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Abstract

COMPARING THE HEALTH AND ENVIRONMENTAL IMPACTS OF DIFFERENT ENERGY SYSTEMS.

Energy and environment can pose difficult challenges for policy makers

and scientists. Assessing health impacts of different energy sources

requires synthesis of research results from many different disciplines into

a rational framework. Information is often scanty; qualitatively different

risks, or energy systems with quite different end uses, must be put on a

common footing. Risk-assessment methods reviewed include examples drawn

from work of the Biomedical and Environmental Assessment Division at

Brookhaven National Laboratory and elsewhere. Coal a^d nuclear fuel cycles

are compared in respect to morbidity and mortality. Other cycles (oil, gas

and renewables) are also examined. In broadening comparisons to include

new technologies, one must include the impact of manufacturing the

energy-producing devices as part of an expanded fuel cycle, via

input-output methods. Input-output analysis allows comparisons of direct

and system-wide impacts. Throughout the analysis, uncertainties must be

explicitly recognized in tae results, including uncertainty in validity of

data and uncertainty in choice of appropriate models. No single method of

comparative risk assessment is fully satisfactory; each has its

limitations. By use of several methods process has been made in

understanding the relative impact of energy technologies.



1. INTRODUCTION

Pol i t ic ians , and other c i t i zens , notably sc ien t i s t s face

excruciatingly painful choices on energy-environment problems or rather

they would be excruciating, if they publicly and expl ic i t ly faced up to

them. Evidence Is unmistakable that the acidity of rain noticeably

increased in the eastern United States and Southeastern Canada during the

past 20 years (Figure 1) [1] . There have been similar findings In

Scandinavia. The pH of normal rainfal l Is ~5.7: ra infa l l of pH 4.7 is 10

times more acidic because the scale ifi decade-logarithmic. The area with

ra infa l l pH less than 4.6 has expanded from a limited area in 1945-56 to

include almost a l l eastern United States and Southeastern Canada in

1975-1976 (Figure 1) . Since most acidity in rain is contributed by the

acid sulfates (~60%), the distr ibution of acidic ra infa l l unsurprisingly

paral le ls ambient suspended sul fates.

On top of the contribution by sulfa tes , an increasing proportion of

acidity of rain is contributed by hydrogen Ion from n i t r a t e s (~30%) from

increased emissions of nitrogen oxides as well as sulfur dioxide from

fossi l-fuel combustion. Although large quantit ies of N0x are emitted by

transportation ac t iv i ty (Table 1), such emissions are less likely to be

carried long distances as are emissions from the t a l l smoke stacks of

public u t i l i t i e s . Thus United States emissions of SO2 from u t i l i t i e s rose

from 4.9 tonnes in 1950 to 16.7 tonnes in 1975. At the same time, United

States N0x emissions from the same source increased from 1.1 to 6 tonnes —

a roughly 6-fold increase as compared with 3-fold increase in N0x emissions

from transportation [1 ] . Similiarly, since sulf i te aerosols noticeably -
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sometimes strongly - and ni t ra te part ic les impair v i s i b i l i t y , these acid

rains correspond to areas where v i s ib i l i t y is decreased (Figure 2) [2]-

Acld fallout (commonly referred to as "acid rain") and ozone resul t

from chemical transformation of three pollutants - sulfur dioxide, nitrogen

oxides, and hydrocarbons - and are carried long distances- They are an

important 'uause of damage to lakes and streams, forests and so i l s ,

agricul tural crops, materials, and health [3 ] .

2. ASSESSMENTS OF HEALTH RISK

2 . 1 . International problems

We recently wrote an assessment of health effects for tha Congress of

the United States, Office of Technology Assessment, in their assessment

"The Regional Implications of Transported Air Pollutants: An Assessment of

Acidic Deposition and Ozone" [3]. We used the sulfate exposure and the

Morgan, et al sulfate dose-response function [4] as an index for the health

effects of the sulfur-particulate pollution aix.

An important international problem is the dis t r ibut ion of health

impacts transferred between the United States and Canada. From our

analysis the total exposure exported from the United States to Canada in

1978 was 94 million person-ug/m^; to ta l exposure imported from Canada to

the United States in 1978 was 62 million person-iig//m^- This represents

about 2,000-3,000 excess deaths exported from each country every year, or

an imported mortality rate of 14 excess deaths/100,000 population in Canada

and 1.0 excess deaths/100,000 in the United States (T*ble 2) . Canada

produces 5% of the to ta l excess deaths attr ibutable to sulfates in the

United States, and the United States produces 85% of the total excess
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deaths attributable to sulfates in Canada [3].

For perspective Figure 3 gives the causes of death in the USA [5,6].

This shows the proportion of Americans dying of various causes in 1979,

including estimated fractions of each linked to smoking and alcohol. The

estimates of death linked to air pollution from fossil fuel combustion by

al l sources (utility and industrial) in 1978 throughout Canada and the

United States are 51,000; there is a 90% confidence range, attributable to

uncertainties in the dose-response function, of 0-150,000 excass

deaths [3].

2.2. Risk assessment methods

Risk assessment seeks to improve decision-making for policy makers and

public. I t provides information immediately useful for decisions on energy

policy, on specific proposed facilities, and on guides for health and

environmental research. Risk assessment organizes information from diverse

sources into a framework that treats a l l forms of energy consistently.

Analysis of health risks from energy recognizes the huge gaps in current

knowledge and tries to assess their importance. Decisions about future

• energy supply must be made despite uncertainties over effects; risk

assessment helps make good choices.

No single method provides full answers. Energy impacts have myriad

effects, from public health damage from pollution, through hazards of

occupational disease, to potential catastrophes. Selection of appropriate

methods requires accurate identification of specific questions being asked

by the analysis as well as understanding the models used in assessment.

Quantitative assessment of the health risks from different energy
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systems r equ i r e s system-wide evaluat ion of a l l s teps in a fuel cycle,

s t a r t i n g with ext rac t ion of raw resources, and concluding with the f inal

consumption of energy, or a comparison of equivalent s t e p s . For valid

intertechnology comparisons to be made, methods, data, and end-use demands

must be s imi l a r and specif ied [ 7 - 9 ] .

The most general approach, the Reference Energy System (RES), provides

a common, simple framework for defining flows of energy and r e l a t ed data

used for r i s k assessment- An RES (Figure 4) i s a network represen ta t ion of

the main components of an energy system for a given year , specifying

resource consumption, fuel t r anspor ta t ion , conversion processes , and end

uses, thereby compactly incorporat ing the s a l i e n t features of the energy

system while providing a framework for assessnent of major resource,

environmental, heal th , and economic e f fec ts that can r e s u l t from new

technologies or po l ic ies [10,11] • The RES i s the basis of much technology

and r i s k assessment of energy systeas in the U.S. and throughout the

world. The estimates here a re generally derived through an RES-type

approach.

3. COMPARISON OF THE COAL AND NUCLEAR FUEL CYCLES STANDARDIZED TO A
GW(e)-YEAR

Tables 3 and 4 summarize our estimates of the heal th e f f ec t s of the

coal and nuclear fuel cycles on a GW(e)-year b a s i s , assuming current ly

mandated environmental con t ro l s [ c f . 1 ,12 ,13 ] .

3 . 1 . Morbidity

Table 3 shows our cu r r en t estimates of morbidity. Most of our

a t t en t ion has been d i rec ted to quantifying coal-mining accidents and

occupational disease [14] , coal t ransport acc idents [15] , and a i r pol lut ion
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from coal combustion [4]. Our more recent analyses of the health effects

of air pollution from coal electricity generation plants [7,12,13] have

assumed 3 million people within 50-mile radius, and sulfur oxide emission

rate of 0.12 lbs. SO2 per 10^ Btu input (low-sulfur coal combined with 90%

removal sulfur in flue gas). The present analysis assumes a more

realistically attainable sulfur oxide emission rate of 0.4 lbs. SO2 P^r 10^

Btu input [16]. Preliminary results of modeling studies at Brookhaven

suggested that the health impact, from long-range transport of sulfates

beyond 50 miles, may average one order of magnitude higher than the impact

within the 50-mile radius [17]. Our more recent analyses of the health

effects of air pollution thus assumed that the total effect on the U.S.

population would be 10 times the health effects within the 50-mile

radius [7,12,13]. In the present analysis we have used a matrix developed

from the Brookhaven long—range model which gives the estimated population

exposure to atmospheric sulfates from SO2 emissions as a function of source

location for the entire U-S [18]• This gives a median sulfate exposure of

22 person-ug/nrtyton SO2 emissions for the U.S. We now use this figure from

the matrix which covers the entire U.S. From this figure the ratio of the

air pollution effects over the total population to the population within

50-miles radius is ~5:1, rather than the 10 times figure which was based on

preliminary estimates made from only ten different sites in the U.S. [16]

We use cancer risk estimates derived from the BEIR I I I Report [19].

With the exception of the estimates of radiation-induced cancer in uranium

miners, one can appreciate that these represent upper-boundary estimates'

and that the actual numbers of cancers induced by these very low doses from
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the nuclear fuel cycle, given at very low dose rates, will be lower and may

be zero. The collective dose from the nuclear fuel cycle to the U.S. and

foreign populations reflects a situation in which many people receive an

infinitesimal dose. A review of literature on the radiation dose-response

as part of the Reactor Safety Study (RSS) [20], led to use of a dose and

dose-rate effectiveness factor which reduces the BEIR I Report (1972) [21]

estimates by a factor of 5 for doses of low linear energy transfer (LET)

radiation under 10 rem received under 1 rem per day. BEIR I I I makes no

statements for doses below 10 rad or rates below 1 rad/year. I t suggests

that the dose-response function may be quadratic at low dose rates for low

LET radiation, but recommends use of linear dose-response functions as a

conservative method in estimating risks. The results of the absolute risk

model for 3EIR III were used. Since, except in the case of a possible

accident, the exposure from the stages in the nuclear fuel cycle is

continuous, the BEIR III numbers reflecting continuous exposure to one rad

per year were chosen rather than a single exposure of 10 rad. The model

for which the low-level low-LET radiation dose-response is linear with no

threshold (as opposed to the quadratic and linear quadratic-models) was

chosen since i t was considered conservative on the high side by the BEIR

III Committee. Two distinct populations were considered: (1) the general

public consisting of a l l ages and both sexes, and (2) an occupational

population consisting of essentially al l males bstween the ages of 20 and

65.

3.2. Mortality

Table 4 summarizes mortality iu the coal and nuclear fuel cycles.

Only light-water reactors have been evaluated in some detail for risk
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associated with catastrophic accidents. Leactors probably account for most

of the potential impact of major nuclear accidents in the uranium fuel

cycle since they represent, in the absence of reprocessing, 80 percent of

the facili t ies and, were an accident to occur, the health impact of an

accident at a reactor is likely to be much larger than that of an accident

at other types of facilities in the uranium fuel cycle.

On an actuarial basis, the RSS estimated teactor accidencs contribute

0.02 deaths per GW(e)-year (3 x 10"^ prompt fatalit ies, a l l of people

residing within 25 wLies of a reactor; and 0.021 total cancer fatalit ies,

spread over 30 years and a much larger area 25-100 miles from the

reactor). Correction of a programming error discovered later resulted in

increasing by 15% the latent-cancer fatality estimate [22]. Since almost

all of the. health effect calculated from even the worst hypothesized

accident is attributable to low doses over a large population, the RSS

applied dose and dose-rate factors. Recalculating the RSS cancer risk

estimate back to the upper-boundary estimate on the basis of the BEIR 1972

dose-response function yields 0.06 total latent cancer deaths per

GW(e)-year. If one uses the linear-quadratic dose-response function for

low dose rate, low LET radiation from BEIR III 1980, the resulting estimate

is 0.0033 cancer deaths and, if one uses the linear BEIR III dose-response

function,- 0.05 cancer deaths per reactor year. The use of 0.1 deaths per

GW(e)-year in Table 4 goes some way towards meeting the greater uncertainty

in the estimates suggested by the Ad Hoc Risk Assessment Review Group,

Chairman H.W. Lewis [23] and is in line with the "upper bound" estimate of

the EPRI review [24]. The figure is lower than the upper-boundary estimate
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of 2.4 f a t a l i t i e s per reactor "ear of the Union of Concerned

Scien t i s t s [25], and of the estimates given, without explanation, by the

Ford-Mitre Study [26]-

How good are these estimates? Table 5 compares underground and

surface coal mining effects estimates per GW(e)-year for lytJO based on

regression analysis of 1965-79 U.S. injury and 1971-78 productivity data,

with the more recently avai lable actual 1980 data. The 1980 actual disease

deaths and morbidity in underground mining were based on actual 1980

productivity with the r i sk per man hour the same as estimated. Table 6

shows a di f f icul ty in making the estimates of occupation health risks in

power plants on a GW(e)—year basis . Some uncertainty surrounds th^ correct

person-years per GW(e)-year figure. Thus, the f i r s t column gives the

numbers 1 used in the Third Life Science Symposium, Health Risk Analysis,

Gatlinburg, TN, October 27-30, 1980 [16], the second column is the mean of

a l l plants of 400 MW(e) and greater, and the numbers in parentheses are the

mean of a l l plants in tht U.S. given by the U.S. Department of Energy

Energy Information Administration (EIA) for 1978 L27]. One notes that the

figures for nuclear plants are much lower than numbers given by the Nuclear

Regulatory Commission in their reports , giving numbers of persons exposed

to radia t ion a t nuclear plants [eg 28] .

3 .3 . Oil and gas fuel cycles

Table 7 shows some cf the s imi l a r i t i e s and some of the differences in

o i l and gas exploration d r i l l i ng injuries ard i l lnesses in reports from the

Bureau of Labor S t a t i s t i c s (BLS) [29,30], National Safety Council

(NSC) [31], Louisiana Department of Labor (LDL) [32], Ame.^an Petroleum
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Institute (API) [33], U.S. Coast Guard (CG) [34], and International

Association of Drilling Contractors (IADC) [35]. Table 8 summarizes the

occupational health risks of the gas fuel cycle per GW(e)-year and Table 9

those of the oil fuel cycle per GW(e)-year; the upper figures at each step

in the fuel cycle are the numbers I used in the Gatlinburg Symposium in

October 1980 [16]. The lower figures are based on Bureau of Labor

Statistics and other reports, and the power plant figure on the 1978 EIA

report [27]. The figures of man-years per GW(e)—year are obviously

changing.

3.4. Comparisons, boundaries and uncertainty

Figure 5 compares two power plants, each capable of producing 1000 MW

of electricity with a 65% capacity factor. One is a typical nuclear power

plant, the other a coal-fired plant [8]. The areas in the figures are

proportional to deaths per year in the USA for each component of the two

fuel cycles. Uncertainty is not indicated in the figure but can be found

in the original references.

Figure 5 raises several questions that need further consideration. I t

covers di-^ct fuel cycle effects only; mining, transport, processing and

electricity generation. This immediately raises the question of the

appropriate boundary of study and how to assess indirect effects, a topic

w; corce to later. Comparisons between energy sources must use consistent

boundaries. 'igure 5, as a summary, necessarily aggregates occupational

and public deaths. This ignores any differences in loss of life expectancy

associated with different causes of death. It also necessarily aggregates

on an acturial basis the effects of rare catastrophic accidents. All these
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require separate def in i t ion and, some might argue, separate treatment and

considerat ion. As already indicated, the figure gives no indication of

uncer ta inty .

Figure 6 is a similar comparison of coal and nuclear given on the

bas is of deaths per GW(e)-year with the occupational and public heal th

effec ts disaggregated. This figure gives an idea of the uncertainty of the

a i r pollution ef fec t on public heal th associated with the coal power

p lan t . The mean and most l ikely estimate gives a t o t a l of 15 deaths, with a

range of 0-77 deaths. To put these numbers in perspect ive, if one takes 3

mil l ion people as the average population within 50 miles of GW(e)-plant -

and this is the ac tua l average population for a l l power plants in the

U.S. - and from our a i r pollution matrix discussed above .l/5th of the 15

deaths would be in th is population, i . e . , 3 deaths. Since roughly 1% of

the population die each year one would expect f> t o t a l of 30,000 deaths

annually from a l l causes, so one i s talking about a possible 3 deaths

a t t r ibu tab le to th is coal plant out of 30,000.

4. USE OF INPUT-OUTPUT ANALYSIS FOR COMPARATIVE RISK ASSESSMENT

4 - 1 . Background

For comparison of conventional fos s i l and nuclear technologies - where

most of the health damage is associated with fuel supply and conversion —

the Reference Energy S/stera approach was sa t i s fac to ry . For comparisons of

some renewable technologies not having d i rec t fuel impacts ( e . g . ,

photovoltaics) i t i s necessary to include in the ana lys is health impacts

associated with m a t e r i a l supply, construction, e t c . Extensions of the RES

to materials supply systems have been developed [13,36-39].
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So long as the analysis relies on tracing sequential activities, an

explicit cut-off point must be chosen as a boundary beyond which further

activities are assumed to be related so indirectly to the actual process of

supplying energy that they can be ignored. Choice of an appropriate

boundary for analysis is necessarily somewhat arbitrary. One can avoid

this dilemma largely but not entirely by use of input-output risk

accounting. Input-output risk accounting is a method of assessing

system-wide economic impacts of technologies and converting these economic

impacts into estimates of occupational and public health damage. I t

expands analyses to the entire economic system, but at some loss of detail

needed to assess health damage; i t was developed in response to criticisms

that many risk-accounting methods include only part of the total impacts

attributable ca a technology, and many times treat different technologies

inconsistently. The method is based on economic input-output models

which trace throughout the economic system total dollar flows created by

demands from energy technologies for goods and services. The technologies

are assumed to purchase goods and services for component fabrication, plant

construction, lifetime operation and maintenance, and decommissioning.

Thesa purchases generate interindustry flows of dollars for goods and

services (the input-output model) as required to produce the necessary end

products. Dollar flows are converted first to labor requirements and then

to occupational accidents and fatalities using national statistics by

industry (Figure 7). Similarly, public health impacts are estimated using

national statistics on pollutants emitted by industry.

4.2. Method

Details of this approach have been described [7,13,40,41]. To
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generate system-wide Impacts of producing and operating euergy technologies

easily and well, we have made some sacrifices in other capabilities of the

method. One such sacrifice is in the specificity of the data used. The

BNL input-output model has 110 sectors, many of which are much more

aggregated than one would prefer for health risk-analysis. Also, the

occupational health statistics compiled by the Bureau of Labor Statistics

(BLS) are aggregated in ways less than ideal for our purposes- BLS

stat ist ics on coal mining, for example, disaggregate anthracite,

bituminous, and lignite mining, but do not distinguish between surface and

deep mining — tha variable most significant for health impact. Similarly,

a l l other mining is aggregated so that health-impact stat is t ics for uranium

mining are the Industry average for a l l non-coal mining.

Because of how the risk-accounting method is designed, and because of

limitations imposed by the level of aggregation of the BNL input-output

model, what are called "direct" impacts of an energy technology differ from

those produced by other fcstimation methods. "Direct" impacts estimated by

this method include not only those of operating the technology, but also

those of fabricating technology components, conscructing the facility and

decomoussioning the facility. The extent to which technology fabrication

requirements extend back into the supply system depends on the level of

disaggregation of the input data used and the nature of the fabrication and

construction process. The data we have used for the coal and nuclear fuel

cycle are disaggregated to the same level for a l l stages of the fuel

cycle. Each, for example, contains primary iron and steel products and

fabricated structural steel products. Other data sets, however, are not

always disaggregated to this level. Some may assume that no steel
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fabrication is done during construction and that al l steel components are

bought ready to use. For some technologies this may be the case, for

others this may be a simplifying assumption. The result is that it is not

always clear exactly how far back into the materials and component supply

system the analysis of "direct" impacts has gona. For this reason, caution

is recommended in comparing estimates of "direct" impacts estimated by the

risk accounting method with those of other methods. The risk-accounting

method was specifically designed to estimate system-wide impacts; i t

incidentally can estimate the direct impacts of the input data (not the

technology) which may or may not be in a form yielding results comparable

to other methods. The primary value of the "direct" impact estimate is to

il3.ustrate the relative importance of indirect impacts throughout the

economic system which are not normally included in other methods.

Indirect health and environmental impacts are those produced

throughout the. economy in meeting demands for goods and services from the

energy technology. If the technology requires a generator, then the

industry producing the generator must procure insulated copper wire, the

wire company must buy plastic for insulation; and the plastic company must

buy petroleum feedstock, etc. Several of these industries may well require

generators, and so the cycle repeats. Input-output models are specifically

designed to describe such cost pyramids of industrial support.

Even components that must be specially made during construction are

assumed to be "bought" from the existing system. On this assumption, the

input-output model generates the total flow of dollars throughout the

system generated by fabrication, construction, operation, maintenance, and
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decommissioning of any energy technology. The total dollar flow by

industry is then converted to estimates of systemwide occupational health

and environmental impact.

4.3. Caveats

An inescapable yet shaky assumption in the analysis is that

inter-technology demand-coefficients stay constant. These coefficients do

not remain constant over the bug term of course, but usually chang' slowly

enough to justify use of the method in the short term. The coefficients in

the BNL input-output model were estimated by projecting current trends to

1985.

Given the current rapid change in the cost of energy and likely

responses to that cost in industry, extrapolation of trends over the last

10 years or so is probably inaccurate. Analysis of renewable energy

technologies using these extrapolations is especially questionable, since

emergence of these technologies will affect the technology mix of both the

energy system and industry. All is not befogged however. The purpose of

the risk-accounting method is to provide a way to compare different

technologies.under similar conditions and assumptions. The input-output

model, however, accurate or inaccurate, provides a consistent economic

model in which to examine inter-technology differences and, for that

matter, long-term trends. While tha absolute magnitudes of impact

estimates may be affected by the specifics of the input-output model, the

differences among technologies are less likely to be affected in magnitude

and unlikely to change in direction.

The figures do not include health effects to the public nor
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occupational diseases with long latent periods which are not well covered

in the Bureau of Labor statist ics rates.

4.4. Applications: coal, nuclear and renewable energy technologies

The coal fuel cycle analyzed (Table 10) includes an eastern surface

mine, a mixed coal train, a standard coal-steam electric plant, and an SO2

scrubber. The scrubber is separate from the plant because that is the way

the input data were presented. The nuclear fual cycle includes surface

mining, milling, conversion, enrichment, fuel fabrication, 1WR,

reprocessing and high level waste disposal (Table 11) [42]. The output

required from each stage to produce lO1^ jjtiu of electricity was calculated

backward through the cycle by applying energy transfer efficiencies.

Table 12 and Figures 8 and 9 summarize the direct and system-wide

occupational health and safety impacts of 12 renewable energy technologies

and of the coal-ste?.m electric and nuclear fuel cycles. Indirect impacts

range from 1/3 to 2 times direct impacts. Both total effects and risks to

individual workers are included. The direct occupational effects of the

coal-steam electric fuel-cycle and nuclear fuel cycle are very similar,

although the total occupational impacts are lower in the nuclear cycle.

This reflects the fact that these two technologies are well developed and

usually large-scale. In contrast, the renewable energy technologies are

small-scale, and at an early stage in development. One could reasonably

expect the occupational impacts of renewable energy technologies to

decrease as their deployment matures. Although wood pyrolysis is the least

costly in terms of total occupational health impacts, i t is the most risky

with respect to individual worker safety. The safest technology for
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individual workers is residential photovoltaics, which has high total

impacts because of a large work force.

Only three of the renewable technologies have fewer occupational

impacts per unit output than the representative coal fuel cycle, and only

one has a lower individual risk. Only one of the renewable technologies

has fewer occupational impacts system-wide than the nuclear fuel cycle. In

general, renewable technologies have higher total occupational impacts

because they are more material- and labor-intensive per unit output. The

renewable technologies included in this assessment fall into three

categories of occupational health impact. The lowest category contains

wood pyrolysis, anaerobic sludge disgestion, and passive solar domestic

heating. Impact estimates for the f i rs t two probably are artificially low

because they do not include end-use devices. Passive solar heat thus

stands alone as safest with respect to total occupational health impacts.

The highest impact category includes residential photovoltaics and wind

systems. These technologies are highly labor- and materials-intensive per

unit energy delivered. The remaining technologies comprise a middle

category. With respect to total occupational health impacts, this middle

category is about twice as risky as the representative coal fuel cycle.

Centralized systems in general have fewer impacts than decentralized

systems. An obvious explanation is that decentralized technologies are

materials-intensive. The exception is passive solar, whose low risk

reflects the small increase in materials required for passsive solar

structures. These systems principally involve improvements in building

design rather than use of specialized or additional materials. Thus both

total risk and individual risk are low.
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Some care must be used when employing data presented here, since not

all of the technologies produce energy in similar form. Wood pyrolysis and

sludge digestion produce gas, and end-use devices to burn gas are not

included here. This undoubted"; explains why these technologies show such

lov? impacts. Maay solar technologies produce relatively low-grade

heat which is used directly. The remainder produce electricity, which must

be converted in an end-use device.

Direct impacts tend to be dominated by operation and maintenance,

especially labor. System-wide impacts show the same pattern, but to a

lesser degree. Material requirements are also important to system-wide

impacts. The only consistent pattern of impacts by economic sector is a

uniformly high importance of the primary energy supply sectors - coal

mining and crude oil and gas extraction - in total occupational health

impacts. For the renewable technologies included in this assessment, 24%

of these impacts are in primary energy supply sectors. This agrees well

with Whipple [43], who finds that total energy requirements for producing

solar energy devices are a significant portion of their direct energy

production. Much of this priiaary energy consumption is use of coal by the

steel industry. In any event, i t is crucial to keep in mind that at this

stage in the development of the risk-accounting method for analysis of

health and environmental effects in the energy industry one is comparing

only occupational health impacts. Public health and important

environmental effects remain to be analyzed. Moreover, even though there

is much variation in the total occupational impacts depending mainly on

variations in labor intensity of the technology, the risk to the individual

-17-



worker of i l lnesses , accidents and f a t a l i t i e s does not vary much. The

individual worker would ra ther be gainfully employed than unemployed; and

is concerned primarily with his own r i sk , not to ta l societal r i sk [16].

Figure 10 shows the re la t ionship between system-wide occupational r isk

of the renewable energy technologies compared with those of a

representat ive coal-steam and nuclear fuel cycle. Mone of the renewable

energy technologies have lower system-wide to ta l r i sk ( i . e . , WDL/10^ Btu)

than nuclear; and the r i sk per worker ( i . e . , WDL/100 wy) are a l l similar

for nuclear, coal and the renewable energy technologies.

5. FUEL-WOOD

Clearly, health effects of different energy sources depend directly on

the quantity and type of energy use. These vary greatly according to

geography. Thus Figure 11 shows the share of fuel-wood in the total energy

consumption of various countries and global regions. Fuel-wood is the

fourth la rges t contributor to world energy supply after petroleum, coal and

natural gas. Close to half the world population, especially those l iving

in ru ra l and urban areas of developing countr ies , depend for cooking and

heating on fuel-wood, i t s derivat ive, charcoal, or, in the absence of

ei ther of these, on agr icu l tu ra l residues or dung. Fuel-wood constitutes

more than half the world's consumption of wood, r ising to 86% in developing

countries and 91% ia Africa [44].

Our studies of health effects of fuel-wood use in the USA, l ike our

analysis of other energy sources, were based on the heal th effects of

supplying a unit amount of energy ( e . g . , that needed to provide heat for

106 dwelling years). Health effects were estimated in gathering, transport

-18-



and combustion stages [45]- Oil and coal a l te rna t ives wers scaled from

ear l i e r work (Figure 12) [ 8 ] . Nuclear would have ~!/10th the impact of

coal e l e c t r i c . Figure 13 brings those ra ther abstract estimates down to

the leve l of an individual . We calculated the to ta l r i sk for a single

dwelling uni t as though faced by a single individual . The r i sk of death to

this individual associated with the gathering, transport and burning of

wood as the sole source of heat for his home over 40 years is expressed

graphically as the volure of a cluster of cubes. The t o t a l r i sk for the

whole period i s -0.2%. This can be compared with the r i sk of death in an

automobile accident during the same period of ~1% [8] .

6. CONCLUSIONS

When well controlled the health damage to individuals from both coal

and nuclear is extremely small.

No s ingle method of comparative r i sk assessment in the energy industry

is fully sat isfactory by i t se l f ; each has i t s l imi ta t ions . One needs to

compare several methods if one is to improve the decision-making base for

policy-makers and the publ ic .

In conclusion, energy r isk analysis has not yet progressed to where

biological damage mechanisms are well enough understood, but by s t a t i s t i c a l

assoc ia t ions , degrees of impacts can be estimated. Progress has been made

in ho?* to compare multiple a3.ternatives for energy generation and use. As

these e f for t s continue, i t becomes increasingly l ikely that the f rui ts of

this d i s c ip l ine , entering into the public consciousness, wi l l influence

decision-makers.
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TABLE 1 . ATMOSPHERIC EMISSIONS OF SULFUR DIOXIDE AND NITROGEN OXIDES

IN THE U . S .

& T o n n e s P e r Year

SO2 N03

U t i l i t y Combustion

Other Combustion

Non-Ferrous Smelters

Indus t r i a l Process

Transportation

TOTAL

1950

4 . 9

12.2

3 . 1

1 .0

0 . 8

22.0

1975

16.7

4 . 0

2 . 5

1.7

0 . 8

25.7

1950

1.1

3.7

neg.

0 . 3

3 . 0

8 . 1

1975

6 . 1

5 . 5

neg.

0 . 7

9 . 9

22.2



TABLE 2 . ESTIMATES 1978 AND YEAR 2000 MORTALITY RATES ASSOCIATED WITH SO2
EMISSION COMPARED WITH COMMON CAUSES OF DEATH

(dea ths /100 ,000 population)5 1

Source Expected Range

Al l SO2 Emissions , U.S. and Canada,

1978 20 0-61

1978 SO2 Emissions, 2000 population,

U.S. and Canada 20 0-61

70% 1978 Emissions, 2000 population,

U.S. and Canada 14 0-41

All Causes, U.S., 1977b 878

Sardiovascular disease 444

Cancers 179

Accidents 48

Influenza and pneumonia 24

Bronchitis, emphysema, and asthma 10

Suicides 13

aDetailed emissions projections for 2000 exist only for u t i l i t i e s . If
non-utility emissions change proportionally with utili ty emissions, the
total mortality rate attributable to SO2 emissions is estimated to be 16
excess deaths/100,000 population. If non-utility emissions remain
unchanged or emissions increase in proportion to the increase in
population, then excess deaths are estimated to be 17 and 18 per 100,000
population, respectively. The 90% confidence range on these estimates
attributable to uncertainty in the dose-response function is about 0-50-

^Source: Statistical Abstracts of the United States, 1979. Bureau of the
Census, U.S. Department of Commerce.



Table 3. SUMMARY OF U.S. HEALTH IMPACTS FROM COAL AND NUCLEAR FUEL CYCLES
Morbidity (cases/GW(e)-year)

COAL

Occupational (Mining)

(Underground)

Accidents:
Disease:

(Surface)

Accidents:

Occupational accidents:

Occupational

Rail 1.1
Truck 20.0
Barge 1.6
Pipeline 0.26

170
22

16

3-5

Public

0.87
20.0

0.15
0

Occupational accidents: 5

Public air pollution: 77(0-385)

Not Tabulated

— EXTRACTION —

—

—

—

—

PROCESSING

TRANSPORT

GENERATION

WASTE

MANAGEMENT

—

—

—

—

NUCLEAR

Occupational (Mine) Accidents

Surface:
Underground:

Occupational Disease

Radiation induced:
Other:

Public Disease

North America:

Occupational accidents:
Occupational disease:
Public disease:

Routine Operation

4.0
13.8

0.03
NA

0.01

1.6
0.05
0.003

Occupational: 5.5x10"^
Public: 4.6x10-4

Accident

Radiological:
Non-radiological:

Occupational

Rad-induced cancer:
Non-rad accidents:

Public

Rad-induced cancer:

Rad-Induced Cancer

< io-4
0.1

0.16
1.31

0.02

Occupational: 5.4x10"^
Public: 7x10-6

Decommissioning (Occupational)

Radiological:
Non-rad iological:

5xlO-3

0.07



TABLE 4. SUMMARY OF U.S. HEALTH IMPACTS FROM COAL AND NUCLEAR FUEL CYCLES
Mortality (deaths/GW(e)-year)

COAL NUCLEAR

Mine Accidents

Surface:
Underground:

Occupational Disease

Underground:

0.1
1.4

0.3

EXTRACTION

Occupational (Mine) Accidents

Surface:
Underground:

0.11
0.36

Occupational Disease

Radiation induced:
Other:

Public

North America:

0.15
0.06

0.05

Occupational Accidents: 0.07 PROCESSING
Occupational a c c i d e n t s : 0.006
Occupational d i s e a s e : 0.05
Public disease: 0.013

Rail
Truck.
Barge
Pipeline

Occupational

0-01
1.2
0.5
0.16

Public

C,4
1.2
0.14
0

TRANSPORT

Routine Operation

Occupational:
Public:

Accident

Radiological:
Non-radiological:

4.5xlO"4

0.001
0.01

Occupational

Powerplant accidents: 0.13

Public

Air pollution: 15 (0-77)

GENERATION

Occupational

Rad-induced cancer:
Non-rad acc idents :

Publ ic

Rad-induced cancer:
Catastrophic accident :

0.13
0.013

0.02
0.1

Not Tabulated WASTE
MANAGEMENT

Rad-induced Cancer

Occupational:
Public:

4.6x10-4
8x10-6

Decommissioning (Occupational)

Radiological:
Non-radiological: 8x10-4



TABLE 5. COMPARISON OF
PER GW(e)-YEAR FOR 1980

Underground Mining

Accidental deaths:

Accidental Injuries:

Disaase Deaths:

Disease Morbidity:

Surface Mining

ESTIMATED WITH ACTUAL

1980 Estimated21

1.4

170

0.25

0.6

COAL MINING EFFECTS

1980 Actual

1.1

159

0.2b

0.4b

Accidental Deaths: 0.12 0.16

Accidental Injuries: 16 16.9

aFroni 1965-79 U.S. Injury and 1971-78 Productivity Data.
"Actual productivity; risk per tnan-hr same as estimated.



TABLE 6. SUMMARY OF OCCUPATIONAL HEALTH RISKS IN POWER PLANTS PER GW(e)-YR

Labor Disease/Injury Fatalities

Coal

Nuclear

Oil

Gas

Person-Years
Per

GW(e)-yr

322 490 (662)

125 298 (300)

278 271 (834)

323 (540)

Per
GW(e)-yr

7.6

1.7

3.0

3.6

Per
person-
year

0.015

0.0056

0.011

0.011

Per
GW(e)-yr

0.22

0

0.031

0.036

Per
person-
year

0.00044

0

0.00011

0.00011



TABLE 7. DRILLING INJURIES AND ILLNESSES PER 100 FULL-TIME WORKERS IN OIL AND
GAS EXPLORATION

Source'3 Process Description

Incidencea

(cases)
1979 1980

Lost Workdays
1979 1980

BLS
NSC
LDL
BLS
LDL
API

BLS
LDL
CGa

CGa

API
CGa

CGa

IADCa

IADCa

Extraction
Extraction
Extraction
Exploration & production
Exploration & production
Exploration & production

Field services
Field services
Field services
Field services

Drilling
Drilling
Drilling
Drilling
Drilling

7.0
1,79
7.5
3.2
1.9

1.44

9.5
10.0
6.9
2.0

9.58
9.4
9.1
11.62
9.13

6.7
1.56

1.7

1.19

9.8

6.6
—

10.65
9.7
8.2

151.2
49
194.0
53
51.4
36.53

215.7
257.2

295.15

152.
50

31.

23.

227.

347.

7

5

4

6

9

aInjury rate only. Illness not included.
bBLS = Bureau of Labor Statistics, NSC = National Safety Council, LDL = Louisian
Dept. of Labor, API = American Petroleum Institute, CG = U.S. Coast Guard, and
IADC = International Association of Drilling Contractors.



TABLE 8 . U.S . OCCUPATIONAL HEALTH RISKS FROM NATURAL GAS FUEL CYCLE

Labor D i s e a s e / i n j u r y Fatalities

Man-years Per Per 102 Per Per 102

per GW(e)-yr GW(e)-yr man-year 3tf(e)-yr man-year

Gas

Extraction accidents 941-1080 63-76 6.7-7.0 0.12-2.8 0.12-2.6X10"1

Processing accidents 23.1-31.3 0.34-0.47 1.5 0.0027-0.011 1.2-3.6xlO"*2

Gas power plant accidents 323 3.6 1-1 0.036 l.lxlO"2



TABLE 9. U.S. OCCUPATIONAL HEALTH RISKS FROM OIL FUEL CYCLE

Oil

Extraction accidents

Refining accidents

Oil power plant accidents

Labor

Man-years
per GW(e)-yr

300
933-1070

246
486

278
271

Disease/injury

Per
GW(e)-yr

14
62-75

5.7
13

5.05
3.0

Per 102

man—year

4.7
6.7-7.0

2.3
2.7

1.8
1.1

Fatalities

Per
GW(e)-yr

0.16
0-12-2.8

0.01
0.044-0.097

0.05
0.031

Per 102

man-jear

5xlO-2

0.12 -2.6x10~l

4xlO""3

0.90-2.0x10-2

2x10-2
l.lxlO"2



TABLE 10. SYSTEM-WIDE OCCUPATIONAL HEALTH AND SAFETY RISKS OF A REPRESENTATIVE

COAL FUEL CYCLE

Technology

Eastern Strip Mine

Mixed Coal Train

Coal-fired Power Plant

Wellman-Lord Scrubber

TOTAL

Labor

(100 MY/

10 1 2 Btu)

0.20

0.24

0.51

0.25

1.20

Accidents &

Illness

(WDL/

1012 Btu)

17.

21.

48.

22.

108.

(WDL/

100 MY)

87.

88.

93.

38.

90.

Fatalities

(Deaths/

1012 Btu)

0.0028

0.0033

0.0063

0.0032

0.0160

(Deaths/

100 MY)

0.014

0.014

0.01J

0.013

0.013

Net R±ska

(WDL/

100 MY)

23.

24.

29.

24.

26.

(Deaths/

100 MY)

0.0063

0.0063

0.0053

0.0053

0.0053

a Compared to 1978 industrywide averages of 64 WDL/100 MY and 0.0077 Deaths/100 MY



TABLE 1 1 . SYSTEM-WIDE OCCUPATIONAL HEALTH AND SAFETY RISKS OF A REPRESENTATIVE

NUCLEAR FUEL CYCLE

Technology

Surface Uraniuaa Mine

Uranium Mill

Uranium Conversion

Uranium Enrichment

LWR Fuel Fabrication

LWR Power Plant

Spent Fuel Reprocess.

Waste Disposal

TOTAL

Labor

(100 MY/

1012 Btu)

0.041

0.028

0.0089

0.11

0.022

0.39 •

0.013

0.045

0.66

Accidents &

Illness

(WDL/

1012 Btu)

3.1

2.3

0.79

11.

2.1

37.

1.2

4.3

62.

(WDL/

100 MY)

75.

83.

89.

94.

95.

94.

89.

96.

94.

Fatalities

(Deaths/

1012 Btu)

0.00038

0.00045

0.00014

0.0020

0.00022

0.0052

0.00017

0.00044

0.009O

(Deaths/

100 MY)

0.0092

0.016

0.016

0.018

0.0099

0.013

0.013

0.0097

0.014

Net Riska

(WDL/

100 MY)

11

19

25

30

31

30

25

32

30

(Deaths/

100 MY)

0.0015

0.0083

0.0083

0.010

0.0022

0.0053

0.0053

0.0020

0.0063

a Compared to 1978 industrywide averages of 64 WDL/100 MY and 0.0077 Deaths/100 MY



TABLE 12. OCCUPATIONAL
TECHNOLOGIES (per 10 1 2

Technology

HEALTH
Btu [109

RISKS OF
joules]

Labor

100 M-yr

RENEWABLE
output)

Illness &

'•TOL

^ND CONVENTIONAL ENERGY

accidents
WDL/
100 M-yr

Fatalities
Cases/

Cases 100 M-yr

Direct

Central station photovoltaics
Central station wind
Anaerobic sludge digestion
Wood pyrolysis
Passive solar heating
Active solar heating
Active solar hot water
Active solar heating & cooling
Active solar process heat
Residential photovoltaics
Residential wind
Residential wind with

battery storage

1.5
1.1
0.58
0.25
0.72
1.8
1.6
2.5
1.6
8.1
5.3

110
120
58
44
64
170
150
220
150
610
630

75
110
100
180
89
95
97
88
94
75
120

0.013
0.0097
0.014
0.0018
0.0080
0.024
0.034
0.031
0.021
0.10
0.046

0.0086
0.0090
0.024
0.0072
0.011
0.014
0.021
0.012
0.013
0.013
0.0087

6.6 610 93

Systemwide

Central station photovoltaics
Central station wind
Anaerobic sludge digestion
Wood pyrolysis
Passive solar heating
Active solar heating
Active solar hot water
Active solar heating & cooling
Active solar process heat
Residential photovoltaics
Residential wind
Residential wind with

battery storage 13 1200 88

0.054

0.11

0.0083

Coal-steam electric

Nuclear fuel c. cle

fuel-cycle 0.70

0.36

64

35

91

97

0.

0.

011

0054

0.

0.

015

015

2.7
2.0
0.83
0.55
1.4
3.7
2.2
5.2
2.8
15
10

210
200
78
78
110
330
210
440
2!0

1200
1000

79
100
94
140
83

' 89
92
85
88
78
100

0.023
0.018
0.017
0.0047
0.015
0.044
0.041
0.057
0.033
0.17
0.087

0.0086
0:0089
0.020
0.0085
0.011
0.012
0.018
0.011
0.012
0.012
0.0086

0.0084

Coal-steam electric

Nuclear fuel cycle

fule-cycle 1.

0.

2

67

110

61

90

92

0.

0.

016

009

0.

0.

013

014



LEGENDS

FIG. 1. Isoplerhs showing annual average pH of precipitation in eastern

North America [1].

FIG. 2. Decreases in visibility in eastern US: 1948-1974. Contour maps of

5-year average extinction coefficients by season, about 1950, 1962 and

1972. The eastern U.S. average extinction coefficient is indicated above

each map [2].

FIG. 3. Proportion of Americans dying of various causes in 1979 (data from

Ref. [5]), as presen^d by H. Fischer. Fractions linked to smoking and

alcohol, from Ref. [6], are for 1967 but were proportionally assigned here

to 1979 data.

FIG. 4. Reference energy system for the USA in 1979.

FIG. 5. Comparison of aggregated risk from nuclear and coal fuel cycles,

normalized to a 1000-MW(e) power plant with a 65% capacity factor. Shaded

areas are proportional to deaths per year in the USA for each component of

the two fuel cycles [8, 16].

FIG. 6. Comparison of occupational and public health risk from nuclear and

coal fuel cycles, normalized to a GW(e)-year of electricity generation.

Shaded areas are proportional to deaths per year in the USA for each

component of the two fuel cycles. Uncertainty in air pollution effects on

public health from coal power generation is indicated by unshaded area, the

most likely estimate being 15 deaths with a range of 0-77 deaths.

FIG. 7. Health and environmental impact accounting method.



FIG. 8. Direct versus system-wide occupational fatality risk, from renewable

energy technologies [16, 41, 46].

FIG. 9. Direct versus system-wide occupational fatality risk from nuclear

and coal fuel cycles.

FIG. 10. System-wide occupational health and safety risks of renewable

energy technologies and the coal and nuclear fuel cycles; system-wide total

risk compared with risk per worker.

FIG. 11. Share of fuel-wood in the total energy consumption of various

countries and regions [44], India's rural share of fuel-wood includes

agricultural residues and dung.

FIG. 12. Comparison of health effects of wood, oil and coal supplying space

heat for 1 million dwelling years (6 X 107 GJ heat or 8.8 X 107 GJ wood

input at 69% efficiency) [45].

FIG. 13. Equivalent individual risk of death, by cause, from 40 years'

operation of a residential wood stove [8, 451.
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REFERENCE ENERGY SYSTEM. YEAR 1979

RESOURCE

NUCLEAR FUELS

RENCWABIES

HYDROPCWER

OCOTHERMAL

SOLAR

FOSSIL FUELS

COAL

CRUDE OIL

NATURAL OAS

EXTRACTION
REFINING &

CONVERSION
TRANSPORT
& STORAGE

CENTRAL TRANSMISSION
STATION DISTRIBUTION

CONVERSION & STORAGE

DEMAND
SECTOR

RESIDENTIAL Q COMMERCIAL,
UUCLUNCOSUCCrR'C

TOTAL ENERGY. 10TQ

TQ.1OX 1O'*DTU

ENERGY
SERVICES

UTILIZING
DEVICE

DECENTRALIZED
CONVERSION

INDUSTRIAL
WON 0 1UEL

ELECTRIFIEOMASS
TRANSPORTATION

INDUSTRIAL.

TRANSPORTATION.

NATIONAL CENTER FOR ANALYSIS OF ENEROY SYSTEMS,

. TRANSPORTATION.

timttt Unlit • tltt tttMtf.
r« i*4it*t»* i* Wat*

TDN MPQ I t

TRANSPORTATION,

IHUCr IDN>U' | U I ID*... DtU'tONM. MOO
•UlTOH-u: • ! • • IB*_|T\I'TON-U HOtnUM ft*tttl tut *$mt*f mtM»$ • / /

RESIDENTIAL a COMMERCIAL.
ARCOhOTtOftNG

RESIDENTIAL Q COMMERCIAL.
W C l t a t

RESIDENTIAL a COMMERCIAL.
MlSCCLlUlCOUi I«[»U1L

. INDUSTRIAL.
WOCCH *<IAT b UISClLL*1tO(/l

TRANSPORTATION,
I *

L.D. HAMILTON
IAEA-CN-42/50-1.
FIG. 4



COMPARATIVE IMPACTS: NUCLEAR vs. COAL
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Figure 6

COMPARATIVE IMPACTS: NUCLEAR vs. COAL
(DEATHS PER GIGAWATT-YEAR OF ELECTRIC ENERGY)
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COMPARATIVE IMPACTS, OCCUPATIONAL
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REGIONAL DEPENDENCE ON WOOD ENERGY
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RISK, TO A SINGLE PERSON, OF FATALITY DUE TO
SUPPLYING ONE DWELLING WITH WOOD-FUEL FOR 40 YEARS

FRANSPORT- 1.2x10

FIRE-3.2 xiO

-5

- 4

GATHERING-3.6x10- 4

AIR POLLUTION-9.2x10- 4

TOTAL = 1.6 x IP"3

For comparison:
Risk of auto accident death
in 4O years in the U.S. =

9.5x10-3
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