. The to ta l
population dose was around 3500 man-rem.
The l a t t e r , based on the l inear dose-
ef fec t hypothesis, would be expected to
produce less than one addit ional case of
cancer in the exposed populat ion, sometime
in the next 30 years or so.

J.R. Johnson: What time and distance
l im i t s are used to calculate the man-rem
exposure that you compare to the 10^
man-rem 1 i init?

Answer: I presume you re fer to
accidental le leases.

We integrate out in distance to the
point where the dose to an indiv idual is
1% of the largest indiv idual dose
predicted.

In time we may look up to several
days, assuming rather pessimist ic things
about the weather for the f i r s t whi le. Of
course, in any real event, the plant

operators would t r y to match t h e i r
contro l led discharges with the most
dispersive weather condi t ions, so as to
minimize doses.

D. Foster: The AECB current ly
provides design guidelines for reactor
operation. I t would appear that there is
some movement wi th in the AECB towards more
detai led operating standards What would
be the ef fects on to ta l health r isk of
such a move, from the designer's
standpoint?

Answer: The AECB has been f a i r l y
careful in the past about specifying
design requirements in too great d e t a i l .
The danger is that i f the designer simply
fol lows detai led requirements, the AECB
would end up s i t t i n g in judgement on i t s
own design. Instead they have provided
dose l i m i t s and reserved the r igh t to
assess the adequacy of how we meet them.

I think any move toward more deta i led
requirements should be taken very
caut iously , and I am sure the AECB i s
aware of t h i s .
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The program and current status of research
and development for the safe disposal of
fuel wastes from nuclear power production
in Canada are described. The present con-
cept centres on immobilization and
emplacement in mined rooms at a depth of
about a thousand metres within a stable
igneous rock formation in the Canadian
Shield.

The Research and Development program is
divided into three phases: initial
research and development to verify the
acceptability of the concept; selection
of a technically suitable site which also
meets with community acceptance; and con-
struction and operation of a demonstration
facility. These phases will be followed
by development of a commercial-scale vault.

Major program elements for the research
and development phases are: geotechnical
research, chemistry research, immobiliza-
tion studies, design and engineering
studies, public participation programs and
environmental assessment studies.

Environmental assessment studies are
directed towards estimating the radiologi-
cal and non-radiological impacts of the
proposed facilities now, and in the
future. The results will be documented so
that the appropriate scientific, public,
and regulatory bodies can pass judgement
on the acceptability of the project.
Assessment ot the long-term impact centres
on evaluating the efficiency of the
barriers or protective features which pre-
vent the transfer of radionuclides from
the disposal vault to man. These features
are: the highly insoluble waste itself,
the corrosion-resistant container, the
buffer and backfill material, the massive
geological barriers and finally, dilution
and retention in the biosphere.

1. INTRODUCTION

Before describing the Canadian Nuclear
Fuel Waste Disposal Program, and in par-
ticular our work on Environmental Assess-
ment, I would like to make a few introduc-
tory remarks on the Canadian Nuclear
Industry and the general waste management
program. Currently installed nuclear-
electric generating capacity in Canada
totals 5.2 GWe, all located in Ontario, a
province that obtains about 30 percent of
its electricity from nuclear energy. By
the year 1990 when stations; now under con-
struction are in service, including 600Mwe
units in New Brunswick and Quebec,
Canadian installed nuclear-electric
generating capacity will be 15 GWe and by
the year 2000 may be as high as 45 GWe1.
The nuclear power program in Canada is
based on the CANDU-PHW* reactor, which is
both cooled and moderated with heavy
water; it is fuelled with natural uranium,
and operates on a once-through cycle.
Canada has sufficient uranium reserves to
continue on that cycle well into the next
century. Thorium and other fuel-cycle
options are, however, being considered for
future use.

Canada was one of the pioneers in the
development of nuclear power, and the need
for methods to safely manage wastes pro-
duced by reactors was recognized early in
the Canadian program2>3»1*. In the late
1950's several 12.5 cm diameter hemi-
spheres of nepheline syenite glass con-
taining reprocessing wastes were fabri-
cated here at the Chalk River Nuclear
Laboratories (CRNL)5 , and were buried
below the water table at a special site to
test their stability in flowing ground-
water. The leach rate from these glasses
has been monitored over the last 20 years,
and two of the hemispheres have recently
been recovered for study. I will describe
the findings later in my presentation.

* Canada Deuterium Uranium - Pressurized
Heavy Water
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Irradiated fuel, discharged at an average
burn-up of 6800 MWd/Mg U, is stored at
individual reactor sites in water-filled
pools. Approximately 2.5 Gg have been
accumulated to date. Canada has been
storing fuel in this way for 30 years and
we are currently studying the potential
lone-term effects on irradiated fuel from
this mode of storage6'7'8. Since 1974 a
small evaluation and test program on
methods for air-cooled interim storage has
been supported by both Atomic Energy of
Canada Limited (AECL)9 and Ontario Hydro10,
the publicly owned utility responsible for
electricity generation in Ontario. AECL
is presently storing fuel from the organic-
cooled research reactor at the Whiteshell
Nuclear Research Establishment (WNRE),
Pinawa, Manitoba, in air-cooled above-
ground canisters at the site.

Canadian reactor wastes have been treated
in a manner similar to that adopted by U.S.
utilities. Those containing short-lived
radionuclides have been disposed of in
shallow burial grounds, while wastes con-
taining long-lived radionuclides have been
stored retrievably in engineered facilities
on, or just below, ground surface.

2. THE DISPOSAL CONCEPT

The Disposal Concept is to immobilize the
fuel waste, that is to render it stable
chemically and mechanically, and to
emplace it deep underground in a stable
geological formation.

Since no decision has yet been made in
Canada on fuel recycling, we are developing
immobilization technology for two options:
disposal of irradiated fuel or disposal of
the separated wastes that would result
from reprocessing CANDU fuel. The two
waste forms, intact fuel bundles and
encapsulated vitrified waste, are shown
schematically in Figure 1.

Work by the Geological Survey of Canada in
the early 1970's led to the; conclusion
that the most appropriate geological hosts
to be studied in Canada wo'ild be igneous
rock formations in tht radian Shield
known as plutonslv. A plu'ton is an
intrusive igneous rock formation which
resembles an underground mountain.
Figure 2 is an artist's concept of a dis-
posal vault located about 1000 m deep in a
pluton. It would have access shafts for
personnel, equipment and waste, and rooms
or drifts for waste emplacement.
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FIGURE 2: ARTISTS CONCEPTION OF UNDERGROUND VAULT

Since most nuclear power production in
Canada will be centred in Ontario for some
time to come, our search for disposal
formations will be restricted to that
province. Within the Ontario portion of
the Canadian Shield (Figure 3), some 1500
potentially acceptable plutons have been
identified by the Geological Survey of
Canada.

Other media including salt, limestone and
shale are considered possible alternatives,
but because of limited resources, work on
these is essentially limited to feasibility
assessment, small-scale laboratory testing
and exchange of information on disposal
technology developed in the U.S. and else-
where. In return, we are keeping others
abreast of developments in the Canadian
hard-rock disposal program.
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PRECAMBRIAN SHIELD

PRECAMBRIAN SHIELD
IN ONTARIO

FIGURE 3' The Canadian Shield and the Ontario Region of the Shield.

3. PHASES OF THE PROGRAM

The general phases of our program for
immobilization and disposal are shown in
Figure 4.
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FIGURE 4: PROGRAM PHASES

The first phase, Concept Verification, is
a research and development phase aimed at
examining in detail the basic concept that
effective isolation of radioactive
material from man and the environment can
be achieved by disposal of immobilized
fuel or reprocessing wastes some 500 to
1000 metres deep in stable, hard-rock
formations. By the end of 1982 we expect
to have sufficient information to show

that the concept is sound. At that time a
report describing an environmental assess-
ment and safety analysis of the disposal
concept will be submitted to our regula-
tory body, the Atomic Energy Control Board
This will enable the Board to express an
opinion on the methodology and data
generated during Concept Verification, and
to pass judgement on the acceptability of
the disposal method prior to the next
stage, Site Selection.

Results obtained in the first phase are
expected to allow the selection of many
technically suitable sites from among the
1500 plutons which have been identified in
the Ontario portion of the Canadian Shield.
The Site Selection phase will provide the
opportunity for detailed site research and
the exploration of the social and political
considerations associated with technically
suitable sites. Specific information on
the proposed facility, including details
on economic factors, community impact,
health and safety considerations and
environmental effects, will be discussed
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with communities near these sites.
Further public participation will occur
during the Environmental Assessment Review
Process and the licensing process of the
AECB. The siting decision will be taken
by a combination of the federal, provin-
cial and local governments.

Subsequent to site selection, demonstra-
tion-scale immobilization facilities and a
demonstration-scale vault will be construc-
ted. Construction is scheduled to start
in 1985 with operation by the early ]990's.
Commercial operation of a national disposal
facility is not expected until after the
turn of the century. However, generic and
supporting research and development will
be continued throughout all phases of the
program.

I will discuss each of these briefly, with
the exception of Environmental Assessment,
which I will describe in somewhat more
detail.

4. ORGANIZATION OF THE PROGRAM

The Province of Ontario is participating
jointly with the Federal Government of
Canada in the development program for fuel
and waste disposal. The research is co-
ordinated by AECL and involves, as well as
Ontario Hydro, government departments,
university researchers, industry and
private consultants. Policy decisions and
approvals with respect to field research
are made by a Four-Party Coordinating
Committee representing the Federal Depart-
ment of Energy, Mines and Resources,
Atomic Energy of Canada Limited, the
Ontario Ministry of Energy and Ontario
Hydro.

A Technical Advisory Committee of ten
distinguished Canadian scientists,
selected from nominations put forward by
six major Canadian professional associa-
tions, has been appointed by AECL. This
Committee, which covers a wide range of
disciplines, has a mandate to review the
program in detail. Its reports will be
available to the public.

5. MAJOR PROGRAM ELEMENTS FOR THE
CONCEPT VERIFICATION PHASE

The major program elements fnr Concept
Verification are:

GEOTECHNICAL RESEARCH,
CHEMISTRY,
IMMOBILIZATION,
DESIGN AND ENGINEERING,
ENVIRONMENTAL ASSESSMENT,

and PUBLIC PARTICIPATION.

5.1 Geotechnical Research

The objective of the geotechnical research
programs is essentially to characterize
and quantify those features of the geo-
logical formations which are important in
the design and construction of the disposal
vault, and in the long-term isolation of
the waste. The major features to be con-
sidered are: the structural features,
such as degree of faulting and outcrop;
the hydrogeological parameters including
porosity, permeability and hydraulic
gradients; the geochemical characteristics
such as in-situ water compositions, rock
compositions, fracture characteristics
and the effect on long-tera stability of
such phenomena as earthquake frequency and
intensity.

Methods of evaluating these characteris-
tics include surface and underground
measurements. Surface measurements
include mapping and airborne or ground-
based geophysical surveys. Underground
research is carried out by drilling the
formations to depths down to 1000 m. The
resulting cores and holes are logged by
various techniques. These include the use
of borehole TV cameras, a geochemical
probe and various hydrogeological tests
involving hole pressurization with
measurement of either flow into the rock
formation or pressure decay. Age dating
of water samples by various isotopic ratio
techniques provides valuable information
on past water movement. An important
objective is to correlate surface observa-
tions with underground observations in
orclar to minimize the requirement for
expensive drilling and to avoid any reduc-
tion in integritv of the formation which
might occur as rr.-.re holes are drilled.

Laboratory measurements include the
estimation of rock properties such as
mechanical strength, thermal conductivity
and hydraulic conductivity.

Underground experiments enable larger-
scale, in-situ operation of interrelated
components of the total system. For
example, the electric heater experiment in
INCO's Creighton mine near Sudbury will
provide information on in-situ heat trans-
fer and effects of elevated temperature.
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Geologic and geophysics investigations are
being done by various branches of Energy,
Mines and Resources Canada directly and
through contract, and the hydrogeological
work is being carried out by Environment
Canada and by contracts to universities
and consultants. Geochemical studies are
being performed at several universities
and in AECL's laboratories. Research
drilling, core logging, hydrogeologic
testing, geophysics and rock properties
analyses have already been done at AECL's
own research sites at CRNL and WNRE.
Research including drilling, hydrogeology
and geophysics is now underway at Atikokan,
in Northwestern Ontario. Similar field
work, excluding drilling, has also begun
at White Lake near Ottawa.

5.2 Chemistry

The chemistry research is directed towards
evaluating the chemical processes which
control the rates of container corrosion,
waste dissolution and the delays in radio-
nuclide transport which arise as a result
of chemical interaction with materials in
the path to the surface. These materials
include backfil'i, rock, compounds on the
fracture surfaces and material filling the
fractures. The studies can be divided
into two parts which overlap considerably:
fundamental chemistry and applied
chemistry.

Fundamental studies are aimed at developing
an understanding of the basic processes
which occur. Research components include
the identification of important mechanisms,
the stabili*;/ of the waste forms (for
example the resistance to devitrification
of the glass) and the geochemistry of
radionuclides in solution, as colloids or
in interactions with solid surfaces.
Because of the expected very slo>' water
movement, chemical equilibrium Jjdies,
involving experimental work and computer
modelling, will provide insight into the
likely compositions of the ground water at
the various locations.

The objective of the applied chemistry
studies is to obtain directly aoplicable
data and empirical relationships.
Included in this research are measurements
of fuel and glass leach- and dissolution
rates: sorption, both dynamic, using
columns of crushed rock or actual
fractures, and static, using batch equili-
bration between solutions and rock or back-
fill material. Drill core is used for
some of these measurements. Important

research areas include evaluation of the
degree to which laboratory measurements
agree with in-situ measurements, and the
comparison between measurements and
computer-model predictions.

5.3 Immobilization

Immobilization research is being carried
out in parallel for intact fuel bundles
and separated waste.

5.3.1 Fuel Immobilization

For fuel immobilization, container designs
are being considered which will range in
capacity from about 40 to 70 bundles (the
CANOU bundle is 10 cm in diameter by 50 cm
long). Until container performance
requirements can be specifically defined,
two containment targets have been selected
for the development program.

In the first approach, a simple, single-
shell container will be developed using
existing engineering alloys (e.g. titanium,
Inconel-625). It may be filled with an
inner packing to support the outer shell
against the hydrostatic head anticipated
when the vault eventually floods.
Designed to have a 500-year life in the
vault environment, it will provide con-
tainment essentially during the fission
product decay period. This is the con-
tainer that will be built for the vault-
demonstration program. Irradiated fuel is
the only source of highly radioactive
material that will be available in
sufficient quantity for the vault demon-
stration.

The second concept, if needed, will have a
lifetime of thousands of years and will
comprise multi-barriers. Materials con-
sidered for the outer shell include copper
and ceramics. Additional barriers may
consist of cast-in-place, low-melting
alloys such as lead, or packing designed
to retain, by sorption or ~hemical
reaction, radionuclides that may dissolve
if ground water penetrates the container.

5.3.2 Separated Waste Immobilization

The program for separated wastes is aimed
at immobilizing both volatile and non-
volatile waste constituents separated from
irradiated fuel during reprocessing. The
volatile wastes under consideration at the
present time include 85Kr, ^H, 129I and
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lkC. Processes for recovery and immobili-
zation of these constituents are under
review, and an experimental program has
been initiated.

For the non-volatile, high-level wastes,
boro- and alumino-silicate glasses and
crystalline waste forms are being studied.
A measure of the potential for success of
this concept is provided by the Chalk River
glass-block experiment, mentioned earlier.
Extensive analysis of the nepheline
syenite glass hemispheres, which were
loaded with high-level waste and buried
for nearly 20 years in flowing ground
water, have been completed12'13. These
analyses included chemical and surface
investigations and leaching measurements
to determine what changes have occurred.
Results have been very encouraging. Only
minor perturbations in the concentration
profiles, due to leaching, could be
detected in an outer layer a few nanometres
thick. Leach rates over the 20-year burial
period were extremely low and have
decreased with time. At present rates, it
would take about 100 million years for
complete dissolution of the blocks.

To be able to extrapolate into the distant
future, research is underway on the
effects of radiation and elevated tempera-
ture on the waste forms, their chemical
and mechanical durability and long-term
stability.

5.4 Design and Engineering

Preliminary design work is being done to
investigate a range of underground vault
configurations and the associated surface
facilities. Layout and construction
features of both demonstration and
commercial facilities have been outlined.
Methods of emplacing the immobilized waste,
and of backfilling and sealing the
facilities, have been assessed. Detailed
thermomechanical analyses of reference con-
figurations are important features of the
design. The work is being done by mining
engineering consultants, and conceptual
designs have been completed for underground
vaults, for immobilized fuel and for
separated waste.

5.5 Public Participation

A concerted effort is being made to build
the Canadian Waste Management Program on a
foundation of public understanding and
support. The basic operating principles are:

(a) Full information on program plans and
results of development work must be
communicated to the public and
decision-makers, with particular
attention being paid to those
directly affected by the program.

(b) Information must be expressed in
terms that are free of highly techni-
cal language.

(c) It is essential to inform the public
and their elected representatives
near potential research areas of pro-
posed plans before approvals for the
field work are sought.

To help gain public support for the
Concept Verification Phase of the program,
and ultimately for the balance of the pro-
gram, a special Waste Management Public
Affairs Department has been established
within AECL. The Province of Ontario,
which is the main area of interest in
Canada, has been divided into 13 regions
and regional information officers are
appointed tc these regions as the need
arises.

The information prugram includes presenta-
tions to federal and provincial elected
officials in the region, town council
seminars, meetings with the general public
and press, media advertising and distribu-
tion of publications. Scientists working
in the Waste Management Program are par-
ticipating extensively in the information
program.

Field research in a particular region in
Ontario can begin only after proceeding
through an established series of approval
steps and information programs for the
region in question. Approvals are
required from the Four-Party Coordinating
Committee mentioned previously. This pro-
cedure includes approval from the local
community, via a council resolution,
before field work at a particular location
is begun.

5.6 Environmental and Safety Assess-
ment

5.6.1 Regulatory and Review Agencies

The objectives of the Environmental and
Safety Assessment studies are to estimate
the total impact of the proposed
facilities now, and in the future. The
results will be documented so that the
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appropriate scientific, public, and regula-
tory bodies can make judgements on the
acceptability of the project.

The Atomic Energy Control Board is the
licensing agency and approvals will proba-
bly be required from the Federal Environ-
mental Assessment Review Office and the
Ontario Ministry of the Environment. Each
of these agencies will base their approval
of the site on evaluation of an Environmen-
tal Assessment Report. In addition, the
Atomic Energy Control Board will evaluate
Safety Reports before granting licenses
for construction and operation.

5.6.2 Pre-closure and Post-closure
Assessment

The studies being carried out are given in
Figure 5.

We have divided our studies into two
categories: pre-closure and post-closure
assessment. By pre-closure we mean the
assessment of the effects of all the
facilities and activities associated with
the development and operation of the
centre. By post-closure we mean the
effects after the vault has been back-
filled and sealed, after the surface
facilities have been removed and the sur-
face environment has been returned to its
original condition or released for some
other use.

5.6.2.1 Pre-closure Assessment

In the pre-closure assessment we consider
the social and economic effects of the
centre. This includes considerations of
the increased load on existing services
and institutions such as roads, housing,
schools and hospitals. Mitigating
measures would be proposed to offset any
unavoidable negative effects.
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Benefits would include increased employ-
ment in a wide range of categories, and an
inflow of funds via payrolls and procure-
ment of goods and services.

Effects on the environment of both radio-
active and non-radioactive emissions will
be assessed, together with the probability
and consequences of accidents. A typical
suggested accident, for example, is one
where a container of fuel is dropped, or
struck, in transfer from one facility to
another. In the assessments done so far
we have not identified any potential
accidents which cause serious concern.
Detailed studies are made and procedures
recommended in the area of radiation
safety which involves protection of the
people working at the centre.

Attention is given to the miscellaneous
aspects of safeguards, security and
monitoring. Safeguards are the procedures
by which the International Atomic Energy
Agency ensures that the operator of the
facility does not divert radioactive
material for unauthorized purposes.
Security refers to the ways in which
unauthorized entry or activity is pre-
vented. Monitoring involves measuring
radioactive concentrations around, and in
the centre to ensure that the natural
background radiation is not increased sig-
nificantly by the operation of the
facility.

The studies for the pre-closure assessment
are essentially conventional and have been
carried out for other nuclear facilities.
A great deal of experience has been gained
in handling radioactive material safely so
we do not anticipate any great difficulties
in the pre-closure phase.

5.6.2.2 Post-closure Assessment

The objective in the post-closure studies
is to assess the possibility that, at some
future time, radioactive material might be
brought to the surface to affect man or
the environment. In the geosphere studies,
we consider the possible ways radioactive
material might move from the vault to the
environment. These studies include con-
sideration of what might occur within the
vault, the chemistry and hydrogeology
(that is, water movement), and what we
call potential disruptive events, such as
earthquakes and meteorite impact. The
biosphere studies then result in estimates
of the dose to man due to the source of
radionuclides from the geosphere. I will

now elaborate on the components of the
post-closure assessments.

Within the vault itself there will be
waste material, which has a very low solu-
bility in water, encased in a corrosion-
resistant container placed in buffer and
backfill material which are highly resis-
tant to penetration by water. Detailed
research studies have shown that, provided
an appropriate design is chosen with
respect to keeping the temperature down
and suitable materials are selected from
the chemical point of view, it would take
millions of years for the waste to
dissolve, even if large quantities of
water were present.

Measurements have been made on the key
parameters controlling water movement in
fractured rock in Sweden1"* and Canada15.
Calculations usinq these parameters show
tha\. the amount of water expected to reach
the vault each year would be less than one
ten-millionth of the water in the vault so
we certainly do not expect large water
flows. Swedish experiments16 have shown
that water does not readily flow through
clay, which we may put around the con-
tainers. In addition, much nf the radio-
active material will react chemically with
the clay to become fixed or at least con-
siderably slowed down in its movement.

If 'uny radioactive material does dissolve
in water there would be a potential path
to the surface via interconnected cracks
in the rock. Major studies are underway
on water movement and chemical reactions
within the geological formation. Results
so far indicate that the transit time of
water -from the underground rooms to the
surface should be more than 10,000 years.
Except for "Tc and 1 2 9 I , chemical inter-
actions are expected to slow down the
radioactive elements to such an extent
that they could not arrive at the surface
in less than a million years even if
emitted from the vault itself in the first
500 years. "Tc and 129I are estimated to
arrive at the surface in about 14,000
years.

Despite these delays in the movement of
radionuclides, we must still consider the
possibility that some of the material will
survive to reach the biosphere or surface
environment. Here, it could disperse
through ground water, lakes an<i rivers and
there is the possibility for transfer via
plants and animals to man. The Environ-
mental Research Branches at AECL sites,



and research institutions around the world,
have generated a considerable fund of
knowledge on the movement of radionuclides
in the surface environment. Many of these
groups are now directing their efforts
specifically to the radionuclider. of
interest in nuclear waste disposal. In
our assessment studies we assimilate the
results of this research and analyse the
total system with the assistance of
computer programs. A typical biosphere
model analysed by one of our computer
programs17 is shown in Figure 6, where the
biosphere is divided into compartments
interconnected by pathways. The results
of this analysis give the estimate of the
radiation dose to man. Based on pre-
liminary data and calculations, the dose
to the maximum exposed individual would be
about one percent of natural background,
occurring after 14,000 years.

We then consider the probability and con-
sequences of potentially disruptive events,
which we have divided into man-caused and
natural categories.

The probability and consequence of intru-
sion by man are somewhat difficult to pre-
dict because of man's versatility and con-
tinuing scientific development. However,
it is logical to expect that, if future
generations are as capable scientifically

as the present one, they will understand
enough about radioactive material to
detect it during accidental intrusion
(drilling) or to be able to cope with it
during deliberate intrusion. The vault
does not present an attractive target for
sabotage because of its depth in solid
rock.

Studies of natural events indicate that
they are very unlikely to affect the dis-
posal vault. For example, we have
estimated that, based on historical data
on earthquakes and fault formation18'19 ,
the frequency of new fault formation at
the vault is about once every bill ion years
and that a meteorite capable of cratering
to the vault depth could be expected once
every thousand billion years20. The possi-
bility that construction of the vault
itself, and the heat generated by the
waste, could c -3 cracking is under
investigation2*. The results so far
indicate that this should not be a problem
provided appropriate design practice is
followed.

5.6.3 Extrapolation into the Future

One question asked is "How can we be con-
fident about predicting so far into the
future?" We cannot predict with 100% con-
fidence of course. However, the scientific
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method of developing a basic understanding
of the processes by research, measuring
the appropriate data in the field and
laboratory, a--d tying it all together with
sound cpncepti\1 and mathematical models
enables us to predict with a high degree
of confidence how the system will behave.
In fact, the total number of processes to
be analysed is not unprecedented. Just as
many, if not more, sure considered in pre-
dictions of chemical plant performance, for
example. In the disposal vault, however,
the processes would occur extremely slowly.

An extremely long-term, natural example of
radioactive waste disposal is provided by
the Oklo phenomenon22. Two billion years
ago, in West Africa, a deposit of uranium
ore operated as a nuclear reactor.
Evidence at the site indicates that much of
the long-lived radioactive material pro-
duced there stayed in place, even though
ground water was shown to have beon
present.

I won't go into details except just to
consider the fate of plutonium-239. In a
reactor, plutonium-239 is formed from some
of the uranium-238. The plutonium then
decays to uranium-235 with a half-life of
24,000 years. If the plutonium had moved
during its lifetime, away from the
uranium, we would expect to find some
uraniurr-235 away from the uranium-238.
This wr: not the case at Oklo, thus
indicating that the plutonium-239 had not
moved a detectable distance.

Before leaving the post-closure studies, I
would like to emphasise the barriers or
protective features which prevent the
transfer of radioactive material from the
disposal vault to man (Figure 7). These
features are: the highly insoluble waste
itself, the corrosion-resistant container,
the impervious buffer material, the
massive geological barrier and finally
dilution and retention in the surface
environment. These barriers cause such a
delay in transfer that the radioactive
material will have esentiaily decayed away
before reaching man.

DILUTION AND RETENTION

IN BIOSPHERE

MASSIVE GEOLOGIC ] ^

FORMATION <<^

BACKFILLED
EXCAVATION

BUFFER MATERIAL

CONTAINER

SOLID
WASTE

FIGURE 7: FEATURES PROTECTING MAN
FROM NUCLEAR WASTE

6 . SUMMARY

The program and current status of research
and development for the safe disposal of
fuel wastes from nuclear power productiot.
in Canada have been described.

The development program involves several
government departments, universities and
industry. It is expected to take approxi-
mately 20 years. The first phase is aimed
at examining in detail the basic concept
of deep underground disposal in hard rock.
By late 1982,"it is expected that selec-
tion of a technically suitable site for a
demonstration disposal facility will be
possible. Once a site has been acquired
and its technical suitability confirmed, a
demonstration facility will be constructed.
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Operation of this facility is expected in
the early 1990's.

Environmental Assessment studies are
underway for the pre-closure end post-
closure phases of the disposal vault. A
great deal of research and development
work is underway in support of these
studies and final conclusions must await
its assimilation. However, results to
date indicate that the multiple barriers
should provide sufficient protection and
that deep underground disposal of
immobilized wastes should be found
acceptable by the scientific, regulatory
and environmental bodies and by the
general public.
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DISCUSSION

C. Bieber: (i) Do the "arisings"
specified in your first slide refer to
weight of fuel bundles, vitrified waste or
what? (ii) Is any work being done on the
conventional safety impact of this
program, e.g. fatalities from shaft
sinking or fatalities from trucking this
material all over the province?

Answer: (i) The numbers are
estimates of "irradiated fuel arisings",
i.e. the weight of uranium discharged from
the reactors, (ii) Yes. We have work
underway on the conventional safety
aspects of the program.

A. Stirling (CRNL): Are we able to
learn much from archeology on the
stability of materials over long periods
of time?

Answer: Yes, we can certainly learn
something. For example, by age dating
glass or ceramic articles from the ocean
floor, we can estimate the stability of
these materials under the specific
conditions of water composition and
temperature that have prevailed at the
recovery site. One must exercise the
usual caution, however, in extrapolating
from these conditions to those expected in
an underground disposal vault.

R. Gerdingh: Can you comment on your
research program for disposal of
volatiles?

Answer: Processes for recovery,
immobilization and final disposal of
volatile wastes are under review, and an
experimental program has been initiated.
For example, a method for separating
iodine from fuel cycle off-gas streams
using a corona discharge is being
developed at CRNL.

G. Cowper: As an example of how the
analyses are undertaken, could you outline
how the estimate of one meteorite
interference in 10 1 2 years was
derived.

Answer: I cannot give you any detail
except to note that the calculation of the
frequency (of impact of a meteorite
capable of cratering to the vault depth)
is based on the number, diameter (depth)
and age of existing craters in North
American, and the projected surface area
of the vault. If you would like mere
information, I can put you in touch with
the researcher at WNRE who has made the
calculation.
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RADIOACTIVE WASTE, BIOLOGICAL HARM AND THE PROTECTION OF MAN

Howard B. Newcombe
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Atomic Energy of Canada Limited
Chalk River, Ontario

ABSTRACT

For the purpose of setting standards
of radiation protection, and for
estimating the societal harm from various
population exposures, the likelihood of
inducing a cancer or an hereditary defect
is generally taken, as a prudent
approximation, to vary in direct
proportion with the radiation dose, right
down to zero dose. This "linearity princ-
iple" has been repeatedly applied, with
considerable consistency and attention to
the logic, to estimate the numbers of
serious casualties over all time from the
current operation of a nuclear reactor to
produce a given amount of electrical
power. The resulting estimates have been
used to compare the societal harm from
various energy options.

Corresponding estimates have been
rare, however, as applied to the disposal
of wastes from the two ends of the nuclear
fuel cycle. But if one is to derive a
total harm commitment to man, per unit of
electrical power produced, the same
approach needs to be applied equally to
all steps in that cycle. Not only are
such summations of use in comparisons with
other fuel options, such as coal, but they
serve also to indicate where effort is
most needed to reduce the combined harm
commitment to society from nuclear power
production. Current estimates appear to

emphasize the importance of reducing the
emanations of radon-222 from uranium mine
and mill tailings.

INTRODUCTION

A certain logic has grown up as part of
the continuing evolution of standards of
practice designed to protect people against
exposures to ionizing radiation, and hence
against the induced cancers and hereditary
effects which may result from such
exposures. This logic has a biological
basis in the known and inferred dose-effect
relationships, and it has been applied with
considerable care, both to the development
of standards for radiological safety in the
workplace affecting individuals over their
lifetimes (ICRP 1977a and b), and to assess
the much longer-term impacts on society,
extending over many generations, from the
operation of present nuclear reactors to
produce a given amount of electrical power
for the current generation (e.g. see
Burnett and Paddleford 1976, Pochin 1976,
UNSCEAR 1977, WHO 1977, AMA 1978).

Biological concepts have not figured
quite as prominently, however, in
discussions concerning the standards for
societal protection that may be appropriate
to the two ends of the fuel cycle, and in
particular to the management of uranium
mine and mill tailings, and the burial of
concentrated radionuclides from



296

spent fuel, or the spent fuel itself. As
a result, some lack of uniformity may be
noted in the way people tend to think
about safety in the context of the two
ends of the fuel cycle as compared with
the operation of a nuclear reactor. Since
the philosophy of standards setting will
be under increasing scrutiny in the
future, some discussion of the differences
in viewpoint are in order.

One aspect of protection on which
there are wide differences in viewpoint
has to do, less with personal safety in
the workplace and in its immediate
vicinity, and more with the importance to
society of vanishingly small personal
risks when these are summed globally over
exceedingly long periods of time. Whereas
collective long-term population dose
commitments from reactor operations, and
their associated harm commitments, have
been repeatedly estimated and discussed in
relation to the amount of electricity
produced, the same is less true for the
two ends of the fuel cycle. In this
latter context it is not uncommon for
discussion to be restricted to consider-
ations of individual safety, while
neglecting the concept of safety as
defined by the amount of collective
societal harm over all time, per unit of
product. The fundamental problem, of
course, is not peculiar to any particular
part of the nuclear fuel cycle, or even to
nuclear energy. It has to do with
society's perception of the costs it
should be willing to accept now in many of
its activities (including the burning of
fossil fuels) so as to protect people who
may live as much as a million years or
more hence.

IMPLICATIONS OF THE "LINEARITY PRINCIPLE"

This difference in viewpoint is most
conspicuously associated with something
called "linearity principle", which tends
to be applied with greater consistency in
certain settings than in others.

The principle itself is simple enough.
It merely states that, for purposes of
radiation protection, the risk of an
induced cancer or hereditary change will
be regarded as varying directly in prop-
ortion with the additional dose, right
down to zero dose increment. If this is
true, not only is there no strictly safe
dose of radiation below which the risk is
zero, but it also follows that the number
of serious casualties, resulting from the

exposure of a large number of people to a
low level of radiation, will be
proportional to the sum of the individual
doses, that is, to the collective or
integrated population dose, e.g. in
man-rem.

The more extreme applications of the
linearity principle have to do with the
release of radionucl ides with long half-
lives. Since the various exposures of
people do not all occur at the same time,
any attempt to estimate the present plus
the future health consequences, from a
given unit of practice now, would seem to
require that one think in terms of a
collective or global "dose commitment",
integrated over all time, and from this
would arise a global "harm commitment",
likewise over all time. To give one rather
modest example of the dilemma which this
poses, we might consider a given release of
tritium (half-life 12 years) sufficiently
large to result in a collective dose
commitment of 100,000 man-rem of whole-body
expciure. Currently accepted radiation'
risk factors would place the probable harm
commitment from this release at something
like 10 delayed cancer deaths, summed over
all of the exposed people and over the
whole of their lifetimes; but if the
tritium were widely dispersed the
individual risks might be exceedingly
small. In addition, a similar or perhaps
smaller number of hereditary defects might
be produced, but the affected individuals
would be scattered over many succeeding
generations, thus further diluting the
average risk for an individual without
altering the absolute number of serious
casualties. The problem of whether to take
seriously the absolute numbers of
casualties when the individual risks are
low is most strikingly illustrated where
the radionuclide released has an
exceedingly long half-life (such as
carbon-14 or iodine-129) and the integra-
tion is over hundreds or thousands of gen-
erations. Although the dose to any one
individual may then be truly minute in
comparison with what is received from
natural sources, the integrated dose comm-
itment can imply a total absolute number of
deaths that may be viewed as very large
(although, of course, in comparison with
the deaths due to other causes, the rate of
their occurrence could be viewed as small
indeed and the average loss of life expec-
tancy might be expressed in fractions of a
second). This paradox applies even if the
linearity principle is only approximately
correct.
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It would save a lot of trouble for
those concerned with protection if only
the linearity principle were wrong, and if
there really were a known threshold below
which a radiation dose would be too small
to cause any risk at all. But this is
quite unlikely to be true, and it may well
be that there is no threshold either for
many chemical carcinogens. The evidence
for linearity, in the case of radiation
induced hereditary changes, is massive and
indicates few exceptions. For cancer
induction the evidence is less conclusive,
but doses of a very few rem are known to
produce some kinds of cancers in man, and
experiments with animals indicate likely
linear dose-effect curves for at least
certain kinds of induced cancers,
including breast cancers in rats. Where
the radiation produces dense clusters of
ionizations, as in the case of neutrons
and alpha rays, there is special reason to
expect the response to be linear over the
low-dose range. Even if the principle is
not strictly correct in all cases, it
seems unlikely to grossly over-estimate or
under-estimate the actual risk. It is
true that each of these two possibilities
receives vocal support from a minority of
investigators. A majority, however, view
the linear extrapolation of the observed
dose-effect relationship, backward to zero
dose increment, as a reasonable approx-
imation for purposes of radiation
protection, and as probably conservative
when applied to estimate the numbers of
cancers induced by the less densely
ionizing radiations.

There are those who are especially
reluctant to infer any harm at all where
the individual doses, or dose increments,
are minute, but the scientific evidence is
largely against them. What is more, the
critics of the nuclear industry know the
evidence well, and are quick to point out
any seeming failure on our part to treat
the statistical estimates of harm
commitment as relating to real people. We
tend to be viewed as unfeeling and
untrustworthy whenever we equate the
estimated harm solely with low levels of
personal risk and fail to consider also
the absolute numbers of casualties where
these are widely dispersed in time and
space. It is important that both be given
due consideration, if effort spent on
safety is to be appropriately channeled.

REACTOR OPERATION AND LINEARITY

Present recommended standards for the
protection of radiation workers, as well as
for members of the general public living in
the vicinity of a nuclear facility, are
based quite explicitly on the linearity
principle (ICRP 1977a and b). And various
estimates have been made of the harm
commitment to society per unit of product,
i.e. per unit of electricity generated,
likewise based on the linearity principle.
These are usually expressed in terms of the
numbers of serious casualties (i.e. delayed
fatal cancers and hereditary defects, plus
any non-radiation fatalities), over the
whole population and over all time, per
1000 megawatt years of electricity produced
or, to take a specific example, per city of
a million people using 1 kW each for one
year.

For the radiation workers, the aim of
the risk calculations based on linearity is
to establish what degree of radiation
protection is needed to ensure that the
level of safety in their occupation will
compare favourably with that at the "safe"
end of the spectrum of risks for
occupations outside the nuclear industry
(SLIDE 1).

SLIDE I
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NOTES PERTAINING TO SLIDES .
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If the currently recognized radiation risk
factors are correct, this aim would appear
to be achieved where the group-average
dose is kept below one or two rem per
year. It must be recognized, of course,
that safety standards are not static and
that improvement is occurring contin-
uously in the average level of safety
throughout industry (SLIDE 2), so one
would hesitate to describe any level of
risk, in any industry, as "acceptable" in
an unqualified sense. More specifically,
the group-average dose may be expected to
be reduced in future to match improving
safety standards in other industries.
From SLIDE 2 one would expect a "halving
time" of about 30 years.

SLIDE 2

ACCIDENTAL DEATHS IN ALL U.S. INDUSTRY

1933-1977

SLOPE .
ANNUAL REDUCTION
OF 2 . 1 PER CENT

reasonable also to ensure that the al l- t ime
global harm commitment, for the production
of a unit of electrical power from uranium,
be less than the corresponding harm
associated with such major alternative
fuels as coal and o i l . This aim would
appear to have been achieved with respect,
for example, to coal (SLIDE 3)
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but one major weakness of the comparisons
of this kind that have been carried out so
far lies in the lack of emphasis on
contributions to the global dose
commitments and harm commitments over all
time from the front and back ends of the
nuclear fuel cycle. For example, all of
the studies of doses and risks referred to
in SLIDES 4 and 5
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Since to the best of our knowledge, no
radiation dose is entirely risk free, a
further constraint for the protection of
both the radiation workers and the members
of the general public living near a
nuclear facility is that the dose be "as
low as reasonably achievable, economic and
social factors being taken into account"
(the "ALARA" principle; see ICRP 1977a,
para 12b). In practice, in Canada, this
means for nearby members of the general
public an upper limit of 5 mrem per year
and a risk of delayed cancer well below 1
in 1,000,000 for each year of residence
near a reactor. This compares with an
average lifetime risk of cancer death from
all causes of about 1 in 5.

For society as a whole, it would seem
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neglect the very long-term population dose
commitments and harm commitments from the
storage of spent fuel or its products, and
three out of the four studies neglect the
corresponding long-term doses and harm
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from the front end of the fuel cycle.
Reliable data and estimates were not
available in 1976 and did not receive
special emphasis in 1977. A perhaps
equally serious weakness in such
comparisons is that so little thought has
been given to the very long-term
consequences of the alternatives. In
fact, there are few human activities of
any kind for which society attempts to
estimate the very long-term consequen-
ces as is done for the release of
radionuclides.

There is a further problem beyond that
of predicting future radiation levels from
a given unit of current practice and this
has to do with the numbers of people
likely to be subjected to these levels.
For nuclides with half lives extending
tens or hundreds of thousands of years
into the future, one can only guess at the
numbers of people who would be on the
earth to be exposed. It is fashionable to
assume, for purposes of such extrapolation
into the future, that the world population
will level off at 10 billion people, and
in this connection no one has so far
seriously suggested a date by which the
human race may cease to exist.

MAJOR ACCIDENTS

Before moving on to discuss further
the long-term societal impacts of energy
production, it would be well to remember
that, for those persons whose main fear is
of a nuclear catastrophe, the whole of the
present emphasis may seem of secondary
importance. For such persons, some
assurance that the risks to the public
from nuclear accidents represent a lesser
problem is therefore needed. When pre-
senting estimates of dose commitments and
harm commitments per unit of electrical
production, such as those in SLIDES 4 and
5, one is often, and quite correctly,
asked whether these include the
anticipated contributions from reactor
accidents. There is, of course, some
debate over the spectrum of probable
frequencies versus magnitudes of such
contributions, but current best estimates
indicate that their collective impact will
be relatively small. The totals given by
Pochin (1976) for example, do include a
component from accidents, and the 1977
UNSCEAR Report (page 214) indicates that
the combined contribution from this
source, to the total dose commitment is
likely to be less than 10 per cent.

Public concern, however, is focused
less on the average risk per unit of
product than on the possible magnitudes of
the improbable but severe accidents that
could conceivably occur. There are people
who feel intuitively that the potential for
catastrophic accidents in energy production
is something peculiar to the nuclear option
and that this option is therefore uniquely
to be feared. If such were the case, it
might perhaps be illogical to place so much
emphasis on estimates of long-term accumu-
lated harm as a basis for comparing the
levels of safety associated with the
various energy sources. But the special
concern over nuclear accidents frequently
leads people to overlook the kinds of major
accidents that have in the past been, and
still are, associated with other forms of
energy production, for example with the
mining of coal, instabilities in slag
heaps, and failures of power dams. Also,
refinery fires have the potential to kill
thousands, and tankers carrying liquified
natural gas probably contain more stored
energy than the munitions ship that caused
the Halifax disaster. People simply do not
know or think of these possibilities. It
is for this reason that the two aspects of
protection sometimes need to be considered
together for the purpose of reassuring
those who are most concerned.

The incident at Three Mile Island in
late March of this year has raised
questions concerning both the actual and
the potential risks from living near a
nuclear generating plant during a major
accident. In this particular case, what
actually happened was that a large number
of people got exposed to a very low dose.
This may, according to preliminary
estimates, have resulted in something like
one or a very few delayed cancer deaths;
but what potentially might have happened
with a meltdown has not been discussed
quantitatively in the popular press.
However, nothing about the Harrisburg
accident appears to have altered an earlier
conclusion that, although there is
potential for disaster, the most likely
consequences of even a melt-down would
still be minor. The willingness of society
to accept major accidents in order to have
major benefits is perhaps best judged in an
entirely different and more familiar
setting, for example in relation to
hydraulic power generation and the various
other benefits associated with the
construction of large dams.

Actual catastrophic collapses of dams
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are relatively common, and in the last 20
years there have been at least a dozen
such events, around the world, involving
large losses of life and major property
damge (SLIDE 6),

SLIDE 6
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and this does not include what may be one
of the worst -- in India last month. In
the same period, serious damage has been
sustained by six dams, with actual
catastrophe avoided, in some cases
narrowly, but with an enormous potential
for loss of life (SLIDE 7).

SERIOUSLY DAPWGED DWS WHICH DID N01 ACIUAILY COLLAPSE"

1963- HSJNGFEHGKIAHG D**' CHINA
KOY«» PAH, IND IA

•1971 LOMER SAN FEUNANDO, C A L . 80,000

1971-76 TARBELA DAH, P A M S I A M

•1975 AUBUBN, CAL. 450,0110

"1977 ToDtuBtooK, OERBfiHtAE fi.KW

And there are at least 10 dams in the
United States which have the capacity to
kill 10's to 100's of thousands of people
if they ruptured suddenly while filled,
for example during an earthquake (SLIDE
8).

The question of whether the public
accepts such familiar risks too readily,
falls outside the scope of this paper;
what is relevant is that the potential for
major accidents is certainly not peculiar
to nuclear power production. Thus the
present emphasis on average risks and
collective societal harm, as a proper
basis for judging the relative safeties

of various energy options, would seem an
appropriate one.

POTENTIAL EFFECTS OF POSSIBLE DAM FAILURES (USA)*
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THE PROBLEM POSED BY LONG-LIVED
RADIONUCLIDES

The long- l ived radionuclides pose a
problem which is the exact opposite of that
associated with immediate catastrophe.
This is especial ly true when attempts are
made to calculate a global dose commitment
and a global harm commitment due to the
releases associated with tr-> production of
a given amount of nuclear power.

The dilemma posed by the appl icat ion
of the l i nea r i t y pr inc ip le to the release
of long- l ived radionuclides is i l luscra ted
by the case of iodine-129 from the back end
of the nuclear fuel cyc le ; tn is nuclide has
a h a l f - l i f e of 16 m i l l i on years. The
summations, to arr ive at dose commitments
and harm commitments, have been carried out
assuming a continuous stable world
population of 10 b i l l i o n people in the
future (UNSCEAR 1977). Over a mere 500
years, the harm to society from iodine-129
would be small indeed; i . e . i t is highly
unl ike ly that there would be any case of
fa ta l thyroid cancer due to th is source,
from the generation of 1000 MW-years of
e lec t r ica l power (SLIDE 9) . Even summing
th is harm commitment into the i n f i n i t e l y
distant future does not appear to reverse
the re la t i ve safety of uranium fuel versus
coal , as given ear l ie r ( c . f . SLIDE 3) .
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COLLECTIVE HARM COMMITMENT FROM IODINE-129'
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Whether one takes a current high estimate
(Bayda 1978) or a current low estimate
(UNSCEAR 1977), the very long-term harm
commitment from this source has the
appearance of being substantially more
important than that from al l other radio-
nuclides released in the generation of a
given amount of electr ical power (SLIDE
11).

GLOBAL CONSEOUENCES OF PRODUCING X> MW-YEARS
OF NUCLEAR POWER

(e.g. to supply a city of 10" people wi th I kW ecch for
one yeo r )

Nor do the other long-lived radio-
nuclides appear to result in global harm
commitments over a l l time which reverse
this relationship between uranium and
coal, leaving aside for the moment the
special case of radon-222, but including
the global doses due to v i t r i f i e d wastes
from spent fuel as estimated in a Swedish
study (SLIDE 10).
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THE SPECIAL CASE OF RADON-222

Only in the case of the emanations of
radon-222, from the radium-226 and i ts
parent thorium-230 in untreated mine and
mi l l t a i l i ngs , does summation of the
global harm commitment over a l l time
appear to reveal major unsolved problems.

10.000

IOOO

100

(UNCOVERED TAIL1NGSI Rn-2221BAYDAI*

[UNCOVERED TAILINGS) Rn-222 IUN5CEAR)*

YEARS ACCUMULATED

This appearance may be due in part to
a delay in recognizing the problem and a
resulting lack of emphasis in the past on
research in this area. A number of orders
of magnitude reduction in the estimated
harm commitments would seem to be quite
possible, however, for the following
reasons:

a) The estimates cited are directly
dependent on population density, and have
to do with a situation in which a major
part of the decay of the relatively short-
lived released radon takes place over a
broad region such as the United States,
rather than with releases for which the
decay occurs mainly in Canada which has a
lower density by 10-fold.

b) A 10-fold reduction in the emission of
radon to the atmosphere might be achieved
by burial under something like 6 metres of
soil (depending on the moisture content)
and for some part of the tailings a much
greater reduction would sometimes be
possible through back-filling of the mine.
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c) New extraction processes, designed to
extract the thorium and radium from the
tailings, along with the uranium (e.g. by
dry chlorination ur by hydrochloric acid
leaching with oxidants) appear capable of
removing at least 80 percent of these
substances (see Schmidt and Moffett 1979).

d) By using breeder reactors, the amount
of uranium mined per unit of electrical
power produced could be very greatly
reduced, along with the associated harm
commitment due to the tailings.

Taken together, these considerations
suggest that delay in solving the long-
term radon problem may be due in part to
the lack of emphasis on it until very
recently. In addition, however, some
responsibility may be attributed also to
the failure of biologists to apply the
related biological concepts of linearity,
dose commitment, and harm commitment,
uniformly and consistently across the
whole of the nuclear fuel cycle, for the
purpose of assessing the total harm to
society per unit of product.

CONCLUSION

As a result of the recent recognition
of the radon problem, one may expect over
the next few years a consensus to develop
concerning the relevance of the concept of
a long-term biological harm commitment,
and the appropriateness of various periods
of summation of this commitment. While it
might be agreed that one should not assign
a lower value to the lives that may be
affected in the distant future (as
compared with those of people now living),
there is uncertainty concerning the
numbers that may be affected. From this
has arisen the concept that estimates of
the numbers of deaths in the distant
future might be discounted to some extent.
For example, even a gradual increase in
the success rate from cancer treatment, if
it continues into the distant future,
could drastically reduce the numbers of
fatalities from present releases of long-
lived radionuclides. However, not all
influences would necessarily operate in
the same direction; if the future world
population were greater than assumed, or
if more people were prevented from dying
of circulatory disease in the future,
present estimates of the harm commitments
from cancer deaths due to a unit of
current practice would perhaps be too low.

Thus the consensus that may be arrived at
on the matter of a possible "discount
factor" is difficult to predict.

More important still is the possibil-
ity of a consensus concerning the methods
by which one may make comparisons with the
corresponding potentials for both the
short-term and the long-term biological
harm commitments inherent in other energy
options including coal. Eventually, of
course, this type of thinking might
profitably be extended to include other
kinds of human endeavour, not especially
connected with energy. But the
applications of the principles will not be
simple. For example: the plowing of
agricultural land probably releases more
radon than does mining; fertilizer often
contains uranium and radium; nuclear
energy, by providing an incentive to
extract the uranium from the fertilizer
could conceivably decrease radon exposures;
and benefits must be taken into
consideration throughout any discussion of
risks.

One thing is reasonably certain,
however; this is that the problems
associated with the absence of a safe
threshold will be discussed, probably
energetically, for some time to come, in
the context of assessment of biological
cost and the benefit to society from the
use of nuclear fuels, when all steps in the
fuel cycle are taken into consideration in
an essentially similar fashion. And the
patterns of thought which this will require
could undoubtedly be applied with profit to
other major social undertakings that may
have long-term consquences for both good
and ill.
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NOTES PERTAINING TO SLIDES

SLIDE 1
TJ Source: NSC 1978.
2) Lowest risk group represents the risk
not to be exceeded by groups of radiation
workers, when cancers, hereditary effects
and conventional accidents are taken into
account.
SLIDE 2
TJ Source: NSC 1978, p 28.
SLIDE 3
T) Pochin 1976: Hereditary effects are
included, some of which are not lethal.
2) UKHSC 1978: Includes conventional
accidents only.
SLIDE 4
TJ (MSCEAR 1977, Environmental: Upper
values are chosen where ranges are given
in the original.
SLIDE 5
TJ This is based on the preceding slide.
2) Values with asterisks do not include
contributions to the cancer deaths due to
the long-term dose commitments from a) low
levels of radon from tailings piles, and
b) dilute solutions leached from
repositories for radionculides from spent
fuel. These contributions are also
excluded from Slide 4.
SLIDE 6
TJ Sources: Acker 1977, 1978; Anon 1977;
EPA 1977; Inhaber 1978; Williams 1978;
World Almanac 1978; Wyatt 1978.
2) 1889 South Fork jam: Possibly as many
as 10,000 dead.
3) 1960 Oros: Minimum of 30 dead, maximum
1,000.

4) 1963 Vaimont: Left 50,000 homeless.
5) 1976 Teton: Drowned 13,000 ca t t le ; one
b i l l i on dollars damage.
6) American dams:

a) American dams "seem to provide a
collapse about once in every two
years" (Acker 1978).

b) There are at least 1,214 dams in
California alone.

c) The Auburn Dam, above Sacramento,
has 9 geological faults running
directly through its foundation, and
a magnitude 6.5 earthquake could
occur within one kilometre of the
dam site. There would also be a
30 percent chance of a major
reservoir-induced earthquake during
the lifetime of the dam. (Report
prepared by Woodward Clyde
Consultants, quoted by Williams
1978, see p 281 right hand column.)

SLIDE 7
TJ Sources: As for Slide 6.
2) 1971 Lower San Fernando: The dam barely
held together long enough, after the
damage, to be drained; there were 80,000
people l iv ing down-stream. There are six
other dams in the Foothil ls Fault system.
3) 1975 Auburn: Construction was stopped
following an earthquake of magnitude 5.7 in
the Foothil ls Fault north of the s i te . The
potential risk would be of 3 b i l l i on cubic
metres of water from the 209 metre-high dam
descending on Sacramento (pop. 750,000)
with only 1 hour's notice.
4) 1977 Toddybrook: The dam was drained
quickly because of depressions in the
upstream face; i t is located above the town
of Whaley Bridge (pop. 6,000).
SLIDE 8
TJ SoUrce: EPA 1977.
2) Fatalities: Assumes total failure of
dam filled to capacity and makes no
allowance for evacuation.
SLIDE 9
TJ Source: UNSCEAR 1977, p 210.
2) Dose to thyroid: The collective
population dose assumes a constant world
population of ten b i l l i on people. The
ha l f - l i f e of the iodine-129 is 16 mi l l ion
years.
3) The radiation risk factor for thyroid
cancer death is taken as 5 per mi l l ion
man-rad.
SLIDE 10
TJ Source (except for v i t r i f i e d waste):
UNSCEAR 1977, p 211, Table 29.
2) Source (for v i t r i f i e d waste): KBS 1977,
quoted in Hart 1978.
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3) Accumulted fatalities: For
simplicity, half the deaths from a given
source are regarded as having occurred
within one half-life of that source, and
all of the rest within 10 half-lives.
4) Vitrified waste: This is calculdi-tu
from the Swedish data. On p 119 of the
KBS report it is stated that the estimated
collective dose to the earth's total
population for the most unfavourable 500
year period is 7/1000 man-rem per MW year
of practice. From Figure 5 of Hart's
paper, taken from the Swedish report, one
would judge that the collective dose rate
would average one half this value over a
period that may be as long as about
4,000,000 years. Combining these two
pieces of information yields a total
collective dose for the 4 .Trillion year
period of (7/1000) x (4,000,000/500) x
(1/2) man-rein per MW-year, or 28 man-rem
per MW-year of electrical power
production. This converts to 2.8 cancer
deaths per 1000 MW-years. The doses
before and after the 4 million year period
are neglected because they are so small by
comparison. The Swedish report indicates
that the data are based on certain
specified "unfavourable conditions".
SLIDE 11
1) Source: Previous slide, except as
indicated otherwise.
2) Broken lines: These represent
estimates that are thought to be less
reliable than the others.

3) Broken line for Rn-222 (Bayda): This
assumes 4000 gigawatt years of nuclear
electrical power produced in the U.S.A. to
the year 2000, as indicated in GESMO 1976;
see also Comey 1975, p. 44, col. 3, last
para.
4) Solid line for Rn-222 (UNSCEAR): This
assumes a 500 man-rad to the segmental
bronchioles dose commitment per megawatt
year (UNSCEAR 1977, p 170, Table 4), a
quality factor of 20 for alpha particles,
and a risk factor of 1/10,000 per rem of
whole body radiation, combined with a
weighting factor for lung alone of 0.12
(ICRP 1977a, paras 19, 60 and 105).
5) Radon: Note, that if the tailings
contained 10 percent of the original
uranium, the curve would continue upward
after the first million years, with a slope
of one tenth the initial slope, to about 5
billion years.
6) Natural radiation: For the hypothetical
city of a million people using one kilowatt
each over one year (1000 MW years), the
natural radiation over that one year would
be expected to cause 10 cancers due to
whole-body exposures, plus perhaps 40 lung
cancers due to exposure of the lungs to
natural radon daughters (see Myers and
Newcombe 1979). On SLIDE 11 this could be
represented, for comparison, as a
horizontal line indicating 50 fatal cancers
from natural radiation during the year in
which the power was consumed.

DISCUSSION

R.G. Hart: Were the health effects
from coal in the calculations of Pochin
and others integrated to infinity?

Answer: No. And this is the sort of
thing that needs to be done in order to
make the comparisons as fair as possible.

J.R. Johnson: I note that you do not
discount future deaths for the possibility
of a cure or prevention of cancer. Does
this reflect a pessimism on your part on
the possibility of improving cure rates or
discovering a method of prevention?

Answer: Advances in the treatment

or prevention of disease can work in
either direction. Improved cure rates for
cancer, in the future, would render the
present estimates too high. But
improvements in the treatment of other
potentially lethal conditions, such as
cardiovascular disease, could render them
too low. Such biases would, of course,
apply also to estimates of the long term
effects of releases of radioactive
materials as a result of the burning ox

fossil fuels such as coal.
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N.F. Barr: Some 5-6 years ago I
estimated the mairrems/Curie produced by
X-rays emitted by " 6 R 9 contained in
fly-ash released during operation of a
coal fired generating station. Even for a
Well controlled plant the collective dose
from radium releases exceed those produced
by radioactivity releases from LWR's per
unit of energy produced. It might be
interesting to do the calculation for bone
dose from ingesting the radium.

Answer: This is the kind of
comparison that is very much needed.

G.C. Laurence: Should it not be
pointed out that a common looseness of
thinking is to associate total casualties
resulting from radioactive waste over all
future generations with number of present
living beings instead of with the number
of all exposed in future populations as
well? Carrying the integrations to
infinite time, assuming constant
population, the ratio became zero deaths
per kg of waste.

Answer: One may legitimately ask
both questions: a) What is the total
number of casualties, over all time, from
a unit of practice now? and b) How
rapidly does the number of deaths decline
in each succeeding generation? Of course,
if such a thing as an equilibrium
situation were to be reached, each

generation would then "reap" the same
amount of trouble as it "sowed". The
relevance of the various possible
questions depends on what casualties one
feels responsible for avoiding.

L.D. Hamilton: As an alternative to
the incomplete or complete dose commitment
method of assessing the risk of radon-222,
one should consider the approach used in
the Duke Perkins Nuclear Plant
hearings—the lead case before the U.S.
NRC Atomic Safety and Licensing Board on
this issue. In this, one calculated the
dose to the bronchial epithelium of any
individual from now to infinity
accumulated over 50 years lifetime of that
individual from the milling and mining of
uranium for each 0.65 GWy of nuclear
electricity generation. This comes to 2.5
x 10~5 rem to the bronchial
epithelium. The risk to an individual of
developing lung cancer from this dose is
5.6 x 10~l0. The corresponding risk
to an individual of developing lung cancer
from natural background radiation during
the same 50 years would be about 10'
times greater.

Answer: The comment correctly
emphasizes that the personal risk to any
one individual may be truly infinitesimal.
Whether to look at this alone, or also at
the committed total casualties, is the
difficult question.
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A RATIONAL APPROACH TO PUBLIC SAFETY - AN INTERIM REPORT
E. SIDDALL, CANATOM INC.

1. INTRODUCTION
1.1 There is a growing appreciation

that serious mistakes may be being made in
in the allocation of resources to improve
public safety (refs. 1 to 5). It has be-
come clear that there is a potential for
the saving of large numbers of human lives,
and also large sums of money, by more
rational policies. This interim report
attempts to outline the situation and car-
ry new lines of thought to a logical con-
clusion. Although the steps are not
strongly substantiated, it is hoped that
the case is sufficiently self-evident to
provide the stimulus for further thought,
discussion and investigation.

2. SOME DEFINITIONS
2.1 Public Safety is the prevention,

avoidance or reduction of premature death
amongst members of a human society. This
is identical with the reduction or control
or risk in the society.

2.2 Risk is the frequency (in the past)
or probability (in the future) of premature
death per unit of population exposure, e.g.
per million people per year in the society.

2.3 CSX: The cost of saving an extra
statistical life. Proposed as the basic
criterion of effectiveness (actually its
reciprocal) of a safety activity.

3. AXIOMS
3.1 It is taken as an axiom that scien-

tific method , that is the continual search
for relevant facts and the continual ap-
plication of reason, will result in the
achievement of any objective in a human
society more quickly and more certainly
than would be the case with any other

type of action or lack of action. It
should not be necessary to state this, but
unfortunately it is clear that the intru-
sion of strong and widely held emotions
has frequently inhibited the application
of scientific method and even common sense
in matters of human safety.

3.2 It is taken as an axiom that when
a risk is widely and randomly spread in a
society, all premature loss of life, when
expressed as person - years of life lost
before the average age of death, is equal.
Thus, such factors as exactly when, where
and how deaths occur, and whether or not
many deaths result from a single event,
are irrelevant; it is only the total num-
ber of deaths per unit of population ex-
posure which matters. (If a risk is age-
selective to an important degree, it may
however be logical to apply the necessary

correction).
3.3 It is taken as an axiom that,with

some exceptions as discussed later} all the
money and effort spent on public safety is,
in the last analysis, a cost to the public
as a whole. No matter what organization
incurs the primary cost it will appear as
higher taxation or, for example, higher air
fares or higher cost of electricity, since
safety costs are always a legitimate cost
of operation to be passed on to the cust-
omer.

3.4 Axioms 3.2 and 3.3 above are not
to be taken as numerically precise in the
usual sense. They are accurate to perhaps
a factor of 2 (h. order of magnitude) either
way. This factor is small compared with
the aberrations presently involved, which
as will be seen below, amount to several
orders of magnitude.

4. THE NATURE OF RISK TO THE PUBLIC
4.1 This discussion is mainly confined

to advanced human societies, e.g. the OECD
countires. (The same principles no doubt
apply to all human communities when the
particular circumstances of each case are
considered). The present state of such
civilized societies is that most of the
major risks which apply to animal popula-
tions or to primitive human groups have
been virtually eliminated. The residual
low risk is the result of the interaction
of a very large number of particular
sources of risk (ref. 7 gives roughly 2200
categories of death, most of which could be
further subdivided) with a corresponding
range of efforts, very great in total, to
reduce or eliminate such risks. (see also
ref. 6)

4.2 It is fundamental to the situation
that death strikes rarely and at random. If
anything obvious can be done to prevent
death, it usually is being done already.
The situation can only be treated quanti-
tatively by the mathematical discipline of
statistics, which amounts to the discern-
ment of whatever regularity there is in a
universe of events which is basically ran-
dom. Mortality which results from delib-
erate human action or gross negligience,
or as the result of clearly predictable
and preventable events, is not considered
in this discussion.

5. THE APPROACH TO PUBLIC SAFETY
5.1 For the purpose of this report the

human effort to counter risk is considered
to be divided into a large number of "safe-
ty activities". Examples are hospitals,
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fire brigades, safety measures in the de-
sign of aircraft. Each of these is in turn
broken down in turn to a number of "sub-
activities", which are simply particular
components or aspects of the activity which
can be regarded as separate, 'in- *-°ason
for choosing this two-part breakdown is
that, at present, there is virtually no co-
ordination between most safety activities,
whereas sub-activities are probably quite
effectively compared with each other within
each activity.

5.2 Human activity, particularly if it
involves many people and requires planning
and organization, always involves money.
Money is the universal and unavoidable med-
ium of exchange and comparison for things
which are of value to individuals groups or
societies. No human society of importance
seems to have been able to continue in ex-
istence without money or something closely
equivalent. In the present context, money
is not only a theoretical convenience; it
is a hard practical reality which will al-
ways at some point put a limit to safety
activities. Almost nothing of importance
can be done without a source of money,
whether open or hidden.

5.3 Each safety activity and sub-act-
ivity can now be viewed fundamentally. The
human effort involved is reduced to the
common basis of cost in money. The reduc-
tion in risk is expressed in the common
measure of lives saved. The effectiveness,
or dollar efficiency, is the ratio of
lives saved to cost in money, which equals

1
CSX.

5.4 If an activity is to be organized
for best dollar efficiency, its sub-act-
ivities would be arranged in order of dim-
inishing effectiveness, and the most ef-
fective would be carried out first. Thus,
a graph can be constructed (fig. 1) show-
ing lives saved against cost as a raonotonic
curve, actually a series of straight lines,
each representing a sub-activity, SI,

SI Sn. This can be inverted to show
lives lost versus cost (fig. 2) which is
the form used in ref. 3. It can be recast
as CSX against cost as in fig. 3.

5.5 All safety activities are open-
ended. It is always possible for human
ingenuity to devize sub-activities to
further reduce mortality, however miniscule
that mortality has already become. In
practice, therefore, there must always be
some limit, however set. In the rationally
ordered series this limit will correspond
to a particular terminal value of CSX, des-
ignated C S X ^ for that activity. By im-
plication, the decision was taken to spend

CSX to save a life, but no more. In fact,
however, it is very unlikely that most pre-
sent decisions to limit safety spending are
made in the knowledge of what CSX they rep-
resent, although the pioneer work of
Sinclair et all (ref. 1) may be having an
effect in the particular area of indust-
rial safety in Britain.

5.6 Since at present there is no co-
ordination between most safety activities,
each will reach its limit haphazardly with
very scattered values of CSX , as indicated
in the Appendix. In the gamut of safety
activities, let the highest and lowest

CSX,, be CSX and CSX .
If tfie sub-activity leading to

CSX be cut back with a cost saving $ a,
the number of extra lives lost will be
a

CSX.
If this saving is then applied to

the next ranked sub-activity in the differ-
ent safety activity which stopped at CSX ,
the extra lives saved will be

CSX,
TL

Thus the net saving of life, with
no net cost to the society, will be

C S

_ _L_ i
X T L ~ C S X T H

From the present starting point,
there will be many such pairs where CSX,̂
>> CSX™. and the extra saving of life will
tend towards

Alternatively, at the other extreme
the society may choose to save money with-
out degrading safety. The amount of money
$a1 transferred would then be such that the
extra lives saved at CSX,̂  wouZd equal
those lost at CSX,

TH
Therefore

csx T T;
The net saving of money would thus

be

TH
which again would tend towards a.

To put all this another way, the contin-
uation of the present haphazard non-system
results, in the pair of safety activities
chosen, either in the wastage of p̂ rr
lives or the waste of $a or some TL
intermediate combination of both.

5.7 The overall rational approach dev-
elops from the preceding reasoning. As
will be seen from fig. 3, as an activity is
cut back, its CSX will progressively dim-
inish, and vice versa. Thus, as the pro-
cess of cutting back activities with a high
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CSX and augmenting those with low CSX,̂
proceeds, the ideal situation will be ap-
proached where all safety activities will
have been adjusted to a common CSX value
for the whole society, designated CSX,^.
The enormous present range of CSX (See
Appendix,) indicates that very many lives
or very much money or some intermediate
combination could be saved if this were
done.

6. THE SOURCES OF MONEY FOR SAFETY
ACTIVITIES

6.1 The preceding discussion assumes
freedom of transfer of money between dif-
ferent safety activities, At present this
is clearly not the case. Some safety act-
ivities are associated with very large
scale production of wealth and revenue,
such as the aircraft and nuclear power
industries. Others of the greatest imp-
ortance in respect to safety, such as med-
ical research and hospitals, are funda-
mentally consumers of wealth and revenue,
at least in the narrow practical sense.
This difference explains, or at least
makes possible, some of the gross dispar-
ities in CSX revealed in the Appendix. In
nuclear power for example, a considerable
fraction of a large flow of revenue can be
diverted to safety measures of low effect-
iveness without it being perceived outside
the industry, whilst in medical research,
an activity of high effectiveness, every
dollar must be extracted from reluctant
taxpayers or raised by "flag days" and
public appeals. The most important gap in
most earlier fundamental work on safety
such as ref. 1 has been the omission of
consideration of those safety activities
not associated with revenue production,
despite the fact that they are at present
the major route for improving public safe-
ty.

6.2 In the rational approach, and
bearing in mind axiom 3.3 above, the money
.ansfers discussed in sec. 5 above should

at least in part be made through the pool
of the public pocket. When a society-
wide CSX is established, it will mean
that an extra life can be saved by payment
of that amount into a central safety ac-
count. Each revenue producing industry,
when its safety activity had been brought
to a terminal point where its CSX = CSXrng'
would be responsible for a residual mortal-
ity, usually very small but not zero. The
industry would then be required to "buy
back" that mortality, by payment into the
central safety account at the CSX „ rate.
Thus in effect, the net public mortality
of every revenue producing industry would

be reduced to zero. Any saving of money
compared with the present situation would
be passed on to the customer (i.e. the
public). It would remain for the society
as a whole to put the necessary money into
the central safety fund to support the non-
revenue-producing activities up to the
CS5C,S figure.

6.3 It is also to be remembered that
in the societies being considered, almost
all tax money derives directly or indirec-
tly from industrial activity, with a dis-
proportionate tendency to be raised from
the rich and from activities in luxuries
rather than necessities. With either the
present non-system or the rational ap-
proach the availability of tax money to
support safety activities not associated
with the production of wealth (The govern-
ment supported health schemes in Britain
and Ontario are outstanding examples) is
fundamental. Thus the return of monetary
benefits from the rational approach to the
customer, where they will reduce inflation
and increase the general standard of liv-
ing, appears to be the right way - see
also the discussion in refs. 3 and 5.

6.4 The ideal state of affairs in the
preceding paragraph may well be arrived at
from the present state without any increase
in taxation, since the overall gain in ef-
fectiveness of safety spending together
with the "buying back" should more than
offset the cost of augmentation of the ef-
fective activities. However, it will
thenceforth be the choice of the society
to put more or less money into central
safety fund from taxation to raise or low-
er the level of safety activity in the
society. All activities would keep in
step via changes in CSX .

7. THE VALUE ATTACHED TO HUMAN LIFE
7.1 It will be clear that if the rat-

ional approach is adopted, human life and
money will be exchangeable both ways at
the CSX,̂  rate. This will be a "mechani-
cal" figure, resulting from the effective-
ness of the generality of safety activities
after the situation has been optimized. It
should be clearly distinguished from the
value placed on human life by an indivi-
dual, a group or the society, which will
be gauged by the willingness or otherwise
to pay that figure. The present situation
is not different in kind. Money saves
lives and lack of money costs lives, and
this has always been so (ref. 5). The
difference is that, at present, it is no-
body's responsibility to produce the quan-
titative data and estimates upon which
rational decisions could be based.
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8. SPECIAL CASES
Two cases requiring special consid-

eration can be recognized:
a) when the whole society benefits from

an activity but the risk falls dispropor-
tionately on a small group. Clearly, ?"•"""
basis if; needed for deciding how much extra
risk is warranted or acceptable. The pro-
posal is made in ref. 3 that it will be
satisfactory if the increase of total risk
to the smaller group is not statistically
significant, and is therefore not detect-
able as a consequence.

b) the converse, when the risk falls on
the whole society but the benefits accrue
only to a smaller group. The rational ap-
proach covers this case; the cost of "buy-
ing back" the public mortality is a first
charge en the activity, so that the net
mortality in the society resulting from
the activity is reduced to zero.

9. IMPLEMENTATION
9.1 The Appendix is a list of CSX's

which have been published in four refer-
ences, or which have been directly deduced
from them.

9.2 The benefit of hypothetically ap-
plying the process outlined in section 6
above will be apparent. For example if
cases 1,5 & 8 were eliminated about $4.2
billion would be saved at an added cost of
24 lives, assuming that the net cost in
lives in case 1 is zero. The initial aug-
mentation of cases 35 to 43 should enable
perhaps 10,000 lives to be saved at a CSX
of say $50,000, giving a cost of 0.5 bil-
lion. The simulcaneous saving of nearly
10,000 extra lives and $3.7 billion is
thus indicated for this first step.

9.3 The median CSX on the list is
about $450,000. However, the mortalities
associated with many of the low CSX cases
are high, so that the great saving of life
resulting from augmenting them may well
result in the society's choice (CSX,̂  )
being lower, say $100,000.

9.4 The data in the Appendix and the
numbers used and deduced above may contain
large errors; their general impact is,
however, unmistakeable.

10. SUMMARY AND FURTHER WORK
10.1 The intention of this interim

report is to introduce the concept that
all activities in a society which are in-
tended to save lives at a cost to the so-
ciety should be considered part of a
single safety effort and that equality of
terminal CSX is the correct criterion for
allocation of resources between such
activities.

10.2 This report is necessarily very
simplified. It considers premature deith
as the only "disamenity" involved in the
safety of the society, although this can
be justified since death is so very much
•rorse for the victim than almost any in-
jury and is certainly radically worse than
any environmental disturbance of financial
]oss, (ref. 1 outlines a scholarly treat-
ment which includes all forms of disarr.cnity
and a more refined consideration of total
costs).

10.3 The most important further work
needed is the accumulation of data leading
to established (in the past) and estimated
(in the future) values of the CSX for a
wide range of safety activities. If there
is a genuine concern for safety, the search
for activities of low CSX is important. If
there is a genuine concern for the avoid-
ance of waste and inflation, there must be
a corresponding interest in very high
CSX's. The Appendix suggests that both
these fields are very fertile.

10.4 Another essential area is the
clarification of statistical methods in
estimating probabilities and an extensive
study of accidents in general in order
that better generalizations can be arrived
at. Thinking in these areas should be
profoundly modified by the realization
that, in the rational approach, safety
is reduced if risks are overestimated,
since the result will be to divert money
from activities of lower CSX to those of
higher CSX. "Conservatism" is removed as
a crutch for lazy or muddled thinking.

10.5 Public safety, whether considered
rationally or not, depends on the raising
of large sums of money and the transfer of
money, whether directly or indirectly, be-
tween different sections of the economy.
Further work is needed in the field of
political economy to explore the full imp-
lications of these transactions, and what
impediments are likely to be encountered.

10.6 Above all, rational discussion is
needed amongst people able and willing to
spend time thinking about the issues and
the evidence. The method must be devel-
oped in more detail and the broad aspects
of implementation considered. This would
be the starting point of the formidable
task of gaining acceptance of the ideas in
our democratic societies.
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Case

APPENDIX

A Preliminary Catalogue Of the CSX

These are mostly quoted from other references without the source
or basis being checked. In some cases the basis is stated.

Description

r.l. Shutting down of nuclear reactors
in 1979 by NRC (uncertainty
about seismic design and Three Mile
Island 1.) (USA).

2. Nuclear power plant hydrogen recom-
biners (USA)

3. 1981 Automobile CO Standard (USA)

4. OSHA Benzene regulations (USA)

5. Nuclear industry ratchetting, 1968
- 1978.

6. Apartment building regulations
(Britain)

7. Pharmaceutical Industry safety
measure (Britain)

8. Grounding of DC10 aircraft 1979

9. Lighting of all X=ways (USA)

10. Nuclear radwaste treatment (USA)

11. SO scrubbers (least effective case)

12. General nuclear safety, public,
Britain

13. Safety of nuclear operatives,
Britain

14. i Nuclear reactor containment, USA

15. ' OSMA Coke fume regulations, USA

16. EPA Vinyl chloride regulations, USA

17 EPA Drinking water regulations, USA
i

18. ] Nuclear reactor diesel sets, USA

19. i Home Kidney dialysis

Net Lives
Saved or
Involved

Probably
negative

10

Approx.
Net S
Involved

Approx.
CSX
$

370 x 10

I

: 1 X 10*

; 300 x 106

3.5 x 109 j 250 x 106

100 x 10

50 x 10

300 x 106 ^ 30 x 106

I 10 x 10

i 10 x 106

; 10 x io€

10 x 106

5 x 10

i 5 x 10°

S 4.5 x 106

4. x 10£

2.5 x 106

1 x 106

640 x 103

Ref.
Note

; 2 AC

3 x 10* I 2

4

2

3, F

1, E

1, E

B, C

4

2

2

1 E

1 E

2

2

2

2

2

4
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Case

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40

41.

42.

43.

Description

Kidney dialysis

CPSC Upholstery flammability
standards.

Highway rescue cars, USA

Sulphur stack scrubbers

Auto air bags

Auto safety improvements, 1966 -
1969, USA

Reduced infant mortality, Canada

Kidney dialysis treatment units

Kidney transplant & dialysis

Highway safety programs, USA

Mandatory lap-shoulder belts in
autos

SO, scrubbers (most effective cases)

Nuclear reactor ECCS, USA

Life rafts in aircraft, Britain

Auto seat belts USA

Home smoke detectors USA

Smoke detectors, USA

Agriculture practices, Britain pre
1969

10% cancer cure advanced 1 year,
OECD

Tuberculosis control, USA

10% circulatorydisease cure
advanced 1 year, OECD

Mobile cardiac emergency units USA

Cancer screening programs, USA

Early lung cancer detection, USA

Net Lives
Saved or
Involved

830

8,000

8,000

114

40,000

3,500

50 ,'000

88,000

Approx.
Net $
Involved

345 x 10 6

1 x 10 9

1 x 10 9

Approx.
CSX
$

532 x 10 3

500 x 10 3

420 x 10 3

320 x 10 3

320 x 10 3

320 x 10 3

210 x 10 3

200 x 10 3

148 x 10 3

140 x 10 3

112 x 10 3

100 x 10

100 x 10 3

85 x 10 3

80 x 10 3

80 x 10 3

65 x 10 3

50 x 10 3

50 x 10 3

42 x 10 3

40 x 10 3

30 x 10 3

30 x 10 3

16 x 10 3

Ref.
Note

3

2

4

4

4

2

3.D.G

2

3

2

4

2

2

1 E

2

4, H

2, H

1,H E

3,D

3,D

3,D

2

2

2,H
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NOTES

A. In case 1, the lost nuclear production
will be at least partly replaced by burn-
ing more coal and oil. It seems certain
that a net increase in public mortality
will result. The elimination of such an
absurdity is a qualitative rather than
a quantitative problem,

B. From published information, the
safety record of the DC10, including the
1979 accident, is about .25 lives lost
per 100 x 10 passenger miles. A pub-
lished estimate of the cost of grounding
gives the CSX shown. If the lost carry-
ing capacity was replaced to any extent
by increasing theuse of older and smaller
aircraft, the risk reduction would be
less and could conceivably become zero

or negative.

C. In the interest of understanding safe-
ty, cases 1 and 8 should receive much
further study and discussion. It appears
that the regulatory agencies have not
published any intelligible estimates of
risks averted, other risks created, or the
other impacts of their actions.

D. Roughly corrected to allow for typical
ages of the people whose lives are saved.
- see axiom 3.2.

E. Converted at 1 = $(1979) 5 to allow
roughly for inflation.

F. Lives and cost inferred from median
values used in ref. 3. Lives lost per
reactor - year; early reactors .03, late
reactorg .01. Average cost of ratchetting
$5 x 10 per late reactor - year. 700 late
reactor years exposure.

G. Lives saved and cost are per year.

H. Lives are those lof.t per year, current-
ly or as stated, amongst which the act-
ivity would result in saving life.

DISCUSSION

R.M. Lepp (CRNL): How would your
proposal to divert money from 'low risk'
expenditures to 'high risk' expenditures
handle the situation at Reed Paper in
Dryden? The mercury emissions from this
plant are causing many premature deaths.

Answer: Quite straightforward in
principle. Reed would be required to "buy
back" the mortality (at CSXST) after
this had been estimated without
intentional bias. The money so collected
would save as many additional lives, so
that the net Reed mortality would be
zero.

T.E. Rummery: I appreciate, as you
have said, that this work is in the early
stages, but I would be interested in
hearing your predictions on how you would
implement this system, and how you would
muster support for it.

Answer: My suggestion is that
Ministries of Health at the federal and
provincial level should set up departments
to administer the system, working through
the machinery of government and
regulations which exist at present-
Hopefully, the new department would
provide guidance on a gradually expanding
scale until the CSXjs began to
be an effective reality. If the theme of
the paper is right, I presume that it will
be easy to obtain support as the idea
becomes more familiar.

H.W. Kinds (CRNL): Each activity is
a combination of safety, engineering good
practice, convenience, etc., and the
benefits are also a combination of lives,
pollution reduction, revenue from by-
products, etc. How do you separate these
items?



316

Answer: The definition of CSX would
be expanded to be net cost per net
equivalent life saved. The monetary value
of any benefits would be subtracted from
the gross cost to obtain net cost. The
avoidance of ill health or injury would be
converted to equivalent saving of life and
added to lives saved to get the net number
after subtracting any incidental mortality
resulting from the activity.

M.C. Paterson: As an extension of
your approach, would it be reasonable to
ask that, for example, the government be

asked to divert a significant fraction of
tax revenue from sale of tobacco into
research into lung cancer?

Answer: An interesting thought. The
persistence of smoking shows that people
are not really as interested in safety as
bureaucrats assume. The governments
already support, though inadequately, many
effective safety activities such as
research into lung cancer. The
association of particular sources of tax
revenue with particular government
expenditures is a sensitive political
matter.
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HOW DANGEROUS IS A NUCLEAR REACTOR MELT-DOWN?^

by

Bernard L. Cohen

According to estimates by
government scientists, for nuclear
power to be as dangerous as coal we
would have to experience a reactor
melt-down every two weeks somewhere
in the United States. If one
rejects the credibility of govern-
ment sponsored studies and goes to
the other extreme of accepting the
estimates of Union of Concerned
Scientists (UCS), the best known
organization of nuclear critics and
advisors to Ralph Nader, nuclear
risks become equal to those of coal
only if we have a melt-down every
six months.

These statements may seem
incredible to people inculcated
with the horrors of what could
happen in a nuclear accident, but
they are easy to demonstrate:
according to the government
estimates (the Rasmussen Report,
WASH 1400), an average melt-down
would result in about 400 eventual
cancers and the UCS estimate is
ten times higher, wh^le the air
pollution from coal-burning is
generally estimated to be causing
about 10,000 fatalities per year in
the United States, a rate of 400
every two weeks (some estimates of
the effects of coal-burning are
many times higher).

Much of the material in this
talk is derived from WASH-1400

since that is by far the best
available source of information.
The report by Union of Concerned
Scientists does not contain enough
detail for our purposes, but its
viewpoint can be roughly represented
if all consequences given below are
multiplied by ten. The UCS also
contends that the probability of
a melt-down is ten times larger than
the WASH-1400 estimate, but that is
not an issue in our discussion.

For nuclear Dower to be as
dangerous as coal-burning we would
have to have a melt-down every two
weeks. If that statement is shocking,
it is because the dangers in a melt-
down have been grossly over-sold
by the media. A reactor is enclosed
in a very powerfully built structure
called the "containment" with walls
several feet thick made of very
heavily reinforced concrete. This
gives protection against a wide
variety of external threats - the
containment would not be breached by
an automobile jr tree hurled at it
by a tornado, by the explosion of a
large quantity of TNT placed against
its walls, by an airplane flying
into it, or by an aerial bomb. But
in a melt-down, its function is to
contain the radioactive dust and
gases inside for as long as possible.
Inside the containment there is
equipment for removing the airborne
radioactive dust by sucking the air

"fds: Dr. Cohen was the after-dinner speaker at the Conference banquet.
His invited talk was presented at this time. His banquet address included
other material which we have reproduced here (separated into the following
two manuscripts) as relevant to these Proceedings.



320

through filters as in a vacuum
cleaner and by scrubbing it with
chemical sprays, and most of the
dust would ~imply settle out on the
walls, so if the containment
maintains its integrity for a few
days, the consequences of a melt-
down would be minimal. That is
what is expected in the majority
of melt-downs.

Great harm to the public can
only result if the containment is
breached shortly after the fuel
melts. Tiiis is a highly improbable
situation, expected in only 1%
of all melt-downs, but somehow this
low probability is ignored in
nearly all public discussion. In
"The China Syndrome", it is said
that when the molten fuel comes in
contact with water, there can be
a steam explosion large enough to
blow open the containment. To
create enough steam in a short
enough time for such a powerful
explosion, the 100 tons of molten
fuel would have to be effectively
divided into pieces the size of
small necklace beads, all of which
strike the water simultaneously
within less than half a second, a
highly unlikely situation - even
then, there would have to be a
heavy object on which all this
force is focused to act as a
missile. It is much more likely
for the fuel to drop into water
(if it ever does) in rather large
chunks, and over a period of many
seconds.

There seemed to be an
implication in the movie that even
interaction with ground water could
cause such an explosion, but the
molten fuel would come into contact
with ground water only very
gradually. In such a situation,
the steam formed would exert a
pressure keeping the rest of the
ground water away, so there would
be very little contact until the
molten fuel cooled and solidified,
many days later. It would then
form a glassy solid mass which
could not be easily dissolved in
waier, so little or no ground water
contamination can be expected. If
there were a problem of this type,
there would be plenty of time,

many months or years, to take action
to prevent harm to the public.

In the Harrisburg accident there
seems to be an impression that a
hydrogen explosion could have
ruptured the containment, but that
is not the case. Even if all the
hydrogen that was produced would
have exploded in the worst possible
way, the containment would very
probably not have been broken.
Since this hydrogen is produced
rather gradually and there are many
sources of sparks available (e.g.
from motors) one would expect the
hydrogen to be consumed in many
small fires and explosions, which
would be much less forceful. After
the first several *• ;, the
hydro,-n level in tn^ containment
never rose much above 2%, whereas
hydrogen is flammable only at
concentrations over 4%, and it is
explosive only above 15%.

In most melt-downs the
containment is expected to maintain
its integrity for a long time and
the expected number of fatalities
is zero. That is, most melt-downs
would not kill a single person,
immediately or eventually. However,
as the molten fuel reacts with the
concrete floor of the containment,
gases would evolve which would
slowly build up the pressure inside
to the point where gaseous releases
may be necessary, or the containment
may crack. As a result, there is
an appreciable probability that
there will be some cancers induced.
In one out of five melt-downs there
would be perhaps 1000 eventual
cancer fatalities; in one out of 100
melt-downs there would be 10,000 -
the number of fatalities we now get
each year from burning coal, and in
one out of 100,000 melt-downs there
would be 45,000 - the number of
fatalities each year on our
hi ghways.

In addition to cancers, in one
out of a hundred melt-downs there
would be a few early fatalities, for
example, people dying within a month
or two from direct effects of radia-
tion. In one out of 500 melt-downs
the number of such fatalities would
exceed 100, in one out of 5,000
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melt-downs it would exceed 1000,
and in one out of 100,000 melt-downs
it would reach 3,500.

When all of these various
consequences, the cancers and the
early fatalities, are added, it
works out to be an average of 400
fatalities per melt-down, the
number we get from coal-burning
every two weeks.

Some people say that it's not
the average that counts, but the
catastrophic nature of a single
event. They point out that the
deaths from air pollution go un-
noticed and are therefore less of
a problem. However, the same would
be true of the cancers from a
nuclear melt-down. Even the 45,000
cancers caused by the worst
accident - expected once in 100,000
melt-downs - would be distributed
among 10 million people and over a
50 year time period, with the risk
to each individual increased by
less than 1/2 of 1%. The average
American's risk of death from cancer
is now 17%, so an increase to 17.5%
(for those affected) would not be
noticeable. In fact the risk in
different states varies from 19%
in New England to 14% in Kentucky
and Tennessee and nobody seems to
notice that.

If it is only the noticeable
fatalities that count, these would
occur in only 1% of all melt-downs,
and in even the worst melt-down
there would be only 3,500. Let's
compare this with the worst
accidents that could result from
uses of other energy sources that
are considered acceptable. There
are hydroelectric dams in this
country whose failure could kill
over 200,000 people. There are
gas explosions that could kill
many hundreds of thousands, and
perhaps even wipe out a whole city.
There are oil fires which could
create enough air pollution to
kill hundreds of thousands. There
has already been an air pollution
episode from coal burning that has
killed 3500 people in a week, the
number of noticeable fatalities
over a two month period resulting
from the worst nuclear accident,

expected only once in 100,000
melt-downs.

How does the danger of
genetic defects affect the
comparison between nuclear power
and coal? Coal burning produces
a large variety of chemicals called
mutagens that induce genetic
defects. There is not enough
information available to make
quantitative estimates, but there
is no reason to believe that these
effects are less than those from
the amount of nuclear radiation
we are considering.

And then there is land
contamination. We hear repeatedly
that a melt-down could contaminate
an area the size of the State of
Pennsylvania, 45,000 square miles.
Of course this depends on one's
definition of "contaminate"; it
could be said that the whole earth
is contaminated since naturally
radioactive elements like uranium,
thorium, radium, potassium, and
radon are found everywhere, in all
rock and soil, in our bodies, in
the air we breathe, etc. But if
one uses the definition adopted by
the International Commission on
Radiological Protection, or of
official national organizations
that have ruled on the issue, the
worst reactor accident would
contaminate an area of 3,300 square
miles, a circle of 30 miles radius,
and 90% of that area could be
readily decontaminated by such
measures as washing hard surfaces
with hoses and deep plowing of open
fields. Of course any area can be
decontaminated at a cost but it
would probably be more practical to
evacuate some areas for a period of
time. In the worst accident, the
evacuated area would probably be
about 300 square miles, equivalent
to a circle within a 10 mile radius.

Evacuations of thousands of
people occur frequently in this
country, and people are frequently
relocated in the course of
construction projects, including
development of lakes behind
hydroelectric dams which are
considered to be an acceptable form
of energy. Decisions on such
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projects are traditionally made on
the basis of cost, so it seems fair
to discuss the land contamination
problem from a nuclear accident in
terms of the monetary cost for
decontamination activities,
evacuation and relocation costs,
lost pay, etc. In most melt-downs
this would be less than $50 million,
and in nine-out-of-ten it would be
less than $300 million. In one
percent of all melt-downs the cost
would be over $2 billion, and once
in 10,000 melt-downs it would reach
$15 billion. Averaging over all
situations gives a cost of less than
$100 million per melt-down. By

comparison, the property damage from
coal-burning is estimated to be
about $13 billion per year, so for
the monetary costs to the public to
be as large from nuclear power as it
now is from coal-burning we would
have to have a melt-down every three
days!

Any way we look at the problem,
our initial conclusion is verified -
for nuclear power to be as detriment-
al as coal-burning, there would have
to be a melt-down at least every two
weeks according to government
estimates, or every six months
according to the nuclear critics.

Discussion on p. 243
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RISKS OF ENERGY GENERATION JN PERSPECTIVE

3ernard L. Cchcn

University of Pittsburgh

In a recent paper (V) we have con-
verted age dependent mortality rates from
a variety of sources into life expectancy
reduction (LER) due to various risks. We
review some of the conclusions here.

There is a widespread impression
that, even if there were no fuel short-
ages — which indeed there are not for
coal and nuclear energy — w e must re-
duce our energy usage to avoid cata-
strophic pollution problems. Actually,
the readily detectable pollution prob-
lems like odors and large particles
which make things dirty are usually rela-
tively easy to control, but the same is
not true for odorless gases like SO2 and
N0 x, or for the very fine particulate
matter, and it is these fiat are most
damaging to human health. How dangerous
are they?

Typical estimates are that air pol-
lution from burning coal kills about
10,000 Americans each year, reducing
their life expectancy by an average of
about 10 years each. This corresponds to
an LER for the average American of 12
days. Accidents in transport of coal
contribute an additional LER of 1 day.
Oil burning causes perhaps 20% as much
air pollution as coal-burning and, in
addition, causes fires which give it a
total LER of about 4 days. Natural gas
causes some air pollution, and kills by
explosions, fires, and asphyxiation to
give an LER of about 2.5 days.

The foremost organization of nuclear
critics, The Union of Concerned Scien-
tists, gives the effects of nuclear acci-
dents as 2.4 fatalities/GUe-yr, which,
if all U. S. power were nuclear, would
correspond to an LER of 2 days for the
average American. The Rasmussen Report,
which represents estimates by the
Government-supported scientific estab-
lishment, gives an estimate 100 times
smaller. Routine emissions of radio-
activity would give an LER of .02 days
bringing the total by government esti-
mates to .04 days.

One risk which is independent of how
electricity is generated is electrocu-
tion, which currently gives an LER of 5
days. When all of the above effects are
added up, the total effect of energy pro-
duction and use is to cause an LER of a-
bout 25 days, and this could be cut in
half if we were to convert completely
from coal to nuclear. Both of these
statements are valid whether you believe
government scientists or. the critics a_-
bout the dangers o£ nuclear power.

First let us put the 25 days LER
from all our use of energy in perspective.
It is the risk an overweight person takes
in gaining an additional 14 ounces, or
the risk of smoking one pack of cigarettes
every 3 months. It is half the risk of
using small cars rather than standard
size cars, and two-thirds of the risk we
run of being killed in a traffic accident
as a pedestrian. It is only one-tenth of
the risk a miner or construction worker
faces of being killed in an accident.

By any reasonable standard, then,
excessive energy generation is not a
major threat to mankind. It's dangers
are less than many other dangers to
which we subject ourselves for relatively
small benefits.

But for a complete evaluation we
must consider the benefits we derive
from copious generation and use of en-
ergy. It is well established that there
is a close correlation between per capita
income of a country and its use of energy.
This can be followed as a function of
time in any given country, or in a com-
parison of the countries of the world in
any given time period. Clearly, energy
generation creates wealth. But does
wealth have an effect on human health?

One answer to this question may be
obtained from comparing life expectancy
in various countries with their wealth.
In the poor countries of Africa, life ex-
pectancy ranges from 30-45 years, and
even in Egypt it is only 52 years. In
the poor countries of Asia like India and
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Indonesia it is about 45 years, and in
Haiti it is only 40 years. Even in
Europe where good medical care is avail-
able everywhere, life expectancy is only
65 years in the poorer countries like
Portugal and Yugoslavia as compared to
71 years in England, France and Germany.

Another answer to this question
may be obtained by comparing people in
difference economic circumstances in
the United States. Unskilled laborers
in this country have life expectancies
two years less than average whereas
professional, technical, administrative,
and managerial workers live 1.8 years
longer than average, and corporation
executives live 4.5 years longer than
average. It is clear from these figures
that wealth translates into increased
life expectancy of several years,
which completely dwarfs the 25 days of
life expectancy lost in generating
energy which is so important in creating
wealth.

A shortage of energy creates unem-
ployment which is the principal feature
of an economic depression. What is the
risk to human health from such a de-
pression? One readily obtainable statis-
tic is the suicide rate. In the early
1920s it was 12 x 10"5/year and since
1940 it has averaged 11 x 10~5, but at
the height of the depression in 1932 it
reached 17.5 x 10"5, and from 1929-39 it
averaged 15.5 x 10~5. This means that
during that decade, four people per
100,000 took their own lives each year
because of the depression. At today's
population, this would be 9000 extra
suicides per year. Incidently, suicide
is 70% more frequent among unskilled

laborers than among the upper economic
classes, and 80% more frequent among
low-salaried people than among those
with medium or high salaries.

Another effect of depressions is to
increase the frequency of murder. In
1933-34, the U. S. homicide rate peaked
at nearly double the long term average,
9.7 x 10-5/year vs 5 x 10-5; the data
are complicated by high rates during
the prohibition era, but it seems reason-
able to conclude that about 1.5 x 10~5,
or 3000 excess murders per year based on
the present population would be expected
in a severe depression. Murder victims
are generally young, so effects on life
expectancy would be especially large.

It seems most probable that suicide
and homicide represent only the "tip of
the iceberg" in the effects of a depres-
sion on human health. Broken hearts,
frustration, and loss of hope have effects
on the will to live which are difficult to
find in mortality statistics but which are
undoubtedly very large. And over and
above the effects on mortality, the human
suffering caused by a depression is a
matter of great importance. It therefore
seems clear that if reduction in energy
generation were to cause an economic de-
pression, the effects of that depression
would be much more damaging than the
direct health effects of the energy
generation that would be avoided.

Reference:
1. B. L. Cohen and I. Sing Lee, "A

Catalog of Risks", Health Physics
36, 707 (1979).
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COLDOSE: A COMPUTER CODE TO ASSESS COLLECTIVE DOSES FROM AIRBORNE RADIONUCLIDES

R.F. Gerdingh
Safety Branch, Reactor Performance Engineering Group, Atomic Energy of Canada Limited,
Engineering Company, Mississauga, Ontario

The COLDOSE code was developed as an
instrument to assess the collective doses
due to airborne releases from postulated
accidents. COLDOSE uses the atmospheric
dispersion and the acute dose models
described in CSA Standard N288.2, Rev. 3.

The atmospheric dispersion model is
Gaussian, the standard deviations are
based on the Smith/Hosker formulation. It
allows for modifications due to building
wake, elevated release, decay, etc. It is
used to find the time integrated concen-
tration of the released material within a
radius of 100 km from the source. Similar
models are recommended elsewhere (see, for
example, IAEA Safety Series, No. 29, No.
45).

There are three variations of the
atmospheric model depending on the dura-
tion of the release: short term (up to
one hour); prolonged term (next Ik hours);
long term (after prolonged term to end of
release). Nevertheless, there are bound-
ary limits imposed by time and space which
are still open to interpretation. For
example, how to model the existing cloud
after the transition between the short
term and the prolonged term?

The dose models refer to integrated
dose equivalent. The COLDOSE code
includes the whole body external gamma
dose due to noble gases in a semi-
infinite cloud, and the internal dose to
the thyroid due to the inhalation of five
radioiodines (1-13! to 1-135).

Collective doses (expressed in man-
rem) are assessed by summing individual
doses over the population by age and
location. The COLOOSE code uses the age
distributions for the year 2000, as fore-
casted by Statistics Canada. The popula-
tion distribution around a particular
station is represented by a set of meshes.

The size of a mesh within a given
length interval along the cloud centreline
is constant. The size of intervals is
variable, but the population density
within a given interval remains the same.
There could be as many intervals as
necessary between the exclusion boundary
and the limit of integration. Five to ten
intervals is normally enough to cover the
area of integration.

Optimizing the number of meshes
within an interval is important. Having
few large meshes means less effort; thus,
less costly assessments. Estimates could
have, however, an error of a factor of
two to four. Having too many small
meshes increases costs without gaining
meaningful accuracy. A study to
optimize the number of meshes showed
that ten to fifteen meshes per interval
give results accurate enough at a
reasonable price.

The COLDOSE code is already running
in the CDC-6600 computer of the Chalk
River Nuclear Laboratory.

DISCUSSION

D.J. Gorman: Do I understand
correctly from your equations that you are
using this program to calculate doses from
noble gas releases?

By way of comment, in many cases the
semi-infinite cloud model which you use
will give acceptable results. However, in
certain circumstances where you have an

elevated release, say greater than 40
metres, and a significant population in
close to the plant, then the semi-infinite
cloud model can seriously underestimate
the dose and a finite cloud model should
be used. Have you considered adding the
finite cloud model to the program?



326

Answer: Yes, COLDOSE includes
equations to calculate doses from noble
gases.

I agree with your conment. This
situation could occur under the short term
release model. Presently the code does
not include such correction mainly because
the power plants we have analysed do not
have elevated stacks for accidental
airborne releases.

Smith-Hosker categorization scheme, and a
Pasquill stability factor F, Are these
compatible?

Answer: Yes. The Smith-Hosker
approach is used to calculate the standard
deviations sigma-y (ay) and sigma-z
(<rz). This approach includes six sets
of parameters each for an atmospheric
stability identified as Pasquill A or
Pasquill B, etc.

J.R. Johnson: You mentioned the
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EMPHASIS ON "HEALTH EFFECTS OF ENERGY PRODUCTION"

IN A UNIVERSITY UNDERGRADUATE COURSE ON ENERGY RESOURCES

David B. McLay, Department of Physics
Queen's University at Kingston, Ontario K7L 3N6

In an undergraduate physics course on
the physics of energy resources, it is
essential to treat the health, effects
of energy production in as fair and as
complete manner as is possible in a
limited time. It is possible in intro-
ductory lectures to deal with definitions
of such terms as the curie, the roentgen,
the rad, the rem, the relative biological
effect, the air pollution index, the
coefficient of haze, etc. It is also
possible on field trips to electrical
generating stations to see electrostatic
precipitators, scrubbers, radiation
monitors, storage bays for spent fuel,
etc. It is, however, much more diffi-
cult to deal with biological effects and
health hazards in view of current con-
troversies, inadequacy of data for low-
level effects and the lack of easily
accessible and digestible data.

A recent article by D.N. Dewees on environ-
mental and health issues of power gen-
eration is a useful short summary but
the contents of reports to such bodies as
the United Nations Scientific Committee
on the Effects of Atomic Radiation are too
lengthy and technical for presentation to
a lecture class. One way to meet the
challenge is to have guest lecturers in
the fields of radiation biology or public
health. Another is to present the class
with a list of references for further
study and to invite participants to sub-
mit essays on environmental effects and
health hazards. The essay is of greatest
benefit to its writer but periodic semi-
nars allow the writers to share their
findings with the whole class and raise
the level of awareness of the issues.
There is a real value in allowing the
students to begin with extreme views and
arrive at a more balanced judgement by
research and study.

1. Arthur Porter, ed. , Our Energy Options (Government of Ontario, Toronto, 1978) pp 38-67

DISCUSSION

G. Morris: In your remarks, you
stated that it is impossible to determine
the risk of non-routine events such as
hydro-dam failures. Yet risk, in its
usual mathematical formulation
(probability times consequences summed
over possible events), can certainly be
computed for dam failures. In this case,
is it not a matter of insufficient data
rather than a lack of theoretical models
that hinders analysis?

Answer: It may be possible but it is
not fruitful. There is a great
variability in the nature of hydroelectric

dams. For instance the High Dam at Aswan
is built to withstand conventional bombing
and even small atomic weapons while many
earthworks dams in the third world
countries are swept away by heavy floods.
Hydroelectric dams that do collapse are
usually examples of gross negligence or
corruption and do not give data on dams
that have been built with the necessary
safety factors. Also, it is much more
valuable to deal with engineering failures
(e.g. the Tacoma Bridge collapse) as case
studies.
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PROBLEMS IN SCIENCE COMMUNICATION

by

L. Bert in

Because the matter of communication
with the public has cropped up from time
to time during this meeting, I have been
asked to speak for 10 minutes on the
problem of reaching the public through the
news media. I hope that you will pardon
my lack of preparation.

But first, may I express to the
Newcombe Festschrift Comnittee, if I may
call it that, my gratification that you
thought of including science writers in
your invitation list. I think it was a
constructive step in the right direction
and I can say that I have learned a lot
during these three days.

May I also say that I feel honoured
at being asked to undertake this task. We
all have horrendous examples in our bottom
drawers of complete irresponsibility on
the part of the news media. I myself
remember a banner headline on page 1 of
the now defunct Toronto Telegram that read
"Atom Blast at Varsity". It was
accompanied by a large picture of a
typical mushroom cloud that bore a minute
caption which read: The US Atomic Energy
Commission has announced the explosion of
another nuclear device at its Nevada
Testing Grounds.

Mystified, I found another story on
the page that reported that someone in the
Chemical Engineering Department of the
University of Toronto had dropped and
broken a fl̂ .sk containing a mildly radio-
active isotope. I can think of no words
to express adequately my feelings about
this sort of gutter journalism.

But I have also heard during this
meeting comments about media handling of
the Three Mile Island affair that were in
my submission, quite unfair. There were,
notably in Canada, examples that made me
angry. But I do not think that the fault
was always with the news media.

I was down at Three Mile Island
during the early critical days of the
emergency and I must say that, in 3C years
of reporting on four continents, I have
never seen an event of this magnitude
handled so ineptly by the people in
charge. Unil Day 5, there was no Press
Room; there were no technical resource
persons to interpret statements that were
made and provide reporters with a better
understanding of what they were told;
there was no printed or visual material
available.

Now, it is no exaggeration, I think,
to say that the ultimate social cost of
this Public Affairs fiasco, in terms of
lost public confidence, scared politicans,
and cancelled or delayed nuclear
projects, will run into billions of
dollars and will far exceed the cost of
cleaning up the physical damage.

This situation could have been vastly
ameliorated if proper arrangements had
been made from Day 1 to cope with some
hundreds of reporters and several dozen TV
crews that predictably converged on
Harrisburg from many corners of the globe
in quite legitimate search of the truth.

For many reporters, TMI was the most
difficult and most challenging event they
could ever be asked to cover. I am sure
that most of them were as anxious to do a
good job as any other professional - and
this goes for many reporters most of the
time.

Most of you are experts in one single
discrete area of science or another. Try
to imagine the problems of a science
writer or - even worse - an ordinary
reporter - who is covering a nuclear
meeting today; a medical meeting tomorrow;
and on Sunday, a flight to the moon!!

It is no good kicking the system and
saying that the newspaper or radio
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station can wait till tomorrow for its
news. They serve under highly competitive
conditions a public that will not wait for
its news - and that public includes
yourselves.

I have had the privilege of knowing
many Nobel Prize winners and many more who
probably deserved the honour. I have
concluded - and I know that many of my
colleagues share my view - that most great
scientists also possess an uncanny ability
to express themselves, even on highly
esoteric matters, in simple, logical
language. To try to do so is a worthwhile
intellectual exercise. It is one that
often helps one to see one's own work in a
new and much better perspective.

Furthermore, it is not only on
communication with reporters that this is
desirable.

We hsve jL^t been engaged in three
days of stimulating discussion on matters
of mutual interest. Health physicists and
sociologists have been telling chemists
and engineers about their methodologies
and their conclusions; geneticists have
been telling physicists about mutation
rates in Salmonella, of rebellious
leukoblasts and non-stochastic repercus-
sions, to the point wnere several of you
confessed to me they had completely lost
track.

Jargon has its place, particularly
when scientists of a single specialty get
together for a mutual exchange. It can
convey more knowledge, more precisely and
more quickly than the common idiom.
However, in heterogeneous gatherings of
this sort I do feel that concessions must
be made by scientists and engineers to
their own culture gaps with other
disci pi ines.

In dealing with reporters, it is
especially desirable to talk in simple
language. You will be more readily under-
stood; your words, if reported correctly,
will have a freshness that will contrast
sharply with the hackneyed, over-used and
overly familar vocabulary of the science
writer that has to contribute a minimum of
five stories a week.

Do not think that your own problem is
not fully appreciated. You spend weeks,
maybe, on writing up your results for a
learned journal and are scrupulously
careful in the way you present your
material with proper academic humility and
credit to precursors.

Now you are being asked to summarize
it in a few words that will be further
edited by the hands of an unseen editor

and may appear under a haadline that seems
misleading or irrelevant.

It is not a happy situation but we
have to face facts. We live in a dynamic,
rapidly changing society that wants to
know how its taxes are spent and wants to
understand and exert some control over any
actions that may affect its own well-
being.

My advice is to try to live with this
situation and even to exploit it. Keep
the signal-to-noise ratio as high as
possible; tell everything in a simple,
logical sequence, without including any
extraneous irrelevancies.

Remember that you can rarely make
more than one point effectively in a
single story. If you attempt to make
more, you may be dismayed or angry to find
that the reporter or the editor has
completely ignored the point you most
wanted to make, in favour of something
else you said that he found far more
interesting.

Try to avoid complex and unnecessary
qualifications by letting statements you
make stand up on their own. Very often a
reporter will write a private footnote to
his editor, that warns of the need to
follow the exact wording of a particularly
sensitive paragraph, and his warning will
be heeded.

The problem comes when some big news
story breaks and other reports have to be
shortened to accommodate it. The editor
who shortens them and writes a new and
smaller headline for the next edition will
rarely have seen the reporter's original
copy, and may quite accidently introduce
errors that change its slant.

I know this can cause embarrassments
for all concerned but scientists I know
who get used to working with the press
know that it really is possible to strike
up a mutually profitable synergistic
relationship.

On the other hand, an aggressive,
highly defensive, arrogant or sarcastic
response may generate lasting antagonism
that may rebound on your colleagues.

Where institutions are concerned, it
is my firm beliefs after being responsible
for communications in science, engineering
and medicine for the University of Toronto
for 12 years that frankness pays off in
dealing with the news media. An
institution that will freely admit its
failings will be more readily believed,
and will reap dividends in the long term
and when the going is hard.
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CONCLUDING REMARKS

by

R.G. Hart
Executive Vice-President

Atomic Energy of Canada Research Company

Not too long ago I prepared a talk
entitled "In Pursuit of Knowledge". It
related the history of development of
nuclear energy from the first discovery of
radioactivity to the present.

It was interesting to follow the
debate in the scientific literature from
first speculation, then gradually
improving theory, to the first attempts
to quantify (albeit with many assumptions)
through the elimination of the assumptions
until finally scientists were able to
predict the behaviour of a reactor.

There was a good deal of disagreement
at times, but finally the peer review
process separated the wheat from the chaff
—and energy from the atom became a
reality. The whole process took about 50
years.

It would be interesting 20 or 3 0
years from now to go back and write
another talk, "In Pursuit of Knowledge",
and this time relate it to the Health
and Environmental Effects of Energy
Production, or, even broader, of
Industrial Activity. It would go through
the same phases, speculation, gradually
improving theory, first attempts at
quantification (albeit with many
assumptions), gradual elimination of the
assumptions, until finally we had the
capability of accurately assessing the
health and environmental effects of all
our activities.

We will get there. At some time in
the future an accurate assessment of
health and environmental effects of a
prospective activity will be just as
common as a cost estimate.

But we're not there yet. In most
fields we're still at the speculative
phase. In some fields perhaps we're at
the quantification (with many assumptions)
phase and in maybe a few fields we've
eliminated a lot of the assumptions. But
we still have a long way to go.

Perhaps the most significant break-
through we could make right now would be
to understand the mechanism by which
carcinogens produce cancer. In my view
it's important, extremely important, that
we get there as soon as possible. In the
absence of quantification it's easy to
make the wrong decisions; it's even easier
to make no decision at all with the result
that nothing new is undertaken.

How are we going to get there? In
my view there's only one way and it's the
same way that scientists have always
arrived at the truth - that's by public-
ation and peer review. We have to do our
analyses and publish them for review by
our colleagues. And when we publish we
must state our assumptions and state them
clearly.

There will be disagreement and there
will be criticism. But everyone has a
responsibility to keep his criticism on a
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sound scientific level. That's the only
way knowledge will advance.

I personally think that everyone who
disagrees with a publication in this
field has a responsibility to try to do a
better job. If we do this, we will,
through the peer review process, finally
arrive at the true relative risk of
industrial activities. That's the
scientist's responsibility to society.

But others have responsibilities to
society too. When we've done our job
properly the media has a responsibility to
present the relative risks factually to
the public. We have to do our part but if
the media doesn't get an accurate message
across to the public, the public will
never be able to make sensible choices.

Politicians have a responsibility.
They must determine what level of risk is
acceptable. If we, the scientists, do our
job properly we should be able to tell
the politicians where the major risks lie
and where the greatest reduction in risk
can be obtained.

Joe Public also, in the final
analysis, has a responsibility. Joe
Public must decide what risk he is pre-
pared to accept for the benefit he
receives. He has the responsibility of
trying to understand. All the rest of us
can do is try to provide him with the
best information available at any given
time.

I'm very pleased that this conference
was organized at this time. I firmly
believe that the methodologies for assess-
ing all health and environmental effects
are to a large extent common. Models
developed for the movement of radioactive
materials through the biosphere can be
used just as well to assess the movement
of mercury. Models used for the dis-
persal of radio-strontium in air can be
equally applied to the movement of lead
from a factory. Models developed for S02
releases from coal fired power plants
can be equally applied to releases from
smelters. It is no secret that we hope
that our work on waste management can
contribute to the solution of many toxic
waste problems in this country.

We're all in the general problem
together and we'll all contribute to its
solution. What we have to do is keep the
emotion out of it and recognize that we
indeed all have a common goal.

Finally, I'd just like to say a word
of tribute to Howard Newcombe in whose
honour this symposium has been held. I
could say a lot of things and relate a
lot of accomplishments, but I'm just
going to say one thing which to my mind
says it all: Howard, it has been a
privilege to have had you as a colleague.
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DR. HOWARD B. NEWCOMBE
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RESUME

Dr. Howard B. Newcombe retired 1979 September 19 from his position as Head of the
Population Research Branch at Chalk River Nuclear Laboratories after 32 years of service
with Atomic Energy of Canada Limited.

Howard was born in Kentville, Nova Scotia, in 1914. After receiving a B.Sc. in
Biocgy from Acadia University in 1935, he obtained a further degree from the Imperial
College of Tropical Agriculture, Trinidad, in 1938 and his Ph.D. in Genetics from McGill
University in 1939. From 1939 to 1940 Dr. Newcombe was an 1851 Science Research Scholar in
cytogenetics at the John Innes Horticultural Institution, Surrey, England and from 1940 to
1941 a Scientific Officer with the British Ministry of Supply. After serving from 1941 to
1946 as a Radar Officer in the Royal Navy Volunteer Reserve he spent a year at Cold Spring
Harbor, Long Island, as a research associate with the Department of Genetics of the
Carnegie Institute of Washington. In 1947 he came to Chalk River, was Head of the Biology
Branch from 1949-1970, and in 1970 became Head of the Population Research Branch.

Dr. Newcombe was the secretary of the Genetics Society of America from 1956 to 1958,
and was instrumental in starting the Genetics Society of Canada, serving as its President
in 1965. He was President of the American Society of Human Genetics in 1968 and a member
of the Board of Directors of the Society for the Study of Social Biology from 1971 to 1974.
Howard was also a member of the Radiation Research Society and has served on the editorial
boards of Radiation Botany, Mutation Research and Human Genetics Abstracts.

He was a member (and served two terms as chairman) of the International Commission on
Radiation Protection (ICRP) committee on radiation effects from 1962 to 1972 and a member
of the main commission of the ICRP from 1965 to 1977. The Expert Advisory Panel on Human
Genetics of the World Health Organization has benefited from his tenure, and he was one of
the earliest advisors to the Canadian delegation to the United Nations Scientific Committee
on the Effects of Atomic Radiation.

Recognition of his outstanding scientific achievements includes Fellowship in the
Royal Society of Canada, 1963; a Centennial medal in 1967; the International Scientific
Achievement Award in the Area of Medical Information Processing in 1974; and the Genetics
Society of Canada Annual Award of Excellence in 1975. Honorary D.Sc. degrees were awarded
him by McGill in 1966 and by Acadia in 1970.

His work on genetic effects of radiation and on epidemiological research using
computers for medical record linkage has led to international recognition, and Dr. Newcombe
has been frequently consulted in Canada and other countries for his advice in these areas.
His proposal (made in 1957) that somatic effects, such as the induction of cancers by
radiation or other carcinogens, were linearly related to dose places him amongst the
pioneers in this important area of research.
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PUBLICATIONS: H.B. Newcombe

(The following list includes pub-
lications of associates working
under Dr. Newcombe's guidance;
these are not numbered, nor has a
number been assigned to various
abstracts, book-reviews, etc.)

1. Newcombe, H.B. and Wilson,G.B.
"A new chromosome model".
J. Hered.28:139-141,1937

2. Newcombe, H.B. "A note on the
relations of Gossypium aimondii
Ulbrich to other American
species." J. Hered. JO:580,
1939.

3. Newcombe, H.B. "Chromosome
studies in the Liliaceae.
I. Chromatid and chiasma inter-
ference in Trillium erectum."
Ph.D. Thesis - McGill University.
1939.

Huskins, C.L. and Newcombe,H.B.
Proceedings of the Seventh
International Congress of
Genetics (Edinburgh) 1939.
Jour.Genet.Suppl.Vol.1939.
(Abstract)

4. Newcombe, H.B. "Genetic and
cytological interference".
Nature 143: 808-809,1939.

5. Huskins, C.L. and Newcombe,H.B.
"An analysis of chiasma pairs
showing chromatid interfer-
ence in Trillium erectum L".
Genetics 26: 101-127,1941.

6. Newcombe, H.B. "Chiasma int-
erference in Trillium erectum".
Genetics 26:128-136,1941.

7. Newcombe, H.B. "Action of X-
rays on the ceil. I. T'.ie chrom-
osome variable". J. Genetics
43: 145-171, 1942.

8. Newcombe, H.B. "Action of X-
rays on the cell.II. The
external variable".J.Genetics
43: 237-248,1942.

9. Demerc, M.,Witkin,E.M.,
Newcombe,H.B. and Beale,G.H.
"The Gene". Annual Report of
the Director of the Dept. of

t- >\c . fn rneyic 7 :i!'. t:.' t u 13 of
Washington Year Book 46:p.l27-
135, 1947.

Newcombe, H.B. "Spontaneous
mutation rate in Escherichia
coli". Records of the Genetics
Soc. of Amer. 16: 45,1947.
(Abstract)

10. Newcombe, H.B. "Delayed pheno-
typic expression of spontaneous
mutations in Escherichia coli".
Genetics 33: 447-476, 1948.

11. Newcombe, H.B. and Hawirko,R.
"Spontaneous mutation to strept-
omycin resistance and dependence
in Escherichia coli". Jour.
Bact.57: 565-572, 1949.

12. Nev.'combe, H.B. "Origin of
bacterial variants". Nature 164:
150-151, 1949.

13. Newcombe, H.B. and Scott, G.W.
"Factors responsible for the
delayed appearance of radiation-
induced mutations in Escherichia
coli". Genetics 34:475-492,1949.
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