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If there is one question which concerns members of the general

public most about generating nucioar power, it is the question of

risk. Proliferation, resource availability and all the other matters

which are treated in this and previous symposia, are of interest to the

general public, but probably only in a limited way. As a result, I

will discuss the important topic of risk to human health in this

presentation.

One of the key questions in discussing the risks associated with

nuclear power or any other energy system is, compared to what? That

is, it is not too useful to say that there are so many man-days lost

or deaths per megawatt-year, because that number will not mean much

to many people. We gather most of what we know about the world in

comparing things or ideas. So it is with risk. The risks we cal-

culate mean most when they are compared to other risks.

This paper is divided into two parts. The first part is based on

a study (1) done previously, comparing the risks of 11 different anergy

systems, including light-water nuclear power. The information presented

in Ret. 1 is brought up to date as necessary.
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In addition, a crude attempt lias been made to calculate some risks

associated with one form of conservation. In the past few years,

conservation has been held by some to be the panacea of most of our energy

problems. Of course, conservation has always been going on; even a

wealthy man shuts the windows in his house in wintertime. However, just

as producing energy has its risks, detailed in the next section, so does

conservation, Even when we conserve, there is "no free lunch." What is

perhaps surprising about the results to be presented below is the magnitude

of the risk of conservation compared to that of nuclear power. It. is

likely that coming years will see a refinement of the calculations, but

this first attempt suggests that risk from at least one form of conser-

vation can be large.

RISK OF ENERGY PRODUCTION

How can we compute the total risk of an energy system? Just -.s the

cost of any article is made up of a number of sources, so the risk of

an energy system has many origins. While it is impossible to state with

certainty that the sources of risk noted in Figure 1 are the only sources,

they are the major considerations in most risk studies.

Most of the risk sources in this figure seem to be of non-catastrophic

origin, i.e. accidents or illnesses that occur one at a time. Tor example,

most accidents in plant construction will likely involve only one oetson.

This is confirmed in the report from which Figure 1 is taken (1). Evr-n

for systems like nuclear power and hydroelectricity, which receive con-

siderable publicity about real or potential catastrophes, the proportion

of catastrophic (as measured by historical statistics) to non-catastrophic

risk is very small.



It might be contended that catastrophic risk is the only aspect that

matters, and that all other risk should be neglected in calculations. This

is a philosophical point, and it cannot be proved one way or the other.

However, it seems clear that the total loss to society from buildinq and

operating energy systems is made up of all the deaths, accidents and illnesses

that can be attributed to than, not just some. A person who is killed in

a small accident is just as dead as someone who dies in a large one.

Does the production of energy actually increase occupational risk

(as contrasted with public risk), or would this risk have existed in any

case? To illustrate this seemingly obscure point, consider smelting steel

for a turbine destined for a nuclear reactor. It is agreed that producing

a tonne of steel has associated with it a small number of deaths and

accidents. If the steel had not gone into the turbines, it might have

been incorporated into lorries or tricycles. In this sense, the overall

risk to society has not increased. By this reasoning, only if more steel

than normal is required does the risk rise.

This approach, sometimes termed 'incremental,1 has not been followed

in most risk studies for a variety of reasons. First, no account is

taken of public risk in the 'incremental' reasoning. As noted above,

public risk of energy systems has usually drawn more attention than occu-

pational risk. Secondly, the cost of anything, whether in terms of risk

or money, is made up of what does take place, not what might have taken

place. For example, consider an automobile. The steel, copper, glass,

aluminum, etc., used to build it might well have been employed elsewhere,

but its cost to the purchaser is based on the materfals actually used.

In the same way, almost all risk analysts use the 'absolute' approach,

in which the total risk is computed, rather than the incremental.



Figure 1 indicates that most nf the risk of any onenjv system will be

'statistical' rather than direct. Direct risk can be defined .is that

intimately connected with building and operating a system: falling off

the roof w h i l e installing a solar c o l l e c t o r , dying in a coal n i n e a c c i d e n t ,

and so forth. But there will be also substantial risk from transporting

copper for w i r i n g , producing fibreglass for windmill b l a d e s , and all the

myriad activities that result in a complete energy system. This latter"

risk is indirect or 'statistical.' In other w o r d s , statistical risk as

defined here is incurred by someone who cannot be identified b/ name.

One can m a k e a case that 'statistical' risk is not part of total risk,

since it is not directly associated with the energy system. On the other

hand, a c o n s i d e r a b l e p o r t i o n , at least in terms of attention paid, of the

risk of nuclear nower and fossi1-fueled systems is statistical in nature.

For e x a n p l e . it has been estimated (?) that t h e n will he abour one dc-jth

as a result of the Three M i l e Island nuclear accident in 1979. This cancer

death will occur over the next few d e c a d e s , in an ai-ea w h e n - hundreds of

thousands of cancer deaths will take place in the sane period. Pecause

this death cannot be identified e x p l i c i t l y , it is d e a r l y 'statistical.'

The same principle applies to many of the deaths and illnesses caused bv

air pollution.

Few, if a n y , have suqq?sted that because these death c are 'statistical,

they should be discarded from risk c a l c u l a t i o n s . If the concept can be

used for nuclear power and fossil f u e l s , there seems to be no reason why

it should not be used to compute the risk of solar, w i n d - p o w e r , or any

other system.

How does risk calculation proceed? As can be deduced from Figure 1,

there are a var-'ety of m e t h o d s used. The length of this paper does not

allow a full discussion of each tyne.



The amount of material:', requited for each system per unit energy output

over its lifetime must be determined. The number of man-hours (or person-

hours) required to produce this quantity is then estimated. Labour statistics

that show the number of deaths, accidents and illnesses per man-hour are

generally available.

The three sets of data are then combined for each material. For

example, suppose mininq X tonnes of coal requires Y man-hours. If the

number of deaths per man-hour of work is Z, then the number of deaths per

tonne of coal is YZ/X. The risk associated with each material is found in

the same way, and these subvalues are added to determine the total risk

of material acquisition.

Finished products will require intermediate and w materials, and

this should be accounted for in the calculations. For example, steel

will require coal, iron ore and other industrial goods.

A similar approach i'iav be taken in calculating construction risk.

The trades electrical work, plumbing, roofing, etc. must be determined, as

we11 as the time required per unit energy output. Then the risk per unit

time (as contrasted with unit mass) can be found from industrial statistics.

The data are then combined as abovo, and added to the i..,;terial acquisition

risk.

The other components of risk shown in Figure 1 are calculated in similar

wavs when possible, althouqh different techniques are sometimes required.

For example, transportation risk is calculated In' assuminq that all 'Materials

move a fixed distance bv rail, and the avpranv risk per tonne-kilomotro is

used to evaluate this source. The main exception is that sand and gravel

are assumed to move negligible distances from where they 2 re quarried.



A point of possible contention is how one calculates public risk for

rare events like dam failures and reactor radioactivity releases. There

are basically two approaches: historical and theoretical. The historical

method takes what has happened over time as the basis for computations.

Since there have been no theoretical calculations for the frequency of

hydroelectric dam failures, the number of people killed by these accidents

is divided by the total amount of hydroelectricity ever produced to yield

public risk from this source.

On the other hand, nuclear power has had at least two extensive theo-

retical studies of public risk. In general, 'maximization' of nuclear

risk, i.e. taking the highest value from these sources, was used, to

• 'id potential charges of pro-nuclpar bias.

One may contrast historical with theoretical estimates of nuclear public

risk. Generally speaking, the historical (or experimental) values of risk

are lower than the theoretical ones, even when the accident at Three Mile

Island is taken into account. Of course, there is no guarantee that, this

situation will remain unchanqed in the future, but it is of interest to

note that the controversial theoretical studies (2,3) have not under-

estimated nuclear risk, at. least so far.

Given all these general considerations, and others not mentioned here

owing to lack of space, what are the results of risk calculations? Some

findings, from using the methodology briefly sketched above, are shown in

Figure 2. This figure shows the man-days lost per unit f.-ergy for occupa-

tional risk, i.e., to these engaged in producing the energy.



What accounts for the relativr rankings? Simply put, most non-

conventional systems - on the right of Figure 2 - employ dilute energy

like sunlight or winj. This energy is dilute in contrast to the con-

centration in a lump of coal or a nuclear fuel rod. It then requires a

large number of collectors, windmills, solar panels, etc., per unit of

useful energy. In turn, this array of collectors requires considerable

amounts of steel, glass, copper and other materials. Producing the raw,

intermediate and finished materials, fabricating and installing them

generates industrial risk. This recitation may sound rather like 'the

house that Jack built,1 but it suggests the origin of figure 2.

Figure 3 shows public risk, again expressed in the same units as

Figure 2. Two of the conventional technologies, coal and oil. lead the

list, due to emissions produced by burning fuel. Some non-conventional

technologies have moderate values of public risk, primarily due to the

energy back-up required to provide baseload reliability. Part of this

back-up is coal and oil, with their attendant public risk.

Another component of public risk is due to the steel used in building

systems. Coal is required for making most steel, and is the source of

most of the oxides of sulfur produced industrially. There are emissions

traceable to those technologies, such as non-conventional systsns,

which do not produce any air pollution directly.

Natural qas-fired electricity has the lowest public risk, followed by

nuclear and ocean thenna 1. For nuclear power, both the risk of waste

management and possible reactor catastrophes were included. Nuclear wastes
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risk is long-term, extending many centuries into the future. Lonq-term

risk from any technology considered here (except nuclear) is generally

not evaluated. However, a case can be made that the long-term risk from

nuclear waste management will be small with adeguate planning. Further

study is needed to test this hypothesis.

In summary, then, nuclear risk appears to be fairly low in comparison

to others for both the occupational and public side. It is bested by

electricity from natural gas, but is lower than the other nine systems

considered. These results are different from what we would expect on the

basis of public perception. This question is one which deserves more

attention than we can give it here. It seems clear that the messages of

objectivity are not getting to the public as clearly rjs they might.

RISKS IN ENERGY CONSERVATION

As noted above, there is risk associated with using energy. Can there

be risk associated with avoiding the use of enerqy, i.e.. conserving it?

The answer is yes. There are innumerable ways of conserving enernv,

from turning off lights to desinninq cities differently. Because of space

limitations, we will focus on only one, savinq energy by "tightening"

houses. This type of conservation is chnsen because it is one of the few

for which enough data exist to allow a calculation of risk per energy

'. avod.

When we think of saving heating energy in the home, we qenerally think

of adding insulation to the ceiling or walls. There is risk associated

with obtaining the raw materials for this insulation, fabricating and

installing it. However, it proved difficult to obtain data with which

one could calculate the risk, as well as information on the probable



amounts of energy saved by greater insulation. As a result, consideration

of this aspect of conservation will have to be deferred.

But accompanying many, if not most, install3tions of insulation is

extra weatherstripping, caulking around windows and doors, etc. As Hadley (4)

points out, these techniques decrease the air infiltration (or leakage) into

and out of a house, but mere insulation does not. If the rote of infil-

tration is decreased by weatherstripping. etc., we may find a higher level

of natural and manmade pollution in houses. One such naturally occurring

pollutant is radon gas. Radon gas is released from the earth and from certain

building materials like stone. Because the radon gas is radioactive, it can,

in principle, cause lung cancer. Thus increasing conservation measures in

homes, yielding increased levels of radon, can cause increased risk.

All of the above is quite qenpral, and has been discussed in the

literature previously. What we would like to do is to t r a n s f n m these

generalities into the risk per unit energy saved for this tvpe of con-

servation, sn it can be compared to the analogous value for nuclear pnwer

or other energy for.:1 .

Before beginning the calculation, we note that it proved difficult

to qet data on the number of man-hours required to install a niven amount

of weatherstrippinq. [f this quantity were known, we would calculate the

associated risk bv usinq industrial accident statistics. As a result, in

what follows we <ire considering onlv public risk of home heatinq conser-

vation, not the occupational risk. We are then underestimating this risk

until appropriate data are available.
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A c a u t i o n w h i c h s h o u l d b e note*) is t h a t t h e r e a r e m a n v u n c e r t a i n t i e s

in t h e d a t a , r a n g i n g f r o m v a r i a t i o n s in r a d o n l e v e l s in d i f f e r e n t p a r t c of

t h e s a m e h o u s e , t o d e f i n i t i o n s o f w h a t is ap. " e n e r q y - e f f i c i e n t " h o u s e , to

t h e h e a l t h e f f e c t s o f r a d o n . W h a t f o l l o w s c a n o n l y b e t e r m e d a f i r s t c u t

at t h e c a l c u l a t i o n s , a f i r s t c u t t h a t is l i k e l y to b e i m p r o v e d in t h e

f u t u r e .

T h e i n i t i a l s t e p is to r e l a t e t h e a i r i n f i l t r a t i o n r a t e to t h e r a d o n

d o s e , e x o r e s s e d in w o r k i n g l e v e l s o r w o r k inn l e v e l m o n t h s . T h e a i r

i n f i l t r a t i o n r a t e c a n b e r o u g h l y d e f i n e d a s t h e " t u r n - o v e r " of a i r in a

h o u s e . It is u s u a l l y m e a s u r e d in a i r c h a n g e s p e r h o u r (a t . n ) . I*" a

h o u s e h a s a n a i r c h a n g e r a t e o f 1 a c h . it d o e s not m e a n that ever,' last

a t o m in t h e a i r h a s b e e n c h a r m e d in a n h o u r , h u t t h a t t h " n u m p e r n r

o x y g e n , n i t r o g e n , a n d o t h e r a t o m s w h i c h enter" t h e h o u s e in a n h o u r is .it'out

t h e s a m e a ? t h e n u m b e r w h i c h w a s in t h e hoir.e a* l')<> b e g i n n i n g of tM.it ' imc

A w o r k i n g l e v e l is d e f i n e d a s t h e p o t e n t i a l a l p h a en erg,- f r o m thi-

s h o r t - l i / e d d a u g h t e r s o f r cvlon w!ii<h w i l l pro'lui o 1 . •; - \<) n i l l i o n ele< ' r u

v o l t s o f e n e r g / in o n e l i t e r o f a i r . T a k e n f r o m s t u d i e s o n trv h e a l t h

e f f e c t s o f r a d o n o n m i n e r s , t h e e x a c t d e f i n i t i o n is not of g r o a t c o n -

s e q u e n c e h e r e . If is u s e f u l , h o w e v e r , ,is a m e a s u r e of t h e a m o u n t of

e n e r g y p r o d u c e d b y rvv-on a n d its radinrict.ive I'.nducts in t h e a i r .

A s a c r u d e a p p r o x imat i o n , t h e w o r k i n g level-, v a r y •> 'iversel y a s t h e

a i r i n f i l t r a t i o n r a t e . T h a t i <•,, if w e m u l t i p l y t h e e x p o s u r e in worHri'i

l e v e l s H m e s t h e a i r i n f i l t r a t i o n r a t e , the r e s u l t i n g g r a p h , as a f u n c t i o n

o f i n f i l t r a t i o n r a t e , s h o u l d b e a s t r a i g h t , l i n e if t h i s h y p o t h e s i s is

c o r r e c t . S o m e r e s u l t s a r e s h o w n in F i g u r e 4. W e c a n s e e t h a t t h e e x p e r i -

m e n t a l d a t a d o n o t f o l l o w o n e s t r a i g h t l i n e c l o s e l y , b u t c o n s i d e r i n g

t h e m a n y s o u r c e s o f e r r o r in t h e d a t a o n e m a y a s s u m e a f i t f a i r l y c l o s e

t o t h e s t r a i g h t l i n e .
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On the other hand, the U.S. Environmental Protection Aqency (5) states

that "decreasing the air exchange rate by a factor of two more than doubles

the indoor" concentration of radon decay p r o d u c t s , because the equilibrium

ratio of radon decay products to radon also increases with decreasing

ventilation." This assertion would produce a curve similar to those of

Phillips (6) and Cliff (7) in H q u r e 4.

The i jxt step in the calculation is to determine air infiltration

rates for both average and "enerqy efficient" houses. Here the data

beco;:ie quite m u r k y , because every house is different in this r e s p e c t ,

and the definition of what is or is not an enerqy efficient douse is not

clear.

H o w e v e r , in spite of these problems snmp data can be supplied. Myers (8)

assumes a value of 1 ach for n o m a l h o u s e s , basin') this on British data.

He 'ioter. that Canadian values minht be as low as 0.3, altluHJijh he does not

r;ivo data on this. Cliff (9) uses a value nf 0.7 for typical houses.

S.vedjo-.ark (I-.')) uses 0.6 0.7 for Swedish houses. Mcfla 11 (II) uses a value

of U.b 1.5 for houses built bofore 1973 74. Hurwit? (1?) assumes a value

of 1 for typical homes, flollowell (13) uses >\ value of .'; for "older"

ho::;es in IJew York State.

It can be seen from the above that there are considerable differences

in the values found for normal homes. Added fo the complication is

the fact that newer homes mav be less leal-v than old ones ( 1 0 ) . H o w e v e r ,

it seems logical to use d value of 1 ach for typical European and North

American nomos . Te allow for variation, a factor of perhaps 1.3 could be

chosen as a spread. This spread is fairly large, but may be reduced as

further data are gathered.
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What are the air infiltration rates for "energy efficient" homes?

The problem of consistency is perhaps even greater than for normal

houses, since energy efficient homes differ so strongly in design and

construction. However, ayain there are available data which can be

used. Fleischer (14) finds that winter radon levels in energy efficient

homes are about five times that in ordinary homes. If the product of

the air infiltration rate and radon exposure is roughly constant and

ordinary homes have an ach = 1, as surmised above, this implies ach ~ 0.2

for energy efficient houses.

Phillips (6) suggests that, these houses have an ach = 0.1 0.2. Hurwitz (12]

suggests 0.1, based on Hollowell (13), In another paper by Hollowell (15),

he suggests an ach of less than 0.3. Hadley (4) assumes a value of

0.3-0.5, but without giving data. Berk (16) shows values ranging from

0.1 to 0.4 for four U.S. houses, with an average of 0.22. Besant (17)

says that the value can be as low as 0.05 for some houses, noting that

0.2 is a practical lower limit in cold weather. Cohen (18) assumes a

value of below 0.3.

Again, it is difficult to choose from this wide array, but the evidence

seems to point to a value of around 0.2 ach for energy-efficient houses, to

within a factor of about 1.5.

To summarize the conclusions so far, a typical house may have an

ach = 1. with a range of 0.8-1.3; an energy-efficient house may have an

ach = 0.2, with a range of 0.13-0.3.

The next step is to estimate the working levels corresponding to those

values. Myers (8) assumes a value of 0.14 WLM/year for an ach = 1, and
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0.53 WLM/year for an ach = 0.2. Other authors have different values relating

picocuries (pCi)/liter of radon, air changes per hour, and WLM, but they

tend to have higher values of radon concentration for a given ach than Myers.

Examples are Hurwitz (12), Berk (19), Guimond (20), and O'Riordan (21).

In the interests of being conservative, i.e., not exaggerating the risk,

we will adopt Myers' value for an ach = 1, and assume that the product

of ach x WLH/year is constant. Using the values of others quoted in

this paragraph would produce higher calculated risk.

With these assumptions, the value for a typical house is 0.14 WLM/year,

with a iv.nge of (0,14/1.3)-(0.14/0.8) = 0.11-0.18 WLM/year. The value

for an energy efficient house is 0.14/0.2 = 0.7, with a range of (0.14/0.3)-

(0.14/0.13) = 0.46-1.1. The range includes fche value of Myers (8) of

0.53 at ach = 0.2.

The next step is to determine the number of fatal lung cancer cases

per WLM/year. Myers (8) assumes 100—500 per 10G persons per WLM. It

seems reasonable to take 300 as a best average. This assumption is re-

inforced by Cohen's (18) value of 200 450 for the same conditions. In

turn, Cohen's values are taken from the 1977 UNSCEAR report.

We are now in a position to calculate the number of lung cancers

produced in going from a typical house to an energy efficient one. The

changes in WLM/year from the latter to the former is 0.7-0.14 = 0.56.

This implies 300 x 0.56 = 170 extra cancers per 10'; persons. Since the
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ranges for WLM/year are 0.11-0.18 and 0.46-1.1, the extreme values of

changes are (0.46-0.18)—(1.1-0.11) = 0.28-1.0 WLM/year. Using the dose-

effect range of Myers, this is (100-500) (0.28-1.0) = 28-500 annual extra

cancers per 105 persons.

As mentioned above, the object of this section is to calculate the

risk per unit energy saved. It proved difficult to find estimates of

what the energy saved corresponding to a given change in air infiltration

might be. One of the few is due to Myers (ft), who estimates that going

from ach = 1 to 0.2 corresponds to an annual energy change, per person,

of 0.6 to 0.12 kilowatt-year. The difference is then 0.6 0.12 = 0.48

kWyr per person. This value applies to Canadian weather, and probably

would apply to the northern United States. Myers notes that the risk

per unit energy saved would be twice as great if the basic energy use in

typical houses were half as much as he assumed.

We are now in a position to perform the final calculations. The

average or "best-value" risk per megawatt-year is 170/(1C3 x 0.48) = 0.35

deaths. The range is (28-500)/(lC3 x 0.48) = 0.06-1.0 deaths. By way of

comparison, the public risk from generating nuclear power is also shown

in Figure 5. Values from the latter are taken from Ref. 1.

Figure 5 shows that the risk per unit energy for one form of conser-

vation is much greater than that of nuclear power. This is in spite of

the fact that the risk of the latter is probably overestimated in Ref. 1,

where the values were obtained. In addition, the left-hand bar in Figure 5

includes all public risk of nuclear power, including waste managanent,

transportation, etc. Nuclear public risk from reactor operation alone

is estimated in Ref. 1 to be 0.03-0.23 deaths per 1000 megawatt-years.



There are a few additional comments which can be made about the

results of Figure 5. First, to repeat what was stated before, many of

the approximations made in the calculations are crude. However, the

relative position of conservation risk versus nuclear probably would remain

the same even if the approximations were more refined. Second, the

risk per unit energy for conservation is lowest when one qoes from a typical

house to one slightly more sealed. As one seals the house more and more,

the risk for each small increment of energy saved rises substantially.

This is another restatement of the law of diminishing returns. Third, as

partially noted above, there are sources of risk for conservation other than

those which are mentioned here. For example. Berk (16) notes that

formaldehyde used in insulation can have a strong health effect The

occupational risk in installing weatherstripping and caulking may be great.

These and other matters are left to another day. Fourth, the dose-effect

relationship used in assessing the risk is the so-called linear hypothesis.

Many scientists believe that it exaggerates the risk at low doses, and

that a lower value would be more reasonable. If this lower value were

chosen, the risk for nuclear power in Figure 5 would also decrease, and

the relative positions of the two bars probably would not change substantially.

Fifth, it is possible that air exchangers may be used in some energy-

efficient houses. This can reduce the radon level and thus the risk. Sixth,

in no way is it implied that conservation should not be used. All forms

of energy production and conservation • have associated risks, and

this is just one factor society has to take into account.
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S U U A R Y

The idea that society can have a "free lunch" in the fonn of a

risk-free energy system is rapidly fading away. All energy systems have

some risk to human health, and for some it can be substantial. Nuclear

power seems to have both a low occupational and public risk compared to

other forms. In addition to this, we have presented some original

research, calculating some of the risk associated with sealing up hou^e^

to keep heat in. When the effect of the accumulated radon is included,

the risk per unit energy saved for this form of conservation can bo

great. Indeed, it appears to be nuch greater than the public risl< of

nuclear power.



17

RErrKfNCES

1. H. I n h a b e r , .V.'.v- .-;'/.••:.•/•..•;. :ti>O'.l-i..'!.''»-, A t o m i c E n e r g y C o n t r o l

B o a r d , O t t a w a , C a n a d a , 1 9 7 8 , R e p o r t A E C B 1 1 1 9 .

2. U . S . N u c l e a r R e g u l a t o r y C o m m i s s i o n , .v. :,-!•,• ..•_•• ••. ."•</..• ;•. .;.•.•..•.•-

!•:• ,:t. •.'".•'•.-'.>•.: :'>; "..'. " r " r v / v ' : i ' .'.',<•'•-:.•' . ' • . ' • > ' ,• '..•;:•, W a s h i n g t o n ,

D.C., 1975, Report WASH-1400.

3. Geselschaft fur Reaktorsicherhei t, "The German Risk Stud/: Summary,"

Federal Minister of Research and Technology, Cologne, Federal Republic

of Germany, 1979.

4. J. Hadley, "Energy Conservation and Indoor Air Quality," '.•.''

- ..-. 23(3) 35 37 (1931).

C. Anonymous, "Health Effects of Radon in Residences and its Relationship

to : "d'jced Air Exchanges Rates," Washington, no date (probabl / 1980).

6. C. R. Phillips. S. T. Hindhan, and J. A. Broadway, "Radon and Radon

Daughters in Buildings: A Survey nf Cist Experience." in ;. •.

:.•.•"•.:.•, R. Coile and P. E. McCall, Jr., editors, 'JBS Special

Publication 581, Washington, [).:.., June 1980.

7. V,. i). Cliff, "Measurements of Rn-2?? Concentrations in Dwellings in

f i r c r i t B r i t a i n , " i n :.';••'..,•• ••:',:;".••• > •.•••....•...,., • .-•-̂  V o l . I I ,

pD. 1260 1271, U. S. Department of Energy, 19S0.

8. D. K. fiyers, "J. E. Gentner, ,1. R. Johnson, and R.E.J. Mitchel,

"Carcinogenic Potential of Various Energy Sources," presented at

I n t e r n a t i o n a l S y m p o s i u m o n //• .•'••' '••'.••.••'.• •' • • • • • • • ' . . . . > • » ;••,•,•'..• '"

.-'•:."/>?•/., flashville, Tennessee, June 1981.



9- ,\. D. Cliff, "Assessment, of Airborne Radon Daughter Concentrations

in Dwellings in Great Britain," ••;..•. - .-. /••' \ 23(4) 696 71! (I97H)

^3 . j . A. Swedjemark, "Radon in Dwellings in Sweden,'1 in Hef. 4, op. ciL.

,;;>. 1237 1259.

11. P. E. McNall, Jr. and S. Si Iberstein, "Residential Building Technoloq

Trends and Indoor Radon and Radon Daughters Concentration," in

Ref. 6, op. ci t. , pp. 45 50.

]?.. H. Hurwitz, "Are Energy Efficient Homes More Radioactive than Nuclear

Mel tdowns," presented a t t h e .'• •-• ••• .•• ' • •.•• '• -• _•' .••_'. •_. •• .'

. .••••', Washinqton, n . C , Sertember IIKO.

1... L. D. Hallnwell, M. L. Boegel. .1. G. lngprsoll, and W. W. :ia/aroft.

' ' ^ a d o n - 2 2 2 i n E n e r g v - p f f i c i e n t B u i 1 d i r u j s ," :•••••. "..-'. " -. • • ••.

22 14£ (1979).

14. R. L. Tleischer, A. Hogro-Campero, and L. <\. Turner, '.-.' • '.- '

Electric Co., Schenertadv, New York, ['ecpmber 19JiO, rppoi-t iOlRLi?8H.

1 5 . C D . H o l l o w e l l e t a l . , •••, • • . • • > , • ; • . . • • • • • • • : .-., / •• / ..••... ..•••.,

Lawrence Berkeley Laboratory, Berkeley, California, January 1980,

Report LBL-10391.

16. ,1. V. Berk, C. D. Hollowell, J. U. Popper, and R. A. Youn<;, •••• ••

_'
 :

 •:,.•-,;'.'• > i '
 :

 ' r
 :
, ' • ' > • . • ; • ; " • . . > ; • > • , , . • • • ' • . • ' > • ••,-. . • ' / , - • ; ' y .• ' ' ,

:
 '•• .-.

Laivrence Berkeley Laboratory, Berkplev, California, March 19H0,

Report LBL-105?7.



19

17. '•!. '.-.'. Besant, R. S. Humont, and G. 1. Schoenau, "Air '•'ariaqenr'nt in

E n e r g y C o n s e r v n q P a s s i v e S o l a r H o m e s , " i n ; >• •• • •'•:.• ;' •• •' ••••

:.•;•• '. .•' .'.•.•.•••'. .' : :r 'KJ~ ••• >u: , G . T r a n t a , e d i t o r , O c t o b e r , 1 9 7 9 ,

.Kansas City, Missouri, Vol. 4, pp. 443 447.

IS. B. L. Cohen, "Hea!th Effects of Radon from Insulation of Buildings."

... ;••- .,....•. 39 937 941 (1980).

1 9 . J . V . B e r k e t a 1 . , • • ; • > • . • • ' . : . • , ; • • • • • • • ' . • . - • ••••;.:• .-• .' - . • • , : " • . . • '••

. ' • / • ; . . ; ' • ; ' . . > : ' ' : ' • : • • . > • . ' • • ' . ' • • . • • • > , • ' , > • • • . - , : ' •'•'..• • • • , ' . • . ' . • , L a w r e n c e

Berkeley Laboratory, Gerkelev. C a l i f o r n i a , October 1980.

? 0 . R . J . G u i o o n d a n d S . T . W i n d h a m , : . - . " ' .-' • • ' ; • • • ' . : ' • •• •':•.•••••••

' • . • • • • • • • : •. ' • . - . • . • ' . - • • . ' : • .' " : • • • • ' , i n R e f . f i , o p . c i t . ,

!U>. 1 4 5 7 1 4 7 4 .

? ] . '•'. C . n ' R i o r d a n anr, K . P . C l i f f , " I n d o o r I r r a d i a t i o n : 'i{ I\ R e p o r t

E x p l o r e d , " •••.•/• " •. •• • . / . • • . 3 0 1 !> I f .



?0

riGURE CAPTIONS

Fi'jure 1. Sources of risk in onerqy systems. All systems require raw
materials, althouqh some non-conventional svstems, like solar and
wind, do not require fuel in the ordinary sense. The components must
be fabricated, and thpn the plant reactor, windmill, coal-fired
generator must be constructed. The raw materials, intermediate
and final materials must be transported to their destinations.
There are also risks from operation, any waste disposal, and public
health risks from pollution and accidents. These sources constitute
most of the risks associated with e n e m y systems.

figure 2. Occupational man-days lost per megawatt-year net. output. The
top of the bars and the dotted lines indicate the upper and lower
part of the range, respectively. Bars to the riqht o^ the vertical
dotted lines indicate technologies less applicable to Canada. fJnfe
the logarithmic scale. Deaths are assumed to contribute 6000 man-days
lost per fatality, and are combined with accidents and illness on
that basis. Solid and dashed jagged lines on bars indicate maximum
and minimum values, respectively, when no hack-up (or low-risk
back-up) e n e m y is assumed.

Figure 3. Public man-days lost per ineqawat t - year net output, (see explanation
in caption to Figure 2). Coal ranks highest, because of air pollution
effects. Natural gas and nuclear rank lowest, in spite of the publicity
given their potential public risk. Howover. many of the non-convention il
enerqy systems to the riqht of the graph have non-neq1igible public
risk. The explanation for this is given in the text.

Figure 4. Constancy of product of air infiltration rate times radon dose
rate. If the two quantities varied inversely with each other, their
product as a function of air infiltration rate would be constant.
Experimental data show this is not the case. However, the experimental
data are scattered enough to allow the assumption of constancy as
a crude approximation.

Figure 5. Relative public risk per unit enerq" of nuclear power and housp
sealing (conservation). The first bar refers to producing pnerqy and
the second to saving it. The bar for nuclear power has a maximum and
a minimum (dotted). That for house sealing has a best value
(solid line) and an upper and lower range (dotted lines).
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