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FOREWORD

We have to make decisions about future energy supply. We have to

calculate risks of alternative energy strategies, including their health and

environmental costs. How is this to be done in a sensible yet economical way?

• Information from various sources has to be organized into a coherent

framework for comparing the impacts of different energy strategies

consistently.

• This information must include the full range of health and

environmental damage — public health impact of pollution, role of

accidents, disease and hazardous materials in the workplace, and odds

for catastrophe.

• Any weighing of potential damage must put into perspective the size ot

damage from each part of the energy cycle — giving particular

attention to uncertainties in knowledge — to convey what is known,

what is uncertain, and the importance of each factor in the overall

picture.

Risk assessment identifies and anticipates the problems in proposed

energy strategies. In risk assessment — in a way like inferring for the

first time the structure of a large molecule, bringing information from a

variety of scientific disciplines into a cohesive form — it is necessary to

order the results of research from many disciplines (including medicine,

biology* chemistry, statistics, epidemiology, and engineering) to address a

single problem.
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Situations where risk assessments are brought to bear usually have

serious gaps in available research results. A clearcut answer is thus

impossible. Available facts are too few to provide an unhedged answer but may

supply insight. Risk assessment thus brings the results of research together

in a coherent form, organizes them in a logical framework, and identifies the

uncertainties and gaps in knowledge. This may be one of the few ways in which

widely varied and disparate research results are brought together, put in

context, and made available for use by decision-makers.

This work is sponsored by the Health and Environment Risk Assessment

Program (HERAP), part of the Office of Health and Environmental Research

(OHER), a component of the Office of Energy Research in the U.S. Department of

Energy. As an integral part of OHER, HERAP draws directly on DOE health and

environmental research as well as on all related research by others in the

U.S. and elsewhere; HERAP coordinators have close contact with health and

environmental research programs — as assessment activities in the field are

closely coordinated with research.

The Biomedical and Environmental Assessment Division (BEAD) at Brookhaven

National Laboratory has been involved in health and environmental risk

assessment of energy technologies since 1973. It currently conducts an

integrative analysis of various energy sources for HERAP including

conventional coal, oil and nuclear, and is also developing methods for

comparative analysis of new energy technologies. Other BEAD activities

include health effects of photovoltaics; health aspects of conservation in

urban transport; occupational health industries supporting solar energy

development; health effects of synfuels including epidemiological support of a
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joint DOE-EPA-NIOSH-sponsored study of the Kosova coal gasificatio.i plant in

Yugoslavia; quantitating effects of air pollution on agricultural crops;

methods for designation of wilderness lands; and locational analysis of

endangered species. In support of these analyses BEAD has developed extensive

data bases on health, environmental factors and energy consumption and use at

the county level.

BEAD's multidisciplinary staff works closely with others at BNL, other

aational laboratories, and various universities to expand the scope of its

perspective even further. BEAD's activities are closely coordinated with

other assessment efforts at the national and international level; BEAD has

participated in Organisation for Economic Co-operation and Development, United

Nations Environment Programme, World Health Organisation, International Atomic

Energy Agency, and other United Nations efforts, as well as providing support

to the U.S. State Department, the U.S. Environmental Protection Agency, and

the Office of Technology Assessment of the U.S. Congress.

Besides providing an on-going way of integrating research results into a

coherent form, HERAP provides the essential opportunity to help research

coordinators within OHER identify research gaps and thereby establish

priorities. Risk analysis thus allows one to go further than the typical

catalogue of research needs. It allows one to estimate specific contributions

research advances will make; to understanding the risk of a technology.

This is the first Health and Environmental Effects Document (HEED) or. the

National Energy Plan. In this first year, it was decided to focus on three

areas: coal, nuclear, and renewables. This generated a large amount of

material to be covered in a short document. A separate set of resource papers
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was therefore prepared to provide more information on several topics. This

report covers several complex issues and controversial areas and should be

considered as a preliminary approach to these.

L.D. Hamilton
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1 INTRODUCTION

The National Energy Plan (NEP) is a policy document prepared by the U.S.

Department of Energy, updated periodically according to statute (Public Law

95-91). The second edition of the plan, NEP-II, was published in May 1979.

NEP-II proposes a variety of measures — some highly specific, others more

exploratory — that together constitute the Federal government's long-term

program for guiding the nation past the current energy crises toward assured

and inexhaustible energy supplies for the coming century.

These measures can be expected to have substantial impacts on the

everyday affairs of the nation — including health and environmental impacts;

employment and economic impacts; legal and financial impacts; and national

security impacts — most of which are only partially understood.

Quantification and evaluation of these impacts are essential for national

energy policy.

The Health and Environmental Risk Analysis Program (HERAP) in the Office

of Health and Environmental Research, Office of Energy Research, U.S.

Department of Energy, has begun a series of analyses to examine what is known

about the health and environmental effects of new energy technologies. The

results will be summarized in Health and Environmental Effects Documents

(HEEDs) prepared annually to reflect continuing development of such knowledge.

HEEDs will emphasize quantitative analysis but will use scientific judgment

for qualitative evaluations where quantitative understanding is poor.

This document is one such HEED. Rather than being an evaluation of a

specific technology such as photovoltaic or geothermal energy conversion,

however, it is the first step in an analysis of the National Energy Plan

- 1 -



itself. As such, it can provide: (a) an overview of the health and

environmental effects that may be expected from current U.S. energy planning;

(b) quantitative approaches to the analysis of these impacts, in the form of

dose-response functions and example applications in context; (c) a framework

for individual technology-based HEEDs; and (d) a background against which

emerging technologies may be measured.

Although there are national energy scenarios inherent in the NEP process,

this report is not itself based on energy scenarios. Instead, it contains

some of the means necessary to carry out quantitative health and environmental

analyses of a detailed scenario-based assessment and also provides the basis

for determining what may be accomplished by such environmental impact

analyses. National energy planning is a reiterative process; NEP must be

updated regularly. Consequently, this HEED examines some of the broad thrusts

of NEP that are unlikely to change. Future versions will be expanded to

include areas that could not be covered in the first year's effort and updated

to reflect advances in understanding of health and environmental effects.

This HEED — like those that will follow — necessarily reflects the

nature of the NEP planning process itself. While NEP-II contains a number of

target levels for the mix of U.S. energy technologies, it is essentially a

broad-brush planning document. NEP-II enunciates guiding principles,

identifies a set of major goals for growth of existing energy technologies —

whose achievement depends on economic as well as technical considerations —

and highlights emerging technologies which will be pursued on a research,

development, and demonstration basis to determine their feasibility and

eventual place in the mix of energy sources. NEP-II also contains energy

legislation stemming from the first National Energy Plan (1977), in the form
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of the National Energy Act. Finally, NEP-II incorporates a number of

initiatives undertaken by the President to deal with near-terra energy

problems.

Any effort to analyze the health and environmental effects of the

continuing NEP planning process must attempt to accommodate the broad scope of

NEP-II. This first-year HEED begins to do so by examining the major

technologies on which NEP-II rests. Thus, with guidance from DOE program

management, a few NEP-II initiatives were selected for extensive treatment.

Several criteria were applied in this selection: (1) which NEP-II initiatives

are most likely to be important sources of health and environmental effects;

(2) what priorities fit best with the overall objectives and plans within

HERAP over the next few years; (3) in what areas available resources are best

brought to bear. In this way, a basic foundation will be laid on which future

HEEDs can build in greater detail.

Thus, this first NEP-HEED deals in depth with general and continuing

thrusts of the NEP process: increased use of coal, continued reliance on

nuclear, and eventual increased application of renewable technologies.

Special attention is directed to the public health aspects of air pollution

from coal, including an overview of recent health studies on effects of

particles, sulfur dioxide, hydrocarbons, and radionuclides. Environmental

topics including acid rain, the carbon dioxide problem, c o p dsaiage, coal

raining, and solid waste disposal are also discussed. Nuclear safety and mill

tailings are analyzed. Finally, a general assessment of the health effects of

renewable technologies is given.

Increased coal use is the primary thrust of the National Energy Plan.

Technology-specific HEEDs are planned in coming years for coal liquefaction
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and gasification. Thus by treating conventional coal utilization in this

year's HEED, essentially the entire range of problems encompassing the coal

fuel cycle will have been addressed.

Nuclear power remains important to tHe nation's energy planning, second

only to coal according to NEP-II; but there is widespread and serious concern

over its potential healtii effects. Although the nuclear debate is by its

nature open-ended, an attempt is made here to put some of the important

questions into perspective.

Finally, renewable energy sources are also an important alternative to

petroleum in the NEP, although their deployment on a large scale is more

distant in the future than that of coal or nuclear energy. Many of these will

be addressed in technology-specifxc HEF.Ds during the progress of the program.

A HEED on photovoltaics is now being prepared. Selection of renewables for

this NEP-HEED is intended primarily to provide an overall framework within

which to consider the development of technology-specific HEEDs on renewables.

The National Energy Plan spans much broader health and environmental

issues than these, of course; and while refinement of coal and nuclear impacts

must remain a primary concern, it is anticipated that in later HEEDs second-

generation issuee will be addressed in detail.

The - scope of second-generation questions includes issues such as the

effects of varying water levels upstream and downstream of low-head dams or

the potential carcinogenicity of diesel particulate emissions. (For a listing

of example issues, see Table 1.) Descriptions of these effects will be drawn

•in part from the technology-specific HEEDs as they become available, providing

both an overall summary in one document and an integrated analysis of the

relevant effects from each technology.



TABLE 1
Some Health and Environmental Issues Associated With NEP Initiatives

1. INCREASED COAL USE

(a) miner health and safety (b) coal transport accidents
(c) air pollution (particles, sulfates, nitrates, hydrocarbons,

oxidants, trace metals, radiological emissions)
2. OIL-TO-COAL CONVERSION OF POWER PLANTS

3.

4.

(a) all those in (1)
COAL SLURRY PIPELINE

(b) increased urban exposure

5.

7.

(a) water use (b)
COAL LIQUEFACTION AND GASIFICATION

water pollution

(a) water use (b) occupational carcinogen exposure
(c) coal toxics in products (d) increased CO2
(e) increased coal mining (f) atmospheric emissions
(g) public exposure to carcinogens from air, water, and solid wastes
OIL AND NATURAL GAS

(a) background health and environmental effects of the oil and natural
gas fuel cycle (occupational health and safety, air pollution,
transport risks, water pollution)

(b) enhanced recovery (aquifer contamination, air pollution)
(c) OCS development (worker safety, drilling muds, oil spills)
(d) wilderness area land disturbance
(e) safety aspects of liquified natural gas (LNG)
SHALE OIL

(a) water use
(c) habitat destruction
(e) exposure to carcinogens
NUCLEAR

(b) solid waste disposal
(d) scenic destruction
(f) ground water pollution

(a) nuclear fuel cycle
(c) radon from mill tailings
(e) plutonium toxicity

8. GEOTHERMAL

(b) low-level radiation
(d) waste disposal and health
(f) power plant accidents

9.

10.

(a)
(c)
(e)
LOW

(a)
(c)

hydrogen sulfide
noise
land subsidence

HEAD HYDRO

water levels
risk to children

GASOHOL

(b)
(d)

(b)
(d)

radon
water pollution

stream ecosystems
maintenance benefit

(a) environmental problems in biomass production (concentration
of trace metals in solid waste residue, removal of soil nutrients)

(b) effect on air quality (aldehydes)
(c) energy versus food policy
(d) replacing natural ecosystems with biomass farms
(e) potential emissions of some processes (hydrogen cyanide)
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TABLE 1 (Cont'd)
Some Health and Environmental Issues Associated With NEP Initiatives

11. SOLAR — THERMAL AND PASSIVE

(a) effects of shifts in building material and construction practices
(b) biological growth in heat storage media
(c) increased exposure to ultraviolet radiation
(d) toxic working fluids
(e) decreased pollution exposure from home heating sources

12. WOOD STOVES

(a) wood collection hazards (b) fires, burns
(c) indoor carbon monoxide (d) forest management impacts
(e) air pollution (benzene-soluble particles)

13. PHOTOVOLTAICS

(a) environmental and occupational impacts of increased materials use
(b) toxic materials exposure (cadmium, arsenic)

U . BUILDING CONSERVATION

(a) effects of shifts in building materials and construction practices
(toxic materials — fiberglass, urea formaldehyde)

(b) indoor air pollution (radon, household chemicals, particles, CO)
(c) health effects of extreme high or low temperatures, particularly in

the very young, elderly, and chronically ill
15. DISTRICT HEATING

(a) air pollution exposure effects of changes in siting practices
(b) local community effects of fuel supply and solid waste disposal

16. COGENERATION

(a) air pollution impact of smaller, decentralized emission sources
17. TRANSPORTATION FUEL SAVINGS

(a) increased accident injuries with small cars
(b) changes in accident patterns due to carpools and van pools
(c) effect of shifts to plastic and aluminum (vehicle fires and

accidents, occupational and environmental hazards in material
supply)

(d) increased particulate air pollution from diesel engines
(e) health and environmental impacts of improved air quality (fuel

economy standards may not affect air quality since regulations are
in grams per mile; shift to electric cars changes pollutant mix
and distribution)

(f) change in refinery air and water emissions and resultant exposure;
link between refinery emissions and cancer

18. PHASE-DOWN OF LEADED FUEL

(a) increased fuel use (reverse of 17e and 17f above)
(b) decreased exposure to airborne lead
(c) increased exposure to lead substitutes
(d) change in lead exposures in the material supply cycle
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Of particular concern in this process will be the effects of a broad

range of air pollutants. In addition, important new areas will be considered,

such as the positive and negative effects on public health from energy

conservation, and the health and environmental effects of rising energy prices

and energy shortages.

The NEP-HEED process will also provide structure to the overall HEED

program by highlighting comparisons among technologies, enabling future

technology-specific HEEDs to treat common issues consistently. The NEP-HEEDs

should also be valuable in establishing priorities for initiating new

technology-specific HEEDs.
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2 INCREASED USE OF COAL

2.1 INTRODUCTION

Increasing coal production by ~ 3 times current levels is a primary goal

of the National Energy Plan. Most of this report deals with potential health

and environmental damage from coal production and use. Mining creates

important occupational health and environmental problems. Transport of coal

does not differ in principle from that of of other materials, except for

the massive amounts involved. Solid waste disposal has always been a problem

with coal; a return to coal burning in urban areas, together with increased

concern over trace amounts of toxic materials in the wastes, makes this an

important current issue.

Most of the discussion covers air pollution in various forms. Past

estimates of health effects from air pollution have concentrated on sulfate

particles. A number of analyses extending or critizing the Lave-Seskin

studies are critically reviewed here. Estimates are then made of the health

implications of converting oil-fired power plants to coal. Consideration is

also given to a broader range of pollutants in the particle phase,

concentrating on exposure estimation, polycyclic organic matter,

radionuclides, and trace metals.

Three important environmental effects of air pollution from increased

coal use are analyzed: crop damage, acid rain, and the effect of carbon

dioxide on global climate.

2.2 COAL MINE HEALTH AND SAFETY

Under the assumptions of NEP-II, coal mining will be a rapidly expanding

and changing industry. Changes will be induced by technological innovation,



health and safety regulations, changing composition of the work force, and

shifts in the location of mining activity. All will combine to affect

occupational health.

In a detailed analysis of coal mine accident trends, steady improvement

was found over a 15-year period (1965-79) in underground fatalities, surface

mine fatalities, and disabling injuries per person-hour (Morris, 1980). In

contrast, no long-term improvement was seen for underground nonfatal disabling

injuries. In fact, these have steadily increased since 1974. Underground

fatalities decreased by about a factor of 3 and surface fatalities by about a

factor of 4, to ~ 0.4 deaths per million person-hours underground and nea-Iv

0.1 for surface workers. (Underground mining has in general from 1.5 to 4

times the fatality rate of surface mining.)

The trend of improvement in both cases appears to have been initiated

with the Coal Mine Health and Safety Act of 1969 (CMHSA). Although there is

no assurance the trend will continue, it has been clear to date; and the law

was strengthened additionally in 1977.

Both technical change and regulatory action have probably affected

accident rates. Advances in equipment and technology reduce the proportion of

workers needed at the mine face and increase the proportion of professionals,

skilled mechanics, and first line supervisors. Since these individuals are

generally exposed to less danger than face workers, damage per person—hour

decreases. Of course, as CMHSA requires safety training for all new workers

and certification of foremen, it must be presumed that part of the observed

improvement is real and not simply due to a dilution of the work force exposed

to acute risk. In any case, without additional future action the effect of

CMHSA must eventually saturate, with no further improvement in risk. The
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saturation level of future risk rates cannot be predicted, and on this account

current trends may not simply be extrapolated.

The effectiveness of CMHSA must ultimately be measured in terms of total

accident experience. Effects per person-hour describe the measure of interest

to the individual miner, but the overall societal effect depends also on how

many miners are exposed — i.e., on impact per unit of coal produced.

Overall, the decrease in individual risk has in fact been largely offset by an

increase in numbers exposed: since CMHSA, there has been a sharp drop in

underground productivity and — beginning later — an indication of a lesser

drop in surface productivity. Baker (1979) demonstrates convincingly that

CMHSA and its enforcement procedures have been the principal contributors to

this change. Thus it would appear that, to date, regulation has not

substantially improved the damage rate for the coal mining cycle in terms of

accidents per ton produced.

Before 1969 there was evidence of a trade-off between safety and

productivity. States with high accident rates generally had high

productivity (Baker, 1979). CMHSA required an influx of "non-productive"

labor and tended to slow down the production process (Wool and Ostbo, 1980).

In addition, the enforcement process itself affected productivity: mines that

essentially met the standards before 1969 subsequently suffered sharp

productivity losses. These can be attributed to the enforcement procedures

themselves, since no significant improvement in operation would have been

required (Baker, 1979).

Other factors contributing to the decline in productivity were labor

unrest during the period and new UMW contract work rules (Wool and Ostbo,

1980). The influx of inexperienced workers has been cited as a source of
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decreased productivity (Wool and Ostbo, 1980), but Baker found the increase in

miners under age 25 to have had a small but positive effect on productivity.

Turnover in employment, on the other hand, was shown to affect productivity

adversely.

In fact, age distribution and experience presumably affect accident rates

directly, but evidence as to their net result is contradictory. There is

evidence that inexperienced miners have higher accident rates (Barry, 1971);

the expected increase of younger miners to meet NEP production needs would

thus leaa to higher risk. Samples from Social Security records indicate,

however, that the fraction of miners under age 25 increased from 11.1 to 20.9%

between 1969-70 and 1975, and the fraction between 25 and 34 increased from 19

to 30% (Wool and Ostbo, 1980), during a period of improvement in the accident

rate. In this same period, miners with less than 1 year experience increased

from 11% of the workforce to 20% and those with 1 to 4 years experience from

19 to 28% (Wool and Ostbo, 1980). It may be, however, that the effect of

CMHSA overwhelmed a reverse tendency to increase accident rates. If this is

true, future rates might increase as the proportion of younger, less

experienced miners continues to grow.

Technological change, the cause of productivity increases between 1950

and 1969, would be expected to counteract the declining productivity trend

after 1969, but Baker found little influence. In fact, an unexpected negative

relationship was shown to be associated with introduction of longwall mining

(Wool and Ostbo, 1980). The judgment of Wool and Ostbo was that in the near

term (to 1985) there will be a slight improvement in productivity in eastern

underground mines and a substantial increase in western surface mines, but

continued decline elsewhere. After 1985, eastern underground mines would
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again decline. Because of regional shifts in coal production, they expect an

overall national reversal in the downward productivity trend.

For mine accidents, however, continued low productivity in underground

mines will be most important. For example, within the range of expected

variation, for the worst case (1980 risk, declining productivity) a tripling

of underground coal production by the year 2000 could be expected to lead to

perhaps 720 annual fatalities, 6 times the 1980 estimate. For the best case

(declining risk, 1980 productivity) a tripling of underground coal production

by 2000 would lead to some 180 accidental fatalities annually, 1.5 times the

1980 estimates. These calculations were made on the basis of the damage

relationships and estimates summarized in Table 2.

Table 2
Occupational Injury Risks in Surface and Underground Coal Mining

Individual Risk
Productivity Per 10& Man-hr Production Total Effect
Man-hr/Ton Deaths Injuries 10*> Tons Deaths Injuries

Underground

1980 estimate

Alternative
2000 estimates

Surface

1980 estimate

Alternative
2000 estimates

I

I

1.05

1.05
2.06
2.06

0.297

0.297
0.297

0.39

0.19
0.19
0.39

0.12

0.005
0.12

48

48
48
48

16

11
16

300

900
900
900

300

900
900

120

180
350
720

11

1.3
32

15

45
89
89

1

29

43

,000

,000
,000
,000

,000

,000
,000
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2.3 COAL MINE DISEASE

Studies of occupational disease in coal miners are primarily of chronic

lung disease, which has plagued coal miners for centuries. Introduction of

continuous mining in the 1950's may have increased dust exposures above

historical levels, but they have been reduced several-fold since passage of

CMHSA in 1969.

Despite extensive research (cf. Selikoff et al., 1972), it is still quite

difficult to predict results of dust exposure in mines. The specific etiology

of the disease is unknown. Identification methods — pulmonary function

tests, x-ray and pathological examination of the lung (which can be done only

by autopsy) — frequently produce conflicting results. Furthermore, the level

of disability may not correspond with the diagnosis of disease: simple coal

workers pneumoconiosis (CWP) in its early stages is usually not disabling.

CWP is essentially a disease of underground coal miners. There may be a

much smaller risk to surface miners, yet surface miners who exhibit CWP have

invariably had previous deep mine experience. The increased coal use inherent

in NEP implies a proportionately greater dependence on underground mining,

with accompanying health implications.

Most studies of CWP are of prevalence rates, not incidence. Apparent

decreases in prevalence between 1969-71 and 1975-77 may represent an influx of

new miners, who have not been exposed long enough to manifest the disease,

rather than a real reduction in risk (Bridbord et al., 1979). There has not

been sufficient time since CMHSA to measure the effect of reduced dust

exposure. Estimates must rely in large measure on extrapolation from the

results of studies of miners exposed to conditions reaching back to the 1930's

(e.g., Rockette, 1977). Morris et al. (1979B) attempted this extrapolation,
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making allowance for the change in dust exposure. An important consideration

in using such studies is the degree to which miners were followed after

leaving their jobs. Since the disease — especially its disabling phase —

frequently manifests itself only after a long latent period, studies of miners

on the job miss much of the effect. This is particularly true for mortality

studies. Working miners are an unusually healthy population; they have to be,

since the work is physically demanding. Miners who develop degraded health

status move to less taxing jobs. Greatest reliance must be placed on studies

that follow miners throughout their lives. Table 3 summarizes calculations of

excess cancer and respiratory disease among such a group.

Table 3
Mortality in Coal Miners for Selective Causes of Death*

Excess mortality rate from respiratory Deaths per
disease as a primary cause of death person-yr
(including lung cancer, asthma, tuberculosis,
and others) 45

Excess mortality rate from stomach cancer
as a primary cause of death 4.3

Excess mortality from respiratory disease
as a contributing cause to other causes of
death 15

Calculated by Morris (1980) from data of Rockette (1977).

2.4 COAL TRANSPORTATION

With an increase in coal consumption, it is inevitable that coal

transportation activities will increase. Coal may be transported by rail,

truck, barge, slurry pipeline, and conveyor belt. Impacts of coal

transportation occur during loading and unloading and en route? they may
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involve damage to ecosystems, buildings, and installations, as well as death

or injury to workers and to the public.

Death and injury from coal transport by rail arise from (1) occupational

accidents in loading and during movement; and (2) accidents affecting the

public, mainly during transportation. Accidental deaths are largely in the

public sector, while nonfatal accidents are about equally divided between

workers and the public. More than half the accidental deaths and injuries in

the transportation of coal are caused by collisions between trains and motor

vehicles at railroad crossings. Truck accidents are believed to be split

equally between workers and the public. Risks from barge transport are

largely occupational and for pipelines wholly so. Public and occupational

death and injury estimates are detailed in Table 4.

Mode*1

Deaths

Public
Death

Table
and In jur ies Resulting

Accidents per ton-tnile

Public
Thjury

Occupa-
tional
Death

4
from Coal Transportation

Occupa-
tional
Injury

Accidents

Public Public
Death Injury

per GWe-yr

Occupa-
tional
Death

Occupa-
tional
Injury

Rail 4.0 x 10-10 8.5 x 10"10 1.4 x 10"11 1.0 x 10"9 0.41 0.87 0.014 1.1

Truck 7.0 x 10"9 1.2 x 10"7 7.0 x lO"9 1.2 x W7 1.2 20.0 1.2 20.0

Barge 8.8 x 10"11 9.0 x 10"11 2.8 x 10"1 1.0 x 10T9 0.14 0.15 0.46 1.6

Pipeline13 0 0 6.7 x 10"11 1.1 x 10~10 0 0 0.16 0.26

aConveyor data not available.
b(bal slurry.
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The highest accident rate, not surprisingly, is for truck transport, with

accident levels one and two orders of magnitude higher than for other

transportation modes. Only for rail is the death rate very much greater for

the public than for employees.

Although the number of accidental deaths per unit of energy transported

can approach that of mining, the level of individual risk is much lower since

the total rate reflects a much greater number of exposed individuals.

a

X I _

§

-3

o
(0
a:
tu

I 2 GW8—yr

EQUIVALENT QUANTITY OF COAL TRANSPORTED

(ASSUMES I GW -yr = 3.4 x I 0 6 TONS OF COAL)

Figure 1. Public-sector impacts (deaths and injuries) from coal
transportation via truck, rail, and barge. Based on data from Table 4.

2.5 AIR POLLUTION

Coal burning produces many air pollutants. Among them are particles,

sulfur dioxide, oxides of nitrogen, carbon monoxide and dioxide, polynuclear

aromatic hydrocarbons (PAH), and metals. These primary pollutants contribute
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to atmospheric chemical reactions producing secondary pollutants such as

ozone, sulfates, nitrates, and nitrosaralnes. Because exposures to many

pollutants are simultaneous, it is difficult to assign air pollution damage to

specific pollutants. There is also insufficient evidence to determine with

certainty whether or not exposure or dose thresholds exist below which there

are no effects.

Atmospheric particles may be solid, liquid, or tarry and may vary

considerably in size, composition, origin, and effect. Particles are formed

by combustion, by condensation, and by mechanical processes. They coagulate

or aggregate in the air and absorb moisture and gases.

Size and chemical composition of the particles have been shown to be

important in animal experiments. Even within the respirable (< 2uni) size

range, there are significant differences in deposition site and effect

depending on particle size. Population health effects studies have been much

less specific in characterizing particles than experimental studies, since for

the most part they contain measurements only of total suspended particulate

matter (TSP). Thus the primary reason for uncertainty in such population

health studies is the lack of well-defined measurements of dose. The size and

composition of particles are usually not determined, and single outdoor

measurements are used to represent the exposure level of entire communities,

ignoring spatial variation, indoor-outdoor differences and activity.

There is, however, compelling evidence linking sulfur-particle air

pollution in particular with health damage (Hamilton, 1979; 1980A).

Experiments with animals suggest that the particulate phase is more hazardous

than gaseous S02« A number of studies found correlations between sulfate

particles and health impacts, thus identifying particulate sulfate as a cause
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or an indicator of air pollution damage. Sulfate particles are produced

directly by combustion sources and indirectly by oxidation of S<>2 in the

atmosphere. The latter process can depend on other pollutants such as N0x,

oxidants, heavy metal ions, and particles. Both primary and secondary

sulfates fall almost entirely within the respirable range of particle size.

Estimates of the health effects of air pollution have therefore been

based on an association with sulfate particles (Hamilton and Morris, 1974;

Morris et al., 1979A; Hamilton, 1980A, B). Evidence supporting and opposing

such damage functions is examined below and an example presented assessing

conversion of existing oil-fired powerplants to coal fuel. This quantitative

approach is then expanded to consider other aspects of air pollution health

effects, concentrating on particles and their role as airborne carcinogens.

2.5.1 Sulfate Health Effects

Lave and his coworkers Seskln (1970, 1973, 1977, 1978) and Chappie (1980)

analyzed the relationships among urban mortality rates, air pollution, and

socioeconomic variables in 1959-61, 1969-70, and 1974. Sulfate particles and

total suspended particulates (TSP) were found to be strongly associated with

increased mortality. These analyses have been examined in detail over the

course of the past decade, and others have carried out studies using similar

data (Hickey et al., 1970; Schwing and McDonald, 1976; Crocker et al., 1979;

Lipfert, 1978) with varying results. Studies by Bozzo et al. (1979) and

Mendelsohn and Orcutt (1979) use all U.S. counties for their data base; others

have treated sections of individual cities (Gregor, 1977).

These studies are observational rather than experimental; they examine

populations going about their usual business. As such, they suffer from a
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number of inherent inadequacies: they cannot distinguish between true

causative factors and other associated variables (the problem of

multicollinearity); nor can they determine whether important variables have

been omitted. There is no randomization or other means of control; and

aggregate statistics are used rather than data on individuals. Their

cross-sectional design is more appropriate for study of chronic than acute

disease effects.

There are less fundamental but equally important shortcomings as well.

One is the difficulty of accounting for the cumulative exposure of populations

subjected to a history of varying pollution levels, some of whose members have

migrated from locations with yet another pollution history. Another, common

to most air pollution epidemiological studies to date, is that measured

outdoor pollutant levels may be quite different from actual exposures .for

populations that spend most of their time indoors. Further, these studies

must rely on indices of a total pollutant mix; yet the relation of an index

pollutant to the total mix varies from place to place.

Finally, since the studies deal with aggregate population statistics

rather than data on individuals, the distribution of air pollution exposure

and the detailed effects of other variables at the individual level cannot be

known — although studies on sub-areas'of a single city narrow the aggregation

problem. Their basic design is thus not useful for uncovering mechanisms of

effects and may in fact mask them.

The virtue of such studies is that they make statements about human

health directly: if a valid relation is found, then ipso facto human health

is affected. One does not have to infer hypothetical health effects in man by

analogy with damage observed in another species nor extrapolate from small
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selected samples of human populations (often restricted to specific classes of

individuals such as young, healthy workers) to the general population.

Detailed epidemiological studies of randomly selected individuals are much

preferable but, because of cost and difficulty, have been limited to small

sample sizes.

Observational studies in general are unable to detect a health damage

increment of 2% or less over pre-existing and indistinguishable diseases. But

they are extremely useful for detecting larger effects, for setting upper

bounds on the effect of low level exposures, and as a means of gaining further

understanding of exposure patterns among populations and mechanisms of air

pollution damage.

The Lave-Seskin studies have been subjected to considerable criticism

based largely on the kinds of difficulties discussed above (Lipfert, 1978;

Viren, 1978; Thibodeau et al., 1980; Smith, 1976; and others). These

criticisms and their implications are briefly discussed below.

There has been criticism that Lave and Seskin's 1960 air pollution data

set was completed by incorporating measurements from 1957, 1958, and 1959, and

that air sampling schedules varied among cities. Since the variables used in

the Lave-Seskin analysis can only be construed as an index of integrated long-

term pollution exposure, the fact that some were from years shortly before

1960 is a minor issue. In any event, Lave and his coworkers have replicated

their findings using 1969 and 1974 data, so this matter is of little more than

historical interest. Questions of the validity of the older measurements also

seem of little current, concern in light of the replication with later data. A

minor but continuing problem is that the later data were used to verify the

model developed to fit the 1960 data. An original analysis using the more

recent data might lead to a slightly different formulation.
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Smith (1976) found that many possible formulations of the Lave-Seskin

results would have been invalid: these Lave and Seskin had discarded. Smith

reports that all important assumptions required by statistical theory hold for

the formulations Lave and Seskin actually used. The one assumption that does

not hold was that of normally distributed errors with constant variance. This

failure is expected a priori and does not have major substantive implications.

The regression coefficients are still valid, but caution is required when

making probabilistic statements such as confidence interval statements about

the pollution regression coefficients or tests of hypotheses. Error rates may

be slightly different from those stated.

The variables Lave and Seskin used are highly collinear. For a model

selected in advance (as the replications of the Lave-Seskin analysis),

multicollinearity simply results in increased uncertainty in the coefficients.

Under controlled experimental conditions, researchers try to eliminate

multicollinearity, but observational work does not have this advantage.

Replication of the Lave-Seskin findings, however, is powerful evidence of

substance in the model.

Concern has been expressed that if health damage is due to exposure over

many years, then observed effects may reflect much higher earlier air

pollution levels. If subsequent reductions in concentrations leave the

ranking of cities unchanged, the association between pollution and mortality

would remain valid, but the size of the derived coefficient would be

overstated. The change in average sulfate coefficients over 14 years has not

been large relative to uncertainty in the data, but the coefficients did

increase. This is what would have been expected during a period of declining

pollution levels given a lag time in exposure-effect, although there may be

other explanations.
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Observational studies using multi-city and single-city methods cover a

wide range of population sizes. Single-city studies have examined Buffalo,

Nashville, and Pittsburgh among others, using TSP rather than sulfates. The

Lave-Seskin studies examined all Standard Metropolitan Statistical Areas in

the United States with usable air pollution information. Recently completed

work by Bozzo et al. (1979) and Mendelsohn and Orcutt (1979) examined all

counties in the United States. This powerful expansion of sample size has

yielded results consistent with the earlier studies.

The central issue in evaluating the Lave-Seskin results is that they have

been available for ten years. While it is possible that a key variable was

overlooked, none has been demonstrated to date. Addition of factors such as

smoking and water hardness has not significantly affected the importance of

air pollution in the regressions, although the coefficients for sulfates may

change considerably. As time passes and no such variables are found,

confidence increases that there is no omitted variable, and the findings must

be given ever more credence.

On the other hand, this review indicates that uncertainty in the

magnitude of the resulting coefficients is likely to be much higher than a

standard t-statistic would indicate. There is also uncertainty as to the

specific agent; identifications of sulfate as the probable causative agent

rely largely on other evidence, such as animal or clinical studies.

Some researchers maintain that because of such uncertainty, Lave-Seskin

and similar studies can provide no reliable evidence for estimating health

damage from air pollution. Classical statistical theory does not provide a

means of estimating uncertainty under these circumstances. To surmount this

problem, Morgan et al. (1978) described the uncertainty of the sulfate health

- 23 -



damage coefficient in terms of a subjective probability distribution (see

Figure 2) based principally on the range of results from alternative

formulations, including those of the Lave-Seskin critics who find no effects.

The results centered in the range of Lave-Seskin average sulfate

coefficients, as might be expected from the above discussion. There was a

considerable probability of a lower effect, however, and a 14% chance of zero

effect. Thus, if the question of reliable results is phrased in terms of 95%

certainty that the effect is not zero, the Morgan et al. distribution would

imply that the Lave-Seskin studies are not strictly conclusive.

Yet this does not disprove a connection between sulfate air pollution and

health impact. Indeed, in Figure 2, the best estimate of the distribution is

essentially the same as those of Lave-Seskin, but a more realistic

0 5
EXCESS DEATHS PER 105 PERSON-jug/m3

10

Figure 2. Subjective probability function (solid line) representing a
composite of estimates for sulfate health damage. A delta-function at the
origin containing 14% of the total probability represents the possibility that
sulfate damage is zero, while the small negative tail (1% of the total
probability) reflects the inability of regression results to exclude the
possibility of beneficial effects. The dashed curve is the classical estimate
(Student's t distribution with three degrees of freedom) obtained by treating
the results of four other regression studies as independent observations of
the same rate. Source: Morgan et al. (1978:300).
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representation of uncertainty has been incorporated. The distribution

explicitly depicts the lack of agreement over sulfate effects and provides an

estimated measure of the resulting uncertainty. It is thus possible to

calculate ranges of effects based on this distribution and to associate

probabilities with these ranges. Such an exercise is presented in the next

section. (A further discussion of sulfate health effects is given in Hamilton

and Finch, 1981.)

2.5.1.1 Oil-to-Coal-Conversion. The practical application of a

composite sulfate damage function in the context of NEP may be illustrated by

assessing specific impacts of one NEP-I recommendation that has been enacted

into law: to reduce U.S. dependence on foreign oil, the Economic Regulatory

Administration (ERA) requires that, where possible, oil-fired power plants

must convert to coal. Since emission restrictions for coal and oil are

different in many states (those for coal being more lenient), this conversion

will tend to increase total SO2 emissions, associated atmospheric sulfates,

and resulting health damage (Hamilton, 1980C).

Health damage from atmospheric sulfates indirectly produced by power

plants is location-specific, owing to differences in population and

meteorology; therefore, analysis of the health implications of coal conversion

must be made on a plant-by-plant basis. Figure 3 shows estimated population

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

location (Rowe, 1980A). These data allow calculation of total population

exposure to sulfates from the anticipated change in SO2 emissions. Table 5

summarizes total estimated health damage based on the 60% range of the Figure

2 probability distribution of sulfate health damage under both January and

July 1974 meterological conditions, using DOE and EPA estimates of increases
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Figure 3. Annual average sulfate exposure over contiguous U.S., as a function
of source location, from SO2 emitted by a 200-m stack (person-yg/m^/T).
Source: Rowe (1980A).

Table 5
Estimated Health Effects of Oil-to-Coal Conversion

Based on EPA
Estimates3

January July

Based on DOE
Estimates3

January July

Increase in Population Exposure
10 person-ng/m^ 28 23 18 16

Estimated Deaths Per Year, assuming:
0.5x10"^ deaths per yg/m-* sulfate^
3.7x10"^ deaths per pg/m^ sulfate
8.0x10 deaths per \ig/mr sulfate

140
1000
2200

120
860
1900

89
660
1400

78
570
1200

a The difference between DOE and EPA emissions estimates is in DOE's
assumption that utilities will buy coal averaging 80% of the sulfur content
allowed by the SIP to adjust for variability.

b 60% range includes estimated error in the health damage function only.
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in SO2 emissions. The expected increase in mortality from sulfur pollution

attributable to the coal conversion initiative is ~ 500 to 1,000 excess deaths

per year, with a range of 78 to 2200. For various reasons it is possible that

estimates of emissions could be lo> by as much as a factor of 3. Excess

deaths would be correspondingly greater.

2.5.2 Particles

2.5.2.1 Transport and Exposure. Human exposure to primary particulate

emissions from a power plant depends in part on meteorological conditions and

the distribution of population downwind. Fine (respirable) particles emitted

from tall stacks can be carried long distances by the wind before settling

out, and meteorological conditions can cause emission plumes to maintain their

identity for relatively long distances, so that particle concentrations are

less diluted than if there were complete mixing.

Siting of power plants, therefore, has long been recognized as an

important variable controlling population exposure. It has recently been

estimated through specific model applications, however, that the variation

from extremes of siting is only about one order of magnitude. The total

population dose within the contiguous United States from a unit emission

in each of the 243 Air Quality Control Regions (AQCR's) is given in a

supplementary report (Rowe, 1980B). As an example of the nature of such

exposures, Figure 4 shows the distribution of population exposure from a 1

ton increase of air emissions added uniformly to each AQCR.

Another way to express the exposure data from Figure 4 is as a total

population dose per unit emission. Beginning with a median exposure of 93

person-pg/m^/ton, assuming a breathing rate of 17 m^/day (a weighted average
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by age and sex for the entire U.S. population) and a particle retention rate

of 0.25, the total U.S. population dose of particles is ~ 1.6 x 10~7 ug/pg or

~ 75 ug/lb of emission. This result can be considered a figure of merit

expressing the ratio between emission and total exposure.

100 200 300 400

TOTAL EXPOSURE ( person-/tg/m3/ton)

500 800

Figure 4. Distribution of annual average particle exposure per ton of annual
emissions from power plant stacks (person-yg/m-Vton)• Source: Rowe (1980B).

2.5.2.2 Polycyclic Organic Matter (POM). Coal combustion products

contain a number of polynuclear aromatic hydrocarbons including polycyclic

and heterocyclic compounds with nitrogen, oxygen, or sulfur in the ring

systems. Many of these polycyclic organics have been proven to be mutagenic

in bacterial tests and carcinogenic in animals. For some, such as

benz(a)pyrene, there is strong direct evidence of such behavior from
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occupational studies of carcinogenesis in man. Most of these organics

normally exist in the particulate phase.

Fine particles present a greater surface area per unit weight than large

particles for absorbing organic compounds. Those with dimensions < 2 \im may

then carry organics into the lung. That elution of POM takes place in the

lung has been demonstrated by the observation that carbon deposits recovered

from lungs at autopsy are depleted in POM (Falk et al., 1958). Organic

compounds absorbed on very fine particles (< 80 nm) cannot be eluted after

deposition (Falk and Jurgelski, 1979:211), suggesting that such particles

yield lower doses.

A synergistic effect between benz(a)pyrene POM and SO2 has been

demonstrated in animals (Laskin et al., 1969), and the presence of such

irritants as SO2 may explair the much higher carcinogenic activity of POM in

coke oven workers (Redmond et al., 1972, 1976) compared with roofers (Hammond

et al., 1976).

There are large differences in POM levels between urban and rural areas,

among cities, and even within single cities. Drawing dose-response

information from such situations through studies of the exposed populations

presents a number of difficulties. One is the overwhelming effect of

cigarette smoking. The relationship between smoking and cancer has been

firmly established, and the corresponding cancer rate is at least several

times greater, than the cancer potential of air pollution. Thus, differences

in hard-to-measure smoking habits among populations could account for much of

the observed differences in lung cancer rates. Another difficulty is in the

measurement of POM exposure level. There are many potentially carcinogenic

chemical species, and the relative amounts of each vary significantly with

combustion source and atmospheric conditions- Moreover, the net activity of
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such mixtures has been shown in bacterial mutagenesis tests to depend on

interactions among the compounds and is not simply additive. The use of index

measures such as benz(a)pyrene or total cyclohexene-soluble extract leaves

considerable uncertainty between estimated and actual exposure. This

compounds the more common problem of extrapolating population exposure from

fixed outdoor measuring sites.

Some estimates have been made of health damage functions using general

population studies. Most prominent is the estimate by the National Academy of

Sciences that an increase in urban air pollution corresponding to an average

benz(a)pyrene increase of 1 ng/m^ may result in an increase of 5% in the lung

cancer death rate (NAS, 1972). For the reasons stated above, this estimate

appears highly speculative.

Better epidemiological results are available from occupational studies.

Perhaps the best is from the Pittsburgh long-term mortality study of

steelworkers. A tenfold increase in lung cancer was observed for men employed

> 5 years full time topside at coke ovens (Lloyd, 1971; Redmond et al., 1972),

to typical exposure of about 10^ ng/m3 (NAS, 1972). Increased cancer has been

related directly to estimates of exposure to coal tar pitch volatiles

(Mazumdar et al., 1975).

Extrapolations required in applying such results to estimate effects of

low-level general population exposures to POM differ from those required in

animal studies or direct observations of vital rates in large populations.

For coke oven workers, although both exposure and specific relationship with

disease are well characterized, exposures are higher than for the general

population; the chemical character of the POM is different; the age and health

status of the population are very restricted (healtuy =»dult males); and the
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lifetime distribution of exposure differs. Nevertheless, these factors can

all 'be taken into account to some degree, and — despite uncertainties in

extrapolation — the data can provide an important approach to quantitative

estimation of health effects in the general population. Such studies are

currently under analysis by the U.S. Environmental Protection Agency's

Carcinogen Assessment Group, with the aim of developing more general health

damage functions.

To put the risk from increased POM emissions in some perspective, it is

instructive to consider the relative contributions from different sources.

Residential furnaces burning bituminous coal have POM emissions rates 10^ to

10^ times higher than other fossil fuel sources (NAS, 1972). An analysis of

airborne concentration trends suggests that on a national aggregate basis such

residential furnaces may dominate other sources despite their relatively small

energy production (Faoro, 1975). Emission rates from residential anthracite

coal combustion are 50 times lower (DeAngelis and Reznik, 1979). Gas, oil

combustion, and coal combustion in large steam power plants have POM emissions

10 to 100 times lower still. While residential coal furnaces are estimated to

have emitted about one-third of the anthropogenic benz(a)pyrene in the U.S. in

1968, coal steam electric plants emitted only about 0.1% (EPA 1975).

When actual exposure is considered rather th.m emission concentrations,

it is significant that sidestream cigarette smoke contributes benz(a)pyrene

concentrations in typical rooms of 2-4 ng/m^ (NAS, 1972:29). By comparison,

urban air concentrations ~ 1970 were 1-7 ng/nr* (NAS, 1972:47) and currently

average < 1 ng/m^ (Faoro and Manning, 1981). Public areas with heavy smoking

can reach concentrations over 100 ng/m^ (NAS, 1972:29).
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There is also a background level of POM produced by natural processes.

POM with mutagenic and carcinogenic potential is emitted by volcanoes and

forest fires and is produced in biosynthesis. The former, like anthropogenic

emissions, is released to the atmosphere while the latter remains fixed in the

plants and microorganisms in which it is formed (Suess, 1975). Analyses of

soils and sediments suggest that pre-anthropogenic POM concentrations most

likely were due to airborne deposition from forest fires occurring over

geologic time spans (Blumer and Youngblood, 1975).

Finally, assessment of POM hazards suffers from a more general

difficulty: the mechanisms of health damage are complex — too complex to be

fully understood and too complex even to permit translation of all those

aspects that are understood into damage functions useful for analyzing the

health effects of energy technologies. Any quantitative health effects

estimate will suffer not merely from uncertainties in estimating model

parameters but from uncertainties in the model itself.

Sensitivity analysis and probabilistic modeling can explicitly examine

the implications of uncertainties in model parameters; but the uncertainty

among models — that is, how accurately a model represents the real world —

is more difficult to capture. A number of statistical dose-response models

have been developed for chemical carcinogens, mostly in the context of food

additives (Armitage and Doll, 1961; Mantel and Bryan, 1961; Albert and

Altshuler, 1973; Cornfield, 1977). These take the form of time-to-tumor

models and "yes-no" models, which ask whether more cancer has appeared in an

exposed population than in a control population. These two classes are

discussed in detail by Hoel et al. (1975) and Schneiderman et al. (1979).

Some assume no threshold; others allow the possibility. Time-to-tumor models
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in effect incorporate & practical threshold, as evidenced when time-to-tumor

is larger than an individual's expected remaining lifetime.

While most models are compatible with available data, they predict

effects that vary by several orders of magnitude in the low dose range which

is usually of most interest and for which good data are not available. In

this region the individual risk is quite low, and effects become lost in the

"noise" of background cancer occurrence. Effects in this range are of

interest for two reasons: (1) small individual riskg to very large

populations (e.g., 10° persons) can lead to large numbers of cases; and (2)

any number of additional cases is undesirable. Models have been used to

extrapolate from animal experiments to man, but in general such extrapolation

has not been widely accepted in a quantitative sense; animal testing has,

however, been accepted for qualitative identification of carcinogens or

potential carcinogens.

The advance of in vitro systems for mutagenesis testing has led to

additional efforts to extrapolate quantitatively from mutagenesis tests and

animal experiments to man (Crouch and Wilson, 1979; Campbell, 1980). Such

approaches may prove particularly useful in determining relative rankings of

carcinogens, which can then be calibrated using compounds for which good

studies are available in vitro, in animals and in man.

2.5.2.3 trace Metals. Several studies (Xaakanin et al., 1975; Klein et

al., 1975; Radian, 1975) indicate that the elements present in coal ash are

distributed into fractions (bottom ash or combustion residue, fly ash, and

vapor) according to definite patterns, permitting the classification of

elements into three groups (see Table 6 ) . A further partitioning takes place

between the collected fly ash and the generally much smaller particles that
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escape into the atmosphere (outlet fly ash). Group I consists of elements

that are partitioned proportionately between bottom ash and fly ash delivered

to the precipitator inlet; these elements are also not enriched in the

precipitator outlet fly ash. Group II elements are enriched in the inlet fly

ash compared with the bottom ash, and in the outlet fly ash compared with the

inlet fly ash. Elements in Group III are mainly present in the gas phase and

are depleted in all ash fractions. Several elements, including chromium,

nickel, uranium, and vanadium, exhibit behavior intermediate between Group I

and Group II.

Trace metals exhibit varying degrees of biological toxicity. The U.S.

National Committee for Geochemistry (1980) has classified trace metals in

coal. The elements considered to be of greatest concern are arsenic, boron,

Table 6
Fractionation of Trace Metals in Coal Combustion Residue*

Group I (Partitioned proportionally between bottom ash and fly ash)

Aluminum Iron
Barium Potassium
Calcium Magnesium
Cerium Manganese
Cesium Thorium

Group II (Enriched in outlet/inlet/bottom ash ratios)

Arsenic Antimony
Cadmium Selenium
Copper Zinc
Lead

Group III (Present as gas; depleted in all ash fractions)

Bromine
Mercury
Iodine

*Source: Klein et al. (1975).
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cadmium, lead, mercury, molybdenum, and selenium. Most of these elements are

enriched in fly ash and have been classified in Group II.

This classification also applies to the concentration of trace elements

as a function of fly ash particle size. Natusch et al. (1974) report that

concentrations of elements in Group II increase as particle size decreases

while Group I elements show no such relationship, being present in roughly

equal concentrations in each size-fraction of fly ash. The degree of

trace element enrichment with decreasing particle size has still to be

satisfactorily evaluated. Natusch et al. (1974), Ondov et al. (1978), and

Campbell et al. (1978) all report strong increases of Group II elements with

decreasing particle size. The work of Gladney et al. (1976), however,

indicates very much lower enrichment factors.

Na':usch et al. (1974) explain enrichment by a volatilization-condensation

mechanism. Their model suggests that when coal is burned, elements from Group

II are volatilized and thus depleted from the slag and bottom ash. As flue

gases cool, these elements preferentially condense out on the smaller fly ash

particles because of their larger surface-area-to-volume ratio. Elements in

Group I remain condensed at the temperature of coal combustion and fcrc; the

bottom ash and fly ash particles on which the volatile elements condense.

Selective retention of coarser fly ash particles by pollution control devices

further enhances the small particle association of Group II elements.

If, as the model suggests, volatile elements are preferentially deposited

on the surface of fly ash particles, such elements may pose a greater hazard

than simple chemical analysis would indicate. Few studies have examined the

surface predominance of trace elements on sub-micron-size particles; however,

results from Linton et al. (1976) indicate that lead and zinc show significant
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increases in concentration near the surface of 75 to 100-ym fly ash

particles. The layer of surface enrichment appears to be about 0.1 |jm in

depth. No similar analysis is available for respirable particles of the < 2

urn range.

Smaller particles are deposited more efficiently in the pulmonary region

of the lung where long residence times enhance absorption rates of trace

metals (Natusch et al., 1974). Therefore, the precise particle size

distribution of toxic elements in fly ash is required before their

significance can be evaluated. In addition, concentration of volatile toxic

trace elements on particle surfaces would promote contact with the alveolar

membrane and enhance the toxicity of small particles. Finally, the chemical

form of elements deposited in the lung requires evaluation, as this is au

important factor in determining solubility and hence uptake into the pulmonary

bloodstream.

2.5.2.4 Fly Ash Mutagenicity. One aspect of coal cycle health effects

that appears to have recieved relatively little public attention is the

possible mutagenicity* of fly ash. Studies by a number of workers (Chrisp et

al., 1978; Fisher et al., 1979; Kubitschek and Venta, 1979) conclude that coal

fly ash emitted to the atmosphere is mutagenic in the Ames Salmonella

reversion assay. Some of the mutagenic components present in the fly ash are

inorganic; Chrisp et al. (1978) suggest that mutagens are soluble in alveolar

lung fluid. None of the studies, however, report any mutagenic activity in

the collected fly ash. This has been substantiated by Bonnell and Schilling

(1980), who find no mutagenic activity in fly ash collected in the

electrostatic precipitator of a British power plant. They are undertaking

further studies to look at released fly ash.

* A mutagen is a substance capable of inducing mutation.
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Fisher et al. (1979) look further into the physical factors affecting the

mutagenicity of fly ash and find that the greatest mutagenic activity is

associated with the finest particles of the ash (see Figure 5). This leads to

a tentative conclusion that mutagenic effects are caused by compounds that

volatilize during combustion or are formed during or after combustion.

Condensation presumably takes place after exhaust gases pass through the

precipitator. Further conclusions of the report are that use of low

temperature precipitators could lead to contamination of the bulk of the

collected fly ash with mutagens. They recommend high temperature, high

0 5 10 15

PARTICLE SIZE (VOLUME MEAN DIAMETER, MICRONS)

Figure 5. Mutagenic activity versus fly ash particle size. Greatest
mutagenic activity, measured by the number of revertants, is associated with
the finer fractions of the ash. Source: Fisher et al. (1979).
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efficiency collection of particles followed by cooling of the effluent

stream and separate collection of condensed particles. This would yield a

hazardous solid waste that is much smaller in volume. It is not yet clear

whether the risk from mutagenic fly ash in the air warrants this step, or even

whether the overall level of risk would be improved.

In addition to mutagen assay studies there have been reports of specific

mutagenic agents in fly ash. There is considerable controversy over these

findings. Lee et al. (1980) report finding dimethyl sulfate, a proven

mutagen, in the particles emitted from a stoker-type coal-fired heating plant

and a large coal-fired power plant. Dow Chemical Corporation reports 38 ng/g

tetrachlorodibenzo-p-dioxin (TCDD) in the stack effluent of an industrial

power plant burning coal and fuel oil (Dow, 1978). These findings are

disputed in a report finding no evidence of TCDD in the fly ash emitted from a

coal-fired power plant stack (Kimble and Gross, 1980).

2.5.2.5 Radionuclides in Coal. Coal contains trace amounts of three

naturally occurring radioactive decay series headed by uranium-238,

uranium-235, and thorium-232. These radionuclides are present in the

particles emitted during coal combustion. Although particle collection

devices may control such emissions, radon gas in the coal will escape to the

atmosphere even if particles are completely collected.

Radon isotopes appear in each of the three decay series. The gas is

essentially trapped in the coal in secular equilibrium with the parent

radionuclide; for each curie of activity of the parent there is one curie of

radon gas. When coal is burned, the confining matrix is destroyed and all

the radon gas then existing is released to the atmosphere. The risk
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associated with radon, however, is considered small compared with that from

radionuclides in particulate emissions (EPA, 1979:4.4-21).

Health impacts from radionuclides contained in the particulate stack

emissions depends on many variables, the most important of which are:

- uranium content of the coal (99.3% U 2 3 8; 0.7% U 2 3 5)

- thorium content of the coal

- plant heat rate

- partitioning of bottom and fly ash

- fly ash control measures

- size distribution of released particles

- enhancement ratios of radionuclides

- stack height

- regional meteorology

- scavenging coefficient

- regional population size and distribution

- types and amounts of food produced in region

- solubility of the particulate matter

- exposure-dose relations

- dose-response relations

Some of these parameters merit specific comment. It has been suggested,

for example, that in the future the coal fuel cycle will involve the same

amount of uranium per unit energy as the nuclear fuel cycle. This thesis is

based on the very high uranium content of a few lignite beds in the western

United States. A typical coal, however, contains about 2 ppm uranium and 4

ppm thorium (Swanson et al., 1976). On a unit energy basis, therefore, the

uranium/thorium inventory in the coal cycle is orders of magnitude less than

- 39 -



in the nuclear fuel cycle. Maximum dose to individuals in the vicinity of a

coal-burning facility may, however, be comparable to maximum dose from a

nuclear facility; and dose to bo^a may be higher owing to the relative

isotopic constituents of the two fuels (McBride et al., 1977; EPA, 1979).

Fly ash control is one of the more important factors since it can vary by

as much as a factor of 60 (0.5 to 30% release). The significance of this

variation is reduced, however, by two negative feedback mechanisms: the

enhancement of the rp.dionuclides in released ash tends to be higher and the

mean particle size smaller when ash removal efficiency is greater. These

considerations limit the effectiveness of fly ash control in

ameliorating health effects.

Solubility of the particulate matter influences both the amount of

radionuclide taken up by green plants and the amount of inhaled or ingested

fly ash cleared from the human lung or digestive tract. In both cases,

solubility — and therefore potential impact — is believed to be low (Beck et

al., 1978:32; EPA, 1979:A-6).

There are many human exposure pathways for radionuclides. Individuals

are exposed to low-LET gamma radiation externally by immersion in an

atmosphere containing suspended (or re-suspended) radioactive particles and to

particles deposited on the ground. Individuals are exposed internally via

inhalation or ingestion. Sources of ingested material include foliar

deposition and radionuclides extracted from the soil by plants. Internal

exposure involves high-LET alpha radiation as well as beta and gamma

radiation.

Seek et al. (1978) surveyed the area around three coal-burning plants and

could find elevated levels of radionuclides at only one, which had
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concentrations comparable to what their model predicted. They report a

projected human health impact only via the inhalation pathway and only for the

maximally exposed individual.

McBride et al. (1977) and EPA (1979) modeled health effects as a function

of a number of variables including location, stack height, and consumption of

Table 7
Latent Cancer Mortality From

EPA - Site A

- Site B

- Site D

- Site F

McBride et al.

Net particle control (%)
Stack height (m)
U (ppm)
Th (ppm)
Sites

Region (km)
Population (106)

Food produced in area (%)
Enhancement (enrichment)

Particle solubility

*Source: McBride et al.

(Excess Deaths ]
Coal Radionuclides*
jer GW-yr)

"Old" Plant

6.9

4.6 x

1.4 x

2.0 x

—

io-i

10-2

10-3

Comparison of Parameters

EPA "Old"
84.0
97
1.9
5.0

A: Urban
B: Suburban
D: Rural
F: Remote
80
A: 17.1
B: 2.4
D: 0.6
F: 0.001
92-100
All: 1.0

Insoluble

(1977); EPA (1979).

EPA "New"
99.2
185
1.9
5.0

A: Urban
B: Suburban
D: Rural
F: Remote
80

A: 17.1
B: 2.4
D: 0.6
F: 0.001
92-100
U: 2.0
Ra: 1.5
Pb: 5.0
Po: 5.0
Insoluble

"New" Plant

2.9 x lO"1

2.4 x 10~2

7.0 x 10~3

1.0 x 10"4

2.0 x lO-2

McBride et al.
99.0
100
1.0
2.0

Midwestern

88.5
3.5

100
All: 1.0

Soluble
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locally produced food. Table 7 shows projected health impacts as latent

cancer mortality. The EPA dose-response values have been applied to the

McBride et al. dose results and impacts normalized to one GW-yr of electric

energy production.

2.6 ENVIRONMENTAL IMPACTS

2.6.1 Introduction

While the policies of the National Energy Plan may have broad

environmental implications, treatment of environmental impact in this

first-year HEED centers on those expected to be most general in scope and most

serious in degree, in keeping with tha above treatment of health effects.

The most important environmental implications of NEP-II are those related

to the coal fuel cycle: specifically, the mining, transportation, and waste

generation associated with coal utilization on an unprecedented scale. On

such a scale, even functionally incidental by-products such as fugitive dust

and recaptured fly ash may constitute significant problems. The most serious

long-term impacts of the coal cycle, however, are expected from its solid

waste by-products and from gaseous combustion products, particularly oxides of

nitrogen, sulfur, and carbon emitted as stack effluents.

Coal mining and transportation will have land and property impacts; solid

waste from the coal cycle contains harmful or hazardous materials that may

affect water supplies; and the sheer magnitude of the waste stream has serious

implications in terms of land use commitments. Oxides of nitrogen and sulfur

produce acidic aerosols in the atmosphere that, when deposited directly or in

the form of "acid rain," threaten serious international impacts on fresh water

lakes and streams and their associated fisheries. Both these air pollutants
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— as well as others present in stack emissions — may have long-term

significance in terms of damage to agricultural crops. Carbon dioxide, which

accumulates in the atmosphere and contributes to heat trapping in what is

known as the "greenho ise effect," may during the coming 50 to 100 years

catalyze a global climate change unprecedented within the span of recorded

history.

In the following sections these potential impacts are broadly reviewed,

beginning with the most localized processes and concluding with the global.

2.6.2 Coal Mining and Transportation.

Environmental effects of coal mining depend greatly on local conditions

and on environmental safeguards. Strip mining clears large land areas,

destroying the existing environment of the site and potentially affecting

surrounding areas. The earth is disturbed to the depth of the coal seam (to

~ 70 m), with frequent disruption of existing hydrology. Surface water is

susceptible to siltation and acid mine drainage. Noise from blasting and

heavy equipment operation affects surrounding areas. With proper reclamation,

a site can be restored to useful condition, although not to its original

state.

Underground mining is often assumed to be environmentally preferable..

This is not true a priori. Underground mining can affect ground water

resources and frequently involves considerable solid waste, usually disposed

of above ground (gob piles). In the past these waste piles have been an

important source of acid mine drainage; with proper engineering controls this

can be reduced or eliminated. The mines themselves, however, can be a

continuing source of acid mine drainage long after mining ends or may pose a
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threat of future acid drainage from water accumulated inside. In many cases

existing technology is not adequate to prevent acid discharges from

underground mines over the extended time periods necessary ( > 100 years —

Hill and Bates, 1979:183). Underground mines and associated facilities

currently contribute 70% of acid mine drainage; it has been estimated that

while existing state and federal regulations will eliminate further

contributions of acid mine drainage from surface mines, the contribution from

underground mines will increase (Hill and Bates, 1979:178).

Another long-term environmental problem is land subsidence. This can

affect natural drainage patterns, creating swamps; or it may cause rock

fractures, draining surface waters — or in severe cases ground waters — into

underlying mines. The man-made environment is also at risk, with direct

threat to public health and safety through damage to buildings, highways, and

utilities. Sewage lines are especially susceptible to changes of slope.

No definitive national analysis has been made of subsidence or its

effects, but Hill and Bates estimate that by the year 2000 over 1.5 million

acres will be affected, with property damage of at least $2 billion. Annual

rates will increase by 50 to 120%. Table 8 provides projections of annual

land use, based on assumptions similar to those of the National Energy Plan,

as an estimate of increase in annual subsidence.

Table 8
Annual Temporary Land Use, Coal Mining, Thousands of Acres*

Region 1975 1985 2000

VA, WV, PA, MD 65 79 (22%)a 96 (48%)
AL, TN, KY 34 37 (9%) 82 (141%)
IL, OH, IN 19 27 (42%) 42 (121%)

*From Hill and Bates (1979:189).
aFigures in parenthesis show percentage increase over 1975 values, assumed to
serve as a measure of increase in annual subsidence rates.
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Rail and truck transport may cause damage to buildings, and truck traffic

is a factor in structural damage of highways. In either case, noise and ait-

pollutants are emitted. Transport of coal in any form involves fugitive dust,

though precautionary measures are improving. It is generally estimated that

~ 0.02% of coal loaded is lost as fugitive dust, and a similar percentage is

lost as dust at unloading. There is little information on the overall effect

of fugitive emissions en route, but losses can vary between 0.05 and 1.0% of

the total coal shipped. This could lead to effects on human health, crops,

vegetation, animals, and visibility and constitutes a general disamenity. (A

further discussion of coal transportation is given in Morris, 1980B).

2.6.3 Solid Waste.

Greater use of coal will produce increasing quantities of solid waste. A

1000-MW coal-burning utility produces ~ 300,000 tons/year of ash and — if a

nonregenerable limestone flue-gas desulfurization (FGD) system is used —

600,000 tons/year of wet scrubber sludge.* Coal conversion plants also

produce large quantities of waste. A Lurgi gasification plant generating 250

x 10^ ft^ of gas per day will produce ~ 2.7 x 10" tons of solid waste per year

(EPA, 1978A), and a SRC II liquefaction plant with a capacity of 50,000 bbl

per day will create approximately 5.6 x 106 T/yr of waste (Hittman, 1978).

The bulk of the conversion plant waste is generated in coal preparation.

Large areas of land will need to be dedicated to the disposal of this

waste. A 1000-MW electric utility plant will require about 500 acres of land

*Assumes 3% sulfur and 12% ash in the coal. The sulfur content of coal can
vary by almost an order of magnitude and the ash content by a factor of 2 to
3. The solid waste produced can vary accordingly.
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over its lifetime for this purpose* This does not appear to pose a

difficulty for new facilities, but problems could arise with conversion of

utility and industrial boilers in urban areas from oil to coal. Land will

probably not be available on the plant site. Finding suitable offsite

disposal facilities may be difficult and would require transport of waste,

which involves added risk, and expense. The disposal sites are also likely to

be closer to population centers where there is increased risk of public

exposure. Table 9 below shows estimates of the amount of solid waste and land

commitment fro:'' conventional coal combustion.

Table 9
Solid Waste Production from a Conventional Coal Boiler*

Quantity Produced Land Requirements8 for
Solid Waste Stream (tons per gWe-yr) Disposal (acres per gWe-yr)

Ash 460,000 (dry weight) 8.8

FGD sludge from a 920,000 (wet weight) 17.6
wet limestone scrubber

*Adapted from Meier et al. (1978).
aAssumes landfill or ponding to a depth of 30 ft.

The Resource Conservation and Recovery Act of 1976 (RCRA) regulates

disposal practices for both hazardous and non-hazardous waste. Even so, there

may be long-term environmental problems. The primary areas of concern are

land use impacts and contamination of ground water by leachate from disposal

ponds and landfills. This may cause varying degrees of ground water

pollution, depending on chemical composition, solubilities and permeabilities

of the waste and the hydrogeological characteristics of the disposal site. In

terms of land use impact, ponding and landfill can be esthetically

objectionable; and if reclaimed disposal sites are used for agricultural
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production, food crops can be contaminated by potentially toxic substances

such as lead, nickel, cadmium, chromium, arsenic, mercury, and selenium.

Surface waters can be contaminated by overflow or runoff and air quality

degraded through wind erosion and chemical volatilization at disposal sites.

Disposal of coal-derived solid wastes is subject to RCRA whether or not

they are classified as hazardous. Hazardous wastes are subject to

additional controls. At present, ash from boilers and FGD sludge is exempt

from classification as hazardous waste. In most cases these wastes do not

contain high enough concentrations of trace metals to be so classified.

Current evidence indicates mutagenic behavior in fly ash released to the air

but not in collected fly ash (see Section 2.5.2.4). Continued testing is

required. If additional air pollution controls become necessary to avoid

release of mutagenic particles, they would be collected as a solid waste.

Some of the solid waste streams from coal conversion processes could be

classified as hazardous. Spent catalysts are highly sulfided and contain

coal-derived trace elements (e.g., arsenic and cadmium) and polycyclic organic

matter (POM). There is a possibility with nickel-based catalysts of forming

carcinogenic nickel carbonyl. Tar and oil sludges can contain potentially

carcinogenic polynuclear aromatic hydrocarbons (PAH). Health effects have

been discussed earlier. What is of interest here is that although relative

quantities produced are much smaller than the amounts of ash, potentially

large total quantities are involved. Many of these solid waste streams have

recoverable energy values and may be combusted.

Field and laboratory studies have shown that concentrations of trace

elements in leachate can be greatly reduced by only a short distance of travel
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through soil, although this may depend strongly on soil type and pollutant

species. For some wastes and disposal sites the problem of water quality

degradation may be alleviated through the adsorptive capacity of the soil. In

many cases, however, installation of special control measures such as liners,

underdrainage collection systems, and devices for diverting ground and surface

waters may be needed. The long-term reliability of these engineering controls

has been questioned. In particular, although certain liner materials are

guaranteed for 20 to 25 years, no long-term service data for sludge

containment are yet available.

The risk that leachate may contaminate drinking water has not yet been

fully evaluated. Most recent researchers have concluded that with application

of proper disposal techniques, ground water contamination need not be a major

problem. Unfortunately, there have been no long-term field studies

incorporating actual ground water measurements at a well-designed commercial

installation. Since exhaustion of the attenuation capacity of the soil

underlying a disposal site might take decades, conclusive evaluation of this

factor is not likely in the near future. Furthermore, the effectiveness of

pollution control measures at disposal sites is still a matter of concern.

The greatest risk of contamination would appear to be from unforeseen

release of leachate liquid, as from failure of a liner or of the dike

surrounding a disposal impoundment. No estimates are available of the

probable frequency or severity of such releases. (A further discussion of

coal solid waste impacts is given in Crowther and Morris, 1981).

2.6.4 Agricultural Impacts.

Estimating effects of air pollutants on agricultural crops is a problem

of great practical importance but currently surrounded by considerable
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controversy. Of the many pollutants related to energy use, only sulfur

dioxide and ozone are known to be of national importance (see Table 10). Of

the two, oxidants are generally thought to produce the greater damage.

Studies by Benedict et al. (1973), for example, suggest that at the national

level ~ 90% of the economic loss to agriculture from air pollutants is related

to oxidants and ~ 10% to sulfur dioxide.

Effects of air pollutants on plants have been generally recognized for

over a century, and a large literature has developed describing relationships

between pollutant exposures and plant injury, both acute and chronic. Acute

injury usually occurs within a few hours after exposure to elevated pollutant

concentrations. Chronic injury develops in response to extended low level

exposures. Both may affect plants directly — causing visible damage (e.g.,

leaf necrosis and chlorosis) — and indirectly by altering metabolic pathways

or microenvironments. In either case, crop yield or quality may be measurably

reduced.

Table 10
Level of Knowledgea of Impacts on Agricultural Ecosystems

From Energy-Related Pollutants*

Known to Be
Known to Be Important but
of National Known to Be of Regional Significance
Importance or Local Importance Not Known

O3 (3) Hydrogen Fluoride (4) Acid rain (2)
S02 (3) Peroxyacetylinitrate (3) Cl (1)

C02 (1)
Ethylene (2)
N0x (2)
Radioactivity (4)
S04 (1)
Trace metals (1)

*Source: Moskowitz et al. (1977).
aAdequacy of knowledge: 0 = none; 5 = complete
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Despite this extensive literature, present capability to produce accurate

dose-response functions is limited: plants respond to their entire physical

and chemical environments, not just to individual components* Since

laboratory and field environments differ, extrapolation between data sets is

often unwarranted. Additional complications arise in translating reported

data into damage functions. Reported damage is often based upon measurements

of visible injury, such as leaf lesions and reductions in photosynthesis.

There is currently, however, no basis for assuming that quantitative yield can

be predicted from these estimates.

2.6.4.1 Oxidants. Photochemical oxidants are the product of atmospheric

reactions involving organic pollutants, nitrogen oxides, oxygen, and

sunlight. Peak concentrations of oxidants are generally higher in urban and

suburban areas than in rural areas. Annual averages in rural areas, however,

are comparable to or higher than those observed in urban areas, presumably

because of long-range transport.

The earliest effects of ozone on plants are generally manifested as an

increase in cell membrane permeability. Subsequent cellular and biochemical

changes ultimately appear at the level of the organism. Pollutant

concentration and duration of exposure together constitute dose. In

determining response of vegetation to oxidants, concentration is probably the

more important of the two. Other environmental variables — e.g., light,

temperature, soil moisture, and humidity — may confound the predicted

response. In general, conditions optimizing plant growth also tend to

increase sensitivity and response to ozone.

Exposure thresholds reported for agricultural crop damage from ozone are

200 to 500 ug/m3 (0.10 to 0.26 ppm) for 1 hour or 100 Mg/m3 (0.05 ppm) for 4
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to 6 hours per day over 15 to 100 days. Damage functions for oxidants derived

by a varietj of researchers are summarized elsewhere (Adams et al., 1979;

Leung et al. 1978). The work by Oshima and his co-investigators is probably

most directly related to policy analysis. They calculate percent yield

reduction of alfalfa, tomatoes, and cotton using ozone damage functions (see

Table 11) with doses derived from hourly average oxidant measurements

exceeding 10 pphm, the California standard.

Ozone

Crop

Alfalfa
Tomato
Cotton

Table 11
Dose-Response Functions for Selected

*Source: Adams et al. (1979),
aDose equals the sum of all
and occurring during daylight

Damage

Yield reduction =
Yield reduction =
Yield reduction =

Agricultural

Function

Crops*

9.258 x 10~3 x Dosea

2.32 x 10"2 x Dose
6.947 x 10~3 x Dose

»
hourly oxidant concentrations exceeding 10 pphm
hours only.

Although these damage functions are probably the most accurate available,

they must be used with caution: data exist for only a limited number of crops

and may be specific to the region in which the statistics were compiled. They

require specific exposure estimates not generally available and do not

explicitly incorporate uncertainty. Also, they fail to include effects of

other import-ant environmental parameters, such as soil moisture.

Research efforts supported by the U.S. Environmental Protection Agency

are expected to improve knowledge of ozone dose response functions (NCLAN,

1980). At present, however, ability to estimate effects on agr cultural

productivity of NEP energy alternatives is handicapped by lack of models for

predicting ozone level at geographically disparate locations and by the

relatively crude state of existing dose-response functions.
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2.6.4.2 Sulfur Dioxide. Sulfur dioxide is a direct by-product of fossil

fuel combustion. Exposures are highest near the emission source. To induce a

toxic effect, sulfur dioxide must enter a plant through its leaf stomata,

although surface effects can also be important. Within plants, sulfur dioxide

is converted to sulfite and bisulfite, pollutants which can initiate changes

within plant metabolic systems resulting in physiological damage. As in the

case of ozone, plant sensitivity varies with genetic composition and

environmental conditions.

In the past, concern for sulfur dioxide impacts focused on relat.'v-cjly

high acute exposures near point sources of sulfur dioxide. Such impacts can

be enormous (Treshow, 1970; Linzon, 1972; Hutchinson and Whitby, 1974) but are

no longer common because of stricter regulatory control of industrial

emissions. Effects of chronic exposure have been postulated but are not well

understood. It is generally believed that significant reductions in yield of

economically important agricultural crops can arise from continuous exposures

to 130 Mg/m-* (~ 0.5 ppm) sulfur dioxide over a two-week period. Acute effects

have been demonstrated from exposure to 655 ug/m^ (0.25 ppm) for 1 hour.

As with ozone, a number of different approaches have been used to model

effects of sulfur dioxide on plants; a recent report by Armentano et al.

(1980) summarizes the current state of knowledge and gives damage functions

(see Figure 6) for chronic sulfur dioxide exposure on soybean, wheat, and

corn. Damage functions similar to Oshima's models were developed by

correlating cumulative sulfur dioxide exposure with plant yield. Results

suggest that sulfur dioxide emissions from coal-fired electrical generating

plants can cause local but significant crop damage: loss was estimated to be
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Figure 6. Effect of chronic SO2 exposure on soybean yield.
Armentano et al. (1980).

Source:

about 10% for each crop. These estimates and dose-response functions are

among the most comprehensive efforts completed to date.

Most of the shortcomings noted for ozone models also apply for sulfur

dioxide: only a limited number of plants were investigated; other important

environmental variables (e.g., soil moisture and temperature) were ignored;

and detailed air quality estimates are generally unavailable. In view of the

National Energy Plan's emphasis on use of coal, these uncertainties should be

closely examined.
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2.6.5 Acid Rain

Fish populations in the rivers and lakes of southern Scandinavia have

been in decline since early in this century; today substantial numbers of

fresh water bodies are not only devoid of fish but totally changed in

character, with heavy algal mats often carpeting their bottoms and waters that

biologically ere nearly sterile. In recent decades, similar changes have

occurred in fresh water systems in the rest of northern Europe, the United

States, Canada, Japan, and other regions of the world.

It is now understood (Oden, 1968; 1971) that these ecological impacts are

a result of the increasing acidity of precipitation observed in the world's

major industrialized regions. The principal contributors to this acidity

(Likens and Borman, 1974; Galloway et al., 1976) are sulfates and nitrates

formed by atmospheric reactions from oxides of sulfur and nitrogen, which are

emitted during combustion of fossil fuels.

Unpolluted rain is mildly acidic, with a pH of 5.6 due to carbonic acid

formed by CO2 in the atmosphere. Acid precipitation — with pH of individual

storms ranging as low as 2.4 — generally contains about 60 to 70% of its

acidity in the form of sulfate ion and the remainder as oxides of nitrogen

(Likens, 1976). In the U.S., roughly half the nitrogen oxide emissions come

from stationary sources such as industry and power plants; the rest is

attributable to transportation. Most sulfur oxide emissions, however,

originate in stationary coal- and oil-burning facilities (EPA, 1978B). Long

atmospheric residence times of emissions from tall stacks permit a chemical

transformation of SO2 to SO4 ion that might otherwise not occur.

Precipitation in the eastern United States has become increasingly acid,

and rainfall pH in this region (see Figure 7) is now uniformly below the value
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Figure 7. Weighted average pH of precipitation in North America, 1972-75.
Data from Likens (1976), Kramer (1975), Schindler et al. (1976). Source:
Tollan (1977).

of 4.6 sometimes quoted as characteristic of acute effects. Moreover, dry

precipitation — direct deposition of suspended material on ground and plant
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surfaces or direct absorption of atmospheric gases — is also of

significance.

The principal variable determining the aquatic impact of "acid rain" — a

term commonly encompassing all forms of acidic precipitation — is the natural

soil alkalinity of the watersheds tributary to fresh water bodies. Carbonate

rock, usually limestone, provides in many areas an alkaline chemical buffering

mechanism that largely neutralizes the tendency of acids to lower aqueous pH.

Areas with siliceous bedrock (cf. Likens et al., 1979) or thin soils, in

contrast, have little or no buffering capacity and are more sensitive to

acidification. Such regions as the Adirondack Massif, the Scandinavian

peninsula, and Canada's Laurentian Shield fall into this category; it is here

that the most pronounced effects on fresh waters have been observed.

Nevertheless, the buffering capability even of alkaline soils may eventually

be exhausted, allowing sudden drops in pH. There is some evidence that this

exhaustion is indeed occurring (Hendrey, 1980).

The effect of lowered pH on lakes and streams is complex, but there are

certain regularities (Hendrey et al., 1980). In general, there is an

accelerated aging of the fresh water system toward a more sterile,

oligotrophic state. Sensitive species of plants and animals disappear and are

replaced by acid-tolerant species, while diversity of the remaining species is

sharply reduced.

Synergistic effects begin to occur: fish experience not only direct

stress — thought to result from disturbance of the cellular salt balance and

probably also from toxic effects of acid-soluble metal ions, especially

aluminum (Schofield, 1978) — but also the reduction of natural food sources

as sensitive invertebrates die off.
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During spring spawning, melting snow delivers an "acid pulse" of

accumulated deposition (Schofield and Trojnar, 1979) that has been tentatively

linked with reproductive failures of fish populations. It is not known

whether such episodic extremes, which also can occur during rainfall events,

are more or less detrimental than continuous exposure to milder background

acidity; both effects are probably important.

Eventually, it becomes impossible for the fish population to reproduce.

Paradoxically, in these final stages of acidification the remaining adult fish

often grow to record size because of a decline in competition; and the water

is unusually clear because of an absence of most forms of phytoplankton and

zooplankton. Thus a dying lake can be aesthetically and recreationally

attractive for a time.

Since fresh water systems are spawning grounds for important edible

finfish species such as the Atlantic Salmon, destruction of these ecosystems

by acidification has impacts that go far beyond the locale of direct impact

and significance beyond that of the recreational fishing industry. In

addition, there may be effects on forests and natural soils that — although

not yet detected — could have significant long-term ecological impact.

Finally, the protective action of alkaline buffering may be obscuring gradual

changes on a continental or even global scale. (A further discussion of acid

rain impacts is given in Fischer, 1981A).

2.6.6 Carbon Dioxide and Climate

The earth's temperature is determined in large part by a thermal balance

between net incoming solar energy and heat radiated from earth's surface into

space at longer wavelengths. Water vapor, ozone, carbon dioxide, and other

polyatomic molecules naturally present in the atmosphere interfere with this
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heat rejection by capturing and radiating back some of the long wavelength

radiation. Were it not for this atmospheric blanketing effect, global

temperatures would be about 38°C colder than their present value (Zimen,

1979), with serious ramifications for terrestrial life.

The earth's climate is sensitive to an alteration in the concentration of

any of these constituents; of particular interest here is its vulnerability to

atmospheric accumulations of C02> produced in large amounts by man through

combustion of .fossil fuels and by the cutting and burning of tropical forests*

To date, the predicted temperature rise from this so-called greenhouse

effect has proved undetectable (Madden and Ramanathan, 1980); but the

accelerating rates of CO2 production projected by virtually every scenario of

world energy growth have caused substantial concern that during the next

century man's use of energy may drive global temperatures above anything

experienced on earth within the span of human civilization.

2.6.6.1 The Carbon Budget. It is believed that carbon dioxide initially

entered the atmosphere through outgassing from the earth. Currently, CO2 is

released by geological sources at a rate of about 0.5 x lO^ gC/yr (Kempe,

1979), principally to the ocean. Atmospheric CO2 is chemically transformed

into organic compounds (fixed) by plant photosynthesis; decomposition of fixed

carbon compounds — including oxidation and respiration — returns CO2 to the

atmosphere. Over aeons, much of the atmospheric CO2 has accumulated in the

earth's crust through deposition of fixed carbon in the form of undecomposed

plant tissue, transformed by geological processes into fossil fuels.

Combustion of the world's supply of fossil fuels may raise atmospheric CO2 to

peak levels as high as eight times the current concentration of ~ 330 parts
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per million by volume (ppmv). Pre-industrial CO2 concentrations are estimated

to have been between 265 and 290 ppmv (Schneider, 1978).

Carbon dioxide production from fossil fuel combustion has been rising in

a quasi-exponential fashion since about 1860, at a typical rate of ~ 4.3% per

year (Keeling, 1973; Rotty, 1979). Carbon dioxide increases observed in the

atmosphere (see Figure 8) have equalled about half the cumulative emissions

from fossil tuel combustion (Siegenthaler and Oeschger, 1978), indicating that

some part of the ecosphere is acting as a "'sink.." or repository for CO2.

100

I860 1880 1900 1920 1940

YEAR

I960 1980 2000

Fig. 8. Cumulative CO2 production and observed atmospheric increase (assumed
1860 atmospheric concentration = 295 ppm). Source: Baes et al. (1976).
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Until recently, the oceans were assumed to perform that function; however,

many current calculations indicate that known ocean mechanisms cannot account

for the magnitudes of CO2 that are apparently being removed from the

atmosphere (Zimen, 1979).

Another complication is that cutting and burning of tropical forests,

together with accelerated decay of soil humus, may release CO2 in amounts

ranging from zero to perhaps as much as three times the amoui. ts currently

produced by combustion of fossil fuels (Woodwell, 1978; Woodwell et al.,

1978).

Thus, the global carbon budget is poorly understood; yet it is clear that

if current relationships continue to hold, atmospheric C0£ concentrations will

continue to increase at a rate paralleling that of fossil fuel emissions.

Projections for this growth rate range between about 1.5 and 5% per year for

the next half century (Laurmann, 1978). Coal produces more CO2 per unit of

useful energy than does petroleum or natural gas, and the increased coal use

inherent in the National Energy Plan — if symptomatic of world energy trends

— lends weight to the higher estimates. Model projections (Laurmann, 1978)

indicate that atmospheric CO2 levels could double from preindustrial levels by

2070 at the latest, and possibly earlier than 2020.

2.6.6.2 Climate Impacts. Effects on earth's climate of a doubling of

atmospheric CO2 have been modeled by various methods. All yield similar

results: an increase in globally averaged temperature by probably 1.5° to

3°C, with a range of estimates from 1° to 6.5°C (cf. Bach, 1979; Baes et al.,

1976). Since earth's temperature is governed by number of feedback effectsv
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not all of which are fully incorporated in present models, the quoted range is

not considered to be an outside limit. It is believed, however, that each

doubling of CO2 will pro luce a roughly equal temperature rise (Rasool and

Schneider, 1971).

These temperature changes can be compared with naturally occurring

fluctuations of about 0.5°C and with climatic cycles of roughly 2,000, 20,000

and 100,000 years, having amplitudes on the order of 2°, 3°, and 8°C

respectively (Lamb, 1977; GARP, 1975). By the middle of the next century

man-made changes might therefore exceed all of these.

Perhaps more important is the spatial variation of temperature. It is

nearly certain that warming would be greatest at the poles, particularly the

North Pole, which has no stabilizing land mass. Polar warming from a single

CO2 doubling is estimated to be about 8°C, compared with perhaps 2°C at the

equator (see Figure 9 ) . It is probable that an increase of 4° or 5°C in

summertime would cause complete melting of the North Polar ice pack, and there

is some uncertainty as to whether it could re-form In wincer (Flohn, 1977).

While melting of floating ice would not affect ocean levels, rapid

glacial surges might take place if warmer water destabilizes the landed ice in

Antarctica, possibly leading to sea level increases from 5 to 30 meters in as

little as 100 years (Mercer, 1978; Hollin, 1970). It has been suggested,

however (Flohn, 1977), that Antarctic glaciers might actually grow because of

increased precipitation associated with global warming. Increased weight of

ice-pack can be another cause of destabilization.

The north-south polar asymmetry would contribute to what may be the most

significant effect of global warming — a shift in atmospheric circulation

- 61 -



patterns expected as a result of changes in the temperature gradient from warm

to cooler regions. These patterns determine which areas of the world are

deserts and which have high rainfall, and their seasonal movements govern such

processes as the arrival of the monsoons. Global warming is expected to shift

existing air current patterns poleward (Flohn, 1977; Bryson, 1973). In North

America, this corresponds to a movement of the southwestern arid zone

northward into the corn and wheat belt.

The extent of such movement is not currently known, but the

paleoclimatological record gives evidence that during the last major warm

i 1 1 1 —r
60° 50° 40° 30° 20°

LATITUDE
Figure 9. Latitude-height distribution of the change of the zonal-mean
temperature in response to a doubling of atmospheric C02« Source: Manabe and
Wetherald (1980).
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period from 8,000 to 4,000 years ago, North Africa was considerably wetter and

the U.S. plains states were drier than today (Kellogg, 1977). It is also

known that sea level changes have accompanied geological warm periods,

although it appears that the Arctic ice pack has been a perennial feature for

the last million years (Hunkins et al., 1971).

2.6.6.3 Impacts On Food Supply. There is suspicion among climatologists

that many socio-political changes can be traced to climatic variation,

particularly to local failure of crops. Although effects of climate variables

such as temperature and precipitation on agriculture have been studied

extensively (cf. Table 12), it does not yet appear possible to make a general

assessment of overall impact.

Crop response functions for temperature change should be of even

polynomial degree in order to reflect both high- and low-temperature limits on

crop yield; the same is true of precipitation. Many studies covering only a

portion of this range utilize a linear fit to the data. This limits their

applicability in questions involving extrapolation to extremes.

Moreover, similar studies disagree as to the magnitude and in some cases

the direction of the response. This in part reflects a localized nature to

crop behavior: while in one area the limit to yield may be available moisture

— giving a strong positive correlation with increased precipitation — a

nearby area may be sufficiently wet that additional precipitation decreases

yield (CIAP/5, 1975:4-47). Large-scale studies may differ because they

aggregate responses of differing locales.

It appears, therefore, that before a reasonably accurate assessment of

agricultural impacts can be made, a detailed picture of the geographic

variation of precipitation and temperature — including such information as
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Table 12
Effect of Climatic Change on Average Wheat Yields*

Climatic Change
Average Mass Yield

Change in Wheat Yields (Bushels per Acre)
N.D. S.D. KAN OKL ILL IND
25.0 21.1 25.9 25.2 36.3 36.3

I. % Change in precip.
-30
-20
+10
+20
+30

II. Change in temp.:
-2°C
-1°C
-0.5°C
+0.5°C
+1°C
+2°C

III. % Change in precip.
-30
-20
-10
+10
+20
+30

IV. % Change in precip.:
-30
-20
-10
+10
+20
+30

V. % Change in precip.:
-30
-20
-10
+10
+20
+30

VI. % Change in precip.
-30
-20
-10
+10
+20
+30

Temperature Change: 0
-3.70
-2.49
1.21
2.39
3.62

+1.18
+0.68
+0.36
-0.41
-0.86
-1.90

-2.52
-3.32
-0.06
+2.38
+4.41
+4.80

-2.62
-1.81
-0.56
+1.89
+3.07
+4.30

-4.56
-3.35
-1.93
+0.19
+1.53
+2.77

-6.71
-4.39
-3.14
-0.69
-0.49
+1.72

- 1
-1

0
0
i

.85

.58

.42

.65

.42

-2
-1
-0

1
1

.84

.80

.76

.41

.99
Precipitation

+0
+0
+0
-1
- 1
- 1

.47

.87

.47

.55

.17

.64

1 .44
0.74
0

-0
-0
- 1

.37

.38

.77

.57

-2
-1

0
0

- 0

.81

.54

.31

.30

.02

Change:
- 2
- 0
+0
-0
- 1
- 3 ,

Temperature Change:
-2
- 1

.29

.14
-0.03
+0
+1,
+0,

.89

.07

.98

-1
- 0

0
2
2
3

.40

.35

.59

.30

.86

.43

-4,
- 3 ,
- 2 .
- 1 ,
- 1 .
- 2 .

Temperature Change:
- 1 .
- 0 .
+0.
+2.
+ 1 .
+ 1 .

.88

.71
,29
33

,47
39

- 2 .
- 1 .
- 0 .

1.
2.
2.

Temperature
- 3 .
- 2 .
- 4 .
- 0 .
- 0 .
- 0 .

92
75
66
66
10
65

- 3 .
- 2 .
- 1 .
- 0 .

0 .
1 .

Temperature
- 4 .
- 3 .
- 2 .
- 1 .
- 0 .
- 1 .

39
22
39
13
67
12

- 4 .
- 3 .
- 2 .
- 0 .
- 0 .

0.

.10
,06
,11
,49
,16
,73

- 3 .
- 1 .
- 0 .

0 .
0 .

- 0 .

; Change:
61
57
62
01
65
22

- 3 .
- 2 .
- 1 .
- 0 .
- 0 .

1 .

i Change:
41
37
42
82
16
42

.00

.28

.04

.40

.16

.76
: -2
.80
.56
.62
.69
.70
.01

t - 1
,09
83
90
04
03
29

+1
98
72
79
85
85
18

+2
-6.57
-5.31
-4.38
-3.45
-3.45
-3.77

3
2

- 1
- 3
-4

0
2
1
0

-0
- 1
-2

°C
5
4
3
0

-0 ,
- 2

°C
4,
3.
2,

- 0 .
- 1 .
- 3 .

°C
1.
1.

- 0 .
- 2 .
- 4 .
- 6 .

°C
0 .

- 0 .
- 1 .
- 4 .
- 5 .
- 7 .

.08

.25

.41

.02

.84

.36

.16

.62

.64

.24

.69

.44

.61

.58

.94

.66

.48

.24

.41

.38

.25

.86

.68

84
.01
,02
,65
75
03

39
hk
47
10
71
53

3
2

-1
—*}

- 3

1
0
0

- 0
- 0
- 1

4
3
2
0

-0
- 1 ,

4.
3.
1.

- 0 .
- 1 .
-2 .

2.
1.
0.

- 2 .
- 3 .
- 4 .

1 .
0 .

- 0 .
- 3 .
- 4 .
- 5 .

.24

.18

.13

.28

.45

.69

.88

.44

.46

.94

.93

.93

.88

.80

.57

.58

.76

.12

.06

.98

.25

.40

.58

31
,25
17

,06
21
39

32
26
82
05
20
38

•Source: CIAP/5, 1975:4-48, 49.
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the probability of frost, cloudiness, and wet and dry episodes — should be

obtained from climatological models for use in conjunction with local crop

response functions.

Two other variables are of crucial importance: first is the degree to

which soils can be adapted to grow food crops when climate variables dictate a

shift of growing region. Second is the degree to which techniques of agronomy

such as irrigation and selective breeding may allow man to alter the yield

curves — which generally represent the response of well-adapted crop

varieties.

The oceans are another food source that may be affected by changes in

atmospheric patterns (and ocean currents themselves may change). The world's

greatest fisheries are produced by upwelling of nutrient-rich waters driven by

an interaction of persistent air circulation cells with coastline topography.

If atmospheric patterns shift geographically, these major fisheries may be

shifted as well; and their productivity may be increased or decreased,

depending on topography and on the nutrient content of the waters involved.

Although the impact is uncertain, the history of the Peruvian anchovy fishery

(Idyll, 1973) indicates that a small shift in atmospheric circulation can have

an immediate (< 1 year) and substantial adverse impact on the fishery. (A

further discussion of carbon dioxide impacts is given in Fischer, 1981B).
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3 NUCLEAR POWER

3.1 NUCLEAR SAFETY

The potential impacts of nuclear power lie more in the realm of health

and safety than in strictly environmental effects. For example, one

environmental issue is the matter of mining impacts: by virtue of the higher

energy density of uranium ore compared to fossil fuels these impacts are

substantially less than those of the coal cycle (i.e., 1.7 x 10^ metric tons

of 0.2% uranium ore per GWe-yr vs 2.8 x 10** tons of coal). Another

environmental issue, thermal pollution at power plants, is common to all

steam-electric facilities — although somewhat exacerbated by the lower

thermal efficiency of nuclear power plants — and has received extensive

attention.

As regards health and safety, the major questions of public concern have

involved catastrophic accidents, long-term low-level exposure of the public,

occupational exposure and acts of sabotage or terrorism.

These issues have been extensively debated in several forums. Topics

selected for this first-year HEED were a reassessment of power plant accidents

in light of Three Mile Island and two aspects of low-level radiation exposure.

These are: (1) long-term release of radon from uranium mill tailings, a

specific case which has been widely debated; and (2) a commentary on the

recent report of the National Academy of Sciences Committee on the Biological

Effects of Ionizing Radiation (BEIR, 1980), which reviews radiation dose-

response functions.

- 67 -



3.1.1 Accidents at Nuclear Power Plants

No discussion of accidents at nuclear power plants today can begin

without a consideration of the Three Mile Island accident. TMI has redirected

the attention of the nuclear community to the analysis of accidents lying

midway between the worst imaginable catastrophes and the class of commoner

malfunctions having small effect on plant operation or emissions. It has been

noted that concentration on the largest catastrophes can direct thinking into

specific modes that are not typical of intermediate-scale accidents which,

nevertheless, may have significant consequences.

TMI was exactly such a case. Although public controversy continues over

the significance of the TMI accident, offsite releases were small by almost

any measure in comparison with more extreme events analyzed in the Reactor

Safety Study (RSS, 1975). Yet by virtue of its differences from the RSS

events, TMI has focused attention on such matters as operator training;

instrumentation and procedures; emergency planning and coordination; and

additional aspects of accident analysis•> Before treating the issues raised by

TMI, it may be useful to review briefly the pre-existing studies of

catastrophic accidents.

3.1.2 Core Meltdown Accidents

The current generation of analyses dealing with catastrophic accidents of

nuclear power plants starts with the Reactor Safety Study, WASH-1400. The RSS

examined risks of core meltdown coupled with release of substantial material

from the core. Based on an analysis of 100 reactors at 68 existing sites, the

RSS estimated average actuarial risk (sum of the products of probability times

consequence) of such accidents per reactor year to be 3 x 10"^ prompt
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fatalities, all in the population residing within 25 miles of a reactor; and

0.021 total latent cancer fatalities, spread over 30 years and a much wider

area, although generally 25 to 100 miles from a reactor. (0.07 cancer

fatalities per year x 30 years/100 reactors = 0.021) (RSS, 1975:84).

Correction of a programming error discovered later resulted in a 15%

increase in the latent cancer fatality estimate (Wall et al. 1977:36). In

addition, RSS uses a dose and dose-rate effectiveness factor (RSS, 1975,

Appendix VT:G-8) to modify upper-bound linear no-threshold estimates derived

largely from BEIR (1972) (RSS, 1975, Appendix VI:G-23). The impact of this is

a decrease by a factor of 2.5 compared with results expected from the upper-

bound dose-response function (Wall et al., 1977:31). Recalculating the RSS

latent cancer risk estimate on the basis of the BEIR (1972) dose-response

function yields (0.021 x 1.15) x 2.5 = 0.06 total latent cancers per reactor-

year. This conversion is made not in the belief that the RSS best estimate is

wrong, but to allow the estimate to be expressed in terms of the full range of

potential dose-response information. To re-express this roughly in the range

of BEIR (1980) absolute risk model (10 to 167 cancer deaths per million per

rad — BEIR 1980:263), one can take the ratio with the BEIR (1972) estimate

corresponding approximately with an RSS upper limit value. This is

approximately 180 ([6000 deaths/yr] x 30 yr)/2 x 10** people x 5 rem) cancer

deaths per million person-rem (BEIR, 1972:2). Assuming low-LET radiation (1

rem = 1 rad) the resulting estimate is

0.06 x 12- = 0.0033 to 0.06 ^L = 0.056
180 180

\
cancer deaths per reactor year. Any contributions from a-radiation will tend

to increase the effect. This indicates an uncertainty in dose-response but
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not in dose. RSS claims latent cancers are not very sensitive to

uncertainties in the dispersion-dosimetric model (RSS, 1975, Appendix

Wall et al. (1977:37) point out that it is inappropriate to add latent

cancers and prompt fatalities since there is an inverse correlation between

them; because of meteorological factors, individual accidents tend to produce

one or the other, not both. Even given an upper uncertainty of a factor of 4

(RSS, 1975, Appendix VI:13-50), it is clear that the latent cancer effect

overwhelms the prompt fatality effect.

Assessment of the risks from nuclear power plant accidents is extremely

complicated. The methodology, assumptions, and data used in the RSS have been

subjected to much discussion and criticism. Mentioned below are four such

discussions, selected because they are authoritative or detailed or represent

extremes of opinion. Their comparisons refer to the RSS estimate of 0.021

cancer deaths per reactor-year, not to the range 0.0033 to 0.056calculated

above.

The Electric Power Research Institute (EPRI) contracted a review of the

draft RSS in 1975. When the Lewis Committee review was released (see below),

EPRI published a comparison of its review with that of Lewis (EPRI 1979). The

conclusion of the EPRI review was that the RSS median estimates for accident

frequency and accident consequence were too high by factors of 12 and 5

respectively. However, the uncertainty factors were 13 and 10 times too low-

Thus any "upper bound" would be only 2 times higher ([13 x 10]/[12 x 5]).

The Lewis Committee, commissioned by the Nuclear Regulatory Commission,

identified many problems in the RSS (Lewis, 1978). It did not take any
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position on whether the net effect was an increase or decrease in the RSS

median estimate. It did say that uncertainty was understated in the RSS

report. The Union of Concerned Scientists (UCS) conducted a detailed review

of the RSS. Their findings were that the probability of a core meltdown with

breach of containment should be 20 times greater than the RSS value of 5 x

10~6 per reactor-year and the average number of consequent fatal cancers

should be 6 to 8 times more than the RSS value of 4000. This leads to an

average actuarial risk of 2.4 fatalities per reactor-year, 120 times higher

than the RSS value of 0.021 (Kendall et al., 1977:125).

The Ford-MITRE Study (Keeny, 1977: 299 ff) calculated an "upper bound" by

applying multipliers to key factors in the RSS. The probability of a core

meltdown was set at 5 x 10"^ (based on an upper limit of probability given an

experience of zero meltdowns in 200 U.S. commercial power reactor-years) or

100 times the RSS values. The probability of containment breach was doubled

and the consequences were multiplied by 2.5, for a total multiplier of 500.

The Ford-MITRE upper bound thus became 10 fatalities per reactor-year (0.021 x

500).

The Ford-MITRE report did not provide any basis for these estimates. It

should be noted that RSS made a calculation similar to Ford-MITRE in which

it estimated — on the basis of 2000 reactor-years of experience with

commercial and military power reactors with no nuclear accidents affecting the

public — that the likelihood of such an accident would b" less than 10~3 p e r

reactor-year (RSS, 1975:72). This presumably would include the entire range

of accidents affecting the public, not just the major catastrophic accidents

covered in the RSS.
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It must be recognized that it is impossible to establish a definitive

upper bound estimate. One can state how high the underlying probability of a

core meltdown might be under an assumption that over 200 reactor-years of

experience the nation has been very lucky: i.e., that under the same

circumstances a more typical 200 reactor-years1 experience would have included

a catastrophic accident. One could assume that the actual historical record

is an experience one would expect to see in less than 5% of a large number of

200-year intervals. One would obtain a higher upper bound if it were assumed

that the historical record had only a 1% chance of occurring, higher yet if

one assumed only 0.1% chance.

Another statistical problem is the degree of correlation among the

components of the overall risk. If one assumes each multiplier (e.g., 100

times the RSS core meltdown probability, 2 times the containment breach

probability) represents a true upper bound, then — if all the factors are

independent — the product of the multipliers is an upper bound multiplier on

the overall risk estimate. Under these circumstances, however, the

probability of an event embodying the combined upper bounds is much less than

the probability of events embodying the upper bound of any one of the

contributing parts. It is reasonable to assume independence for meltdown,

breach of containment, and consequences. If the upper bounds are all thought

of more realistically as upper probability estimates, then if the components

represent upper bounds of a 95% range their product would represent a 99.998%

upper bound (1 - 0.025 x 0.025 x 0.025). This problem is difficult to deal

with quantitatively unless much more detailed information is available than is

reasonable to expect, but the general nature of the effect is important to
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recognize. If some correlation is suspected among the contributing

components, then the product upper bound would (in the above example) be

expected to lie between 97.5 and 99.998%.

3.1.3 Three Mile Island

The TMI-2 accident in 1979 was obviously not a routine incident. Nor, on

the other hand, was it in the class of catastrophic accidents considered in

the RSS. It represented middle ground in terms of magnitude of release. This

is a middle ground not generally covered in previous assessments.

The population dose from the incident was estimated by the NRC to be 3300

(1600 to 5300) person-rem (Battist, 1979). The limits represent systematic

uncertainty. The best available estimate for the cancer mortality

dose-response is 10 to 167 deaths per million person-rad (BEIR, 1980:263,

absolute risk model). This range also represents systematic uncertainty.

Combining separately the lower bounds and the upper bounds gives a range of

0.02 to 0.9 expected latent cancer fatalities from the TMI accident. The

meaning of this range in probabilistic terms is affected by the phenomenon of

producing estimates with lower and lower probability as "upper bounds" of

components are combined. Despite this, it remains a relatively narrow range

in absolute terms. In addition to the direct radiation effects, emotional

strain and anguish suffered by the nearby population — which could indirectly

affect physical health — is the subject of considerable ongoing study.

What use can be made of the TMI experience in evaluating the risk of

these middle ground accidents? If one assumes the sample of 200 reactor-years

is representative of all reactor years to be observed — that is, ignoring

aging and similar effects — then the single TMI event yields 1 per 200 or 5 x
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10~3 middle ground accidents per reactor-year. If TMI itself is assumed to be

a representative accident of this class, multiplying by the bounds above for

fatalities in TMI gives 1 x icH* to 4.4 x 10~3 latent cancer fatalities per

reactor-year. This is better than an order of magnitude less than the

estimated contribution of catastrophic accidents. It should be recognized, of

course, that any assumption as to whether the single TMI event is in

fact representative of what may be expected during 200 reactor-years suffers

from the statistical difficulties described in the previous section.

3.2 LONG-TERM EMISSIONS OF RADON-222

Radon (Rn) is a noble gas like neon, argon, krypton, and xenon. Under

normal conditions noble gases do not react chemically and alwavs remain as

gas. Gases tend to escape into the- atmosphere and thus may represent a health

hazard via the atmospheric pathway. When radioactive noble gases decay, their

daughters become suspended particles which can expose humans either by

inhalation or after deposition. There are three isotopes of radon involved in

nuclear fuel cycles: (a) Rn222 in th e U
23** decay chain, (b) Rn^9 ±n tf,e

U 2 3 5 chain, and (c) Rn220 in the Th232 chain. Because of the very short

half-lives of the second two, their health effects are minute compared with

those of Rn222. Only Rn222 is discussed here.

Given that its half-life is only 3.8 days, what distinguishing

characteristics of Rn222 make it of special concern? There are two parts to

the ansver, one involving the precursors to Rn222, the other its own

daughters.

Some Rn222 precursor radioruclides (Ra226, rr'.'!30, U234, and U238) have

very long half-lives. These radionuclides eventually decay through Rn2^2
 n o



matter what man does, but undnr normal conditions only a small amount of the

gas reaches the atmosphere, giving rise to a small natural background of

radon-222 and its daughters. By uranium mining and milling, man enhances the

probability that radon will reach the atmosphere. Enhanced emission can

continue long after the mining or milling activity attributable to a given

unit of useful energy has ceased.

The second salient characteristic of radon-222 (distinguishing it from

most fission products) is that its decay products are also radioactive. Even

though R n " 2 itself has a short half-life, ramifications of its release

linger. In effect, gaseous radon mediates the introduction of radioactive

daughter products into the environment. P b ^ ^ , one of the daughters, has a

half-life of about 20 years. Radon daughters can be inhaled if suspended (or

re-suspended) in air or ingested if deposited.

To assess the health effects of long-term radon releases one must

consider three broad factors: (1) magnitude of the release, (2) release-dose

pathway, and (3) dose-response function. The following paragraphs give

current estimates of these factors and evaluate net health effects. The

short-term enhancement of radon release during active uranium mining and

milling is not discussed.

Standards have recently been proposed limiting release of radon-222 from

inactive mill tailings; these convert to ~ 0.645 curies per gigawatt-year

annually. No standards exist for abandoned open pit mines. A recent

assessment for mines in the Casper, Wyoming, area gave results equivalent to

~36.34 Ci/GW-yr/yr (NRC, 1979:6-74). Weighting by an assumed market share —

relative to underground mines — of 30% gives 10.9 Ci/GW-yr/yr. The sum is

11.55 Ci/GW-yr/yr. These numbers apply only to release rates in the near
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term, not geological time periods. The abandoned uranium open-pit mine

contributions dominate the sum. Thus it would appear that the contribution of

such sources should receive greater attention, relative to mill tailings, than

is currently the case.

The population release-dose factors (population dose per unit emission)

used here are from Gotchy (1978). The 100-year organ dose commitments are

0.026 person-rem/Ci whole body, 0.56 person—rem/Ci lung; and 0.68

person-rem/Ci bone. The model used in this reference corresponds to a U.S.

population of 300 million. Health effects for the U.S. would be 85% of the

total for North America and about 65% of the global total. Thus results here

would have to be increased by 50% to scale to global effects.

In evaluating the lung and bone cancer incidence, 5-year relative

survival rates of 8 and 35% respectively were used in combination with the

mortality figures. The source term, release-dose, and dose-response factors

were combined to estimate health effects; the results are presented in Table

13. Although annual effects are low, th? effects of a single GW-yr production

continue into the indefinite future.

There is substantial agreement within the scientific community regarding

the general magnitude of effects summarized in the table. Controversy over

the impact fvom mill tailings has stemmed almost entirely from differences

over how 1'jng into the future to project effects. Some assessments *ave

arbitarily terminated effects after 50 years, while others have summed the

effects through the decay of the last atom of \j2.3&t a period literally

billions of years long. The former calculation predicts minuscule effects;

the latter, very large impacts.
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Table 13
Human Health Effects from Radon-222 and Daughters,

Stabilized Mill Tailings and Inactive Open Pit Mines (U.S.)

Absolute
Effect (per GW-yr per yr)* Organ Dose Model

Cancer whole body 0.30 3.7 10~5
mortality

lunga 6.47 2.5 10"4

bone 7.85 6.1 10"5

Cancer whole body 0.30 1.2 10~4

incidence
lunga 6.47 2.8 10"4

bone 7.85 9.3 10"5

Genetic effects whole body 0.30
First generation 2.1 - 36 x 10~6

Equilibrium 1.1 - 28 x 10~5

*Calculated by Nagy from data of BEIR (1979); Fed. Reg. (1979); Gotchy
(1978); RSS (1975); NRC (1976, 1979); Sears et al. (1975); Parsont
(1979).

aBronchial epithelium.

Effects expressed on an annual basis are far smaller than those from

many commonly accepted risks: it can be calculated that the mill

tailings from a gigawatt-year of electricity production would, on the

average, expose any future individual in the U.S. to an increased risk of

cancer death ranging from 3.7 x 10"11 to 1.7 x 10~10. Yet this low rate

represents a societal commitment to a number of cancer deaths that will

be large if there exists an appreciable population to be exposed over the

entire period. In effect, the question is a matter of public policy;

there is no purely scientific criterion for acceptability of risk.

3.3 IMPLICATIONS OF BEIR 1980 REPORT

An acute dose of ~ 500 rad of radiation** is likely to be lethal if

the exposed individual does not receive medical treatment. Five rad per

**A11 exposures in this section are dose to the whole body.
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year is the limit allowed workers in radiation-related Industry. One hundred

millirad per year (1 millirad = 1/1000 rad) is about the level of exposure of

an average American from natural sources. The highest exposure allowed to any

individual of the general public residing near a nuclear facility is 5

millirad per year above the approximate 100 millirad from background.

Small doses of radiation (e.g., < 10 rad) or larger doses administered at

low dose rates do not produce acute effects. (As a point of reference, it is

estimated that the maximally exposed private citizen at Three Mile Island

received on the order of 100 millirad spread over about a week.) Small doses

are believed to increase the chance of a person's developing cancer later in

life. The exact value of that increase is extremely difficult to determine.

At low doses, effects are small compared to a large background of cancers

unrelated to radiation but indistinguishable from radiation-induced cancer.

Both ;he masking effect of this background and the statistical problems of

distinguishing extremely low-probability events have immeasurably complicated

the study of populations exposed to low-level radiation. Results from studies

of populations exposed to higher doses (e.g., atomic bomb survivors and

persons receiving medical doses of radiation) involve uncertainty in

extrapolation to low dose. The latter have nonetheless been the primary

source of dose-response functions for estimating effects of low-dose

exposures. Animal studies have been useful, not for quantifying dose-response

functions but for gaining knowledge about the mechanisms of careinogenesis —

supporting extrapolation of human data beyond what would otherwise be prudent.

The basis of most national and international thinking on appropriate

means to estimate effects of low-level radiation has been the reports of the
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Committee on the Biological Effects of Ionizing Radiation of the National

Academy of Sciences (BEIR) and of the United Nations Scientific Committee on

the Effects of Atomic Radiation (UNSCEAR). Following an extended study, the

BEIR Committee has recently published a new report reviewing present knowledge

of radiation-induced cancer (BEIR, 1980). Despite the fact that BEIR's charge

was to estimate effects of low-level radiation, the committee felt the state

of knowledge precluded endorsing application of its results to doses below 1

rad/year. Nonetheless, the BEIR report has traditionally been the source of

dose-response information for estimating effects of low-level exposures.

For low-LET* (gamma and beta) radiation the committee considered three

models (function shapes) — linear, purely quadratic, and linear with

quadratic terms. Each is a special case of the general curve shape (see

Figure 10) given by the formula:

2 = (ao + aiD + aiD
2) exp (-

where E is the incidence of effects at dose D and the other terms are

empirical constants. Table 14 illustrates — as an example only —

curve-fitting results of BEIR (1980) for the three forms considered, and

Figure 11 is indicative of the corresponding linear fit. Dose-response

results are presented in Table 15. All models used a linear, no-threshold

response to high-LET radiation (protons, neutrons, alpha particles, etc.).

Introduction of the quadratic and linear-plus-quadratic models is a

departure from past reports of either BEIR or UNSCEAR, which have assumed a

linear model, although UNSCEAR (1977) indicated low doses are likely to be

less effective per rad in producing cancer than higher doses. When compared

*LET = linear energy transfer (ionization energy per unit path length).
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Figure 10. General functional form for radiation dose-effect relationship.
Curves discussed in the text may be viewed as special cases of this
relationship. Source: BEIR (1980:28).

with the 1972 BEIR estimates, the effect is to decrease the lower boundary of

the range of effects from different models. Given the uncertainty inherent in

these extrapolations, this extension of range should have little effect on

calculated estimates.

There are in addition two different approaches to calculation of

dose-response. The absolute risk method assumes a constant excess risk per

unit of exposure, independent of the background or spontaneous cancer rate.

The relative risk method assumes the risk following radiation exposure is

proportional to the spontaneous cancer rate, which increases with age for

nearly all cancers. BEIR (1980) reviews some of the epidemiological data

favoring the use of the absolute risk model but then makes calculations using

both models. This report follows the example of the United Nations Scientific
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Figure 11. Dose-response plots and fitted linear regressions for incidence
of cancer, except leukemia and bone cancer, Nagasaki. From Hiroshima and
Nagasaki Tumor Registry, 1959-1970. Source: BEIR (1980:240)

Table 14
Nagasaki Tumor Registry Regression Analyses

1959-1970 (Major Sites, Excluding Lei'cemia and Bone Cancer)*

Model (Equation)
Coefficient + Standard Deviation

ai a2

Goodness of Fit
X2, df (p)

Linear + quadratic

Linear

Quadratic

3.34 + 1.00

9.20 + 2.24

**

0.042 + 0.015

4.9 6 (0.56)

3.7 6 (0.72)

6.2 6 (0.40)

* Source: BEIR (1980:241).
**In the linear + quadratic model, the coefficient for the square of gamma
dose is assumed to be equal to 0.0086 times the value of aj_.
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Table 15
Estimated U.S. Excess Mortality, All Forms of Cancer, from
10 Rad of Low-LET Radiation (Deaths per Million Persons)*

LOW-LET
Dose-Response

Model

Quadratic
Linear + quadratic
Linear

*Source: BEIR (1980:263).
Note: Applies to U.S. population 1969-1971.

Absolute Risk
Projection Model

95
766

1671

Committee on Effects of Atomic Radiation (UNSCEAR, 1977) and the International

Commission on Radiological Protection (ICRP-26, 1977) and uses only the

absolute risk model as favored by the weight of evidence.

An important change compared with BEIR (1972) was the decision to abandon

statistically unreliable relative risk estimates used in the earlier report

for children exposed under 10 years of age. This decision was taken in the

light of more recent data from studies of the atom bomb survivors, which fail

to suggest increased cancer incidence commensurate with a constant relative

risk for the age 0 to 9 cohort (BEIR, 1980:247). This results in a lowering

of the upper bound of the relative risk estimates. UNSCEAR (1972) gives much

more critical attention to the applicability of relative versus absolute

models. UNSCEAR (1972:403) states, "Once the association is accepted as being

causal, absolute risk is a better index of the impact..." This approach is

continued in UNSCEAR (1977), which presents dose-response coefficients only in

terms of absolute risk, consistent with most of the data for which a causal

relationship between radiation and carcinogenesis has been established.
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4 RENEWABLE ENERGY TECHNOLOGIES

NEP-II emphasizes development of renewable energy sources as a mid-range

and long-range priority. Accordingly, they are reviewed briefly here to

provide a general framework for further, more detailed consideration.

Many renewable energy sources are relatively benign with respect to

direct public health impacts because their normal operation produces no

pollutants. Solar devices of all kinds, including wind and ocean thermal

devices, fall in this category as do many other renewable technologies not

involving combustion. For this reason, comparisons of renewable energy

sources with conventional energy sources often tend to show renewables as

having no impacts at all.

Because renewable energy sources are more diffuse than conventional

sources, however, they use more materials and labor per unit of energy

delivered. Their occupational health impacts therefore tend to be

significantly different, not only for direct fabrication and construction of

the devices themselves, but also in the materials supply sectors required to

support them.

Several researchers (Caputo, 1977; Inhaber 1978, 1979; Herrera, 1977;

Holdren et al., 1980) have attempted to assess the relative impacts of

renewable technologies by including the impacts of materials supply. Among

the many difficulties and conceptual problems associated with this method are

differences in availability of data for the technologies being compared and,

given the complex interrelationships among the many sectors of a complex

economy, the necessarily arbitrary decision on where to draw a boundary

between activities that are properly attributed to the technologies and those

that are not (Holdren et al., 1979 A, B; Caputo, 1979; AECB, 1978; Lemberg,
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1979; Rogers and Templin, 1979). Differences in availability of data among

the technologies sometimes force researchers to make speculative assumptions

and substitutions to generate the same level of information on each

technology. Results can be more sensitive to the differences in assumptions

than they are to differences in technologies (Holdren et al., 1980). The

results reported here were based on a method designed specifically to address

the above-mentioned problems (see supplementary report — Rowe and Groncki,

1980). It uses a single set of coefficients for all technologies, and it

estimates both direct and system-wide impacts over the entire U.S. economy.

Table 16 summarizes direct and system-wide occupational health and safety

impacts of 12 renewable energy technologies. Table 17 presents a

representative coal-steam electric fuel cycle for comparison. Rounded to two

digits, direct impacts range from 45 worker-days lost per 10*2 Btu for wood

pyrolysis to 630 for residential wind electricity generation, while

system-wide impacts range from 78 worker-days lost for wood pyrolysis or

sludge digestion to 1200 for residential photovoltaics or residential wind

with battery storage. Although wood pyrolysis is among the least costly in

terms of total occupational health impacts, it is the most risky with respect

to worker safety (WDL/P-yr). The safest technology for individual workers is

residential photovoltaics, which has high total impacts because of a large

work force.

Only three of the renewable technologies have fewer impacts per unit

output than the representative coal fuel cycle, and only one has a lower

individual risk. In general, as expected, the renewable technologies have

higher impacts because they are more material- and labor-intensive per unit

output. It is surprising, however, that residential photovoltaics, with the
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Table 16
Direct and System-wide Occupational Health Risks of

Renewable Energy Technologies*

Technology

Central station photovoltaics
Central station wind
Anaerobic sludge digestion
Wood pyrolysis
Passive solar heating
Active solar heating
Active iolar hot water
Active solar heating &

cooling
Active solar process heat
Residential photovoltaics
Residential wind
Residential wind with

battery storage

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

Labor

100 P-yr;

Illness & Accidents

Worker-days lost
1 (a)

Direct

1.5
1.1
0.58
0.25
0.72
1.8
1.6

2.5
1.6
8.1
5.3

6.6

110
120
58
45
64
170
150

220
150
610
630

610

Systemwide

2.7
2.0
0.83
0.55
1.4
3.7
2.2

5.2
2.9
15
10

13

210
200
78
78
110
330
210

450
250
1200
1000

1200

(b)

75
120
100
180
89
95
97

88
94
75
120

93

79
100
94
140
83
89
92

85
89
78
100

88

Fatalities

(a)

0.013
0.0097
0.014
0.0018
0.0080
0.024
0.034

0.031
0.021
0.11
0.046

0.055

0.023
0.018
0.017
0.0047
0.015
0.044
0.041

0.057
0.033
0.17
0.087

0.11

(b)

0.0086
0.0090
0.024
0.0072
0.011
0.014
0.021

0.012
0.013
0.013
0.0087

0.0083

0.0086
0.0089
0.020
0.0085
o.oi:
0.012
0.018

0.011
0.012
0.012
0.0086

0.0084

*Source: Rowe and Groncki (1980).
a = per 1 0 ^ Btu output
b = per 100 person-year (P-yr)
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Table 17
Direct and System-wide Occupational Health and Safety Impacts of a

Representative Coal Fuel Cycle*

Impacts

Direct
Eastern strip mine
Mixed coal train
Coal-steam power plant
SOT scrubber

Labora

100 P-Yr

0.16
0.13
0.19
0.28

Accidents8

WDLb

12
12
20
14

Fatalities21

0.0026
0.0020
0.0027
0.0017

Relative
Risk

WDL/100 P-Yr

74
94
100
51

TOTAL

System-wide

Eastern s t r i p mine
Mixed coal t r a in
Coal-steam power plant
SC>2 scrubber

TOTAL

0.76 58 0.0090 76

*Source: Rowe and Groncki (1980).
a = per 10 1 2 Btu output.
bWDL = Worker-days lost.

0.43
0.30
0.48
0.72

1.90

39
31
48
55

173

0.0083
0.0066
0.0074
0.010

0.032

90
100
100
76

90

greatest system-wide risk, has an individual risk less than that of the coal

fuel cycle. As pointed out above, the difference is in the numbers employed

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 digestion, and passive solar domestic' heating.

Impact estimates for the first two probably are artificially low because

they do not include end-use devices. Passive solar heat, however, is used

directly; this technology probably stands alone as safest with respect to
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occupational health impacts. The highest impact category includes residential

photovoltaics and wind systems, with or without battery storage. These

technologies are highly labor- and materials-intensive per unit ene'gy

delivered. The remaining technologies fall in 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

merely a small increase in materials required for passive 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.

Some care must be u od when employing data presented here, since not ail

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

digestion produce gas, and jnd-use devices to burn gas are not included here.

This partially explains why these technologies show such low impacts. Many

solar technologies produce relatively low-grade heat which is used directly.

The remainder produce electricity., which must be converted in an end-use

device.

A strict comparison amo-ng such technologies would require conversion to

the same energy form or substitution for the same end-use. Thus electricity

could be converted to heat for comparison with solar thermal applications.

The products of technologies included in this assessment, however, are poor

substitutes one for another and unlikely to be used in similar applications.

Even conversion of electricity into heat, although possible, would normally be
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less advantageous than a number of alternatives. Therefore, no attempt has

been made here to impose arbitrary substitutions that might misrepresent the

realistic impacts of these technologies.

A comparison of the direct impacts of these technologies with the

system-wide effects that reflect indirect support technologies distributed

throughout the economy shows that 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 (1980), who finds that total energy requirements for

producing solar energy devices are a significant portion of their direct

energy production. Much of this primary energy consumption is use of coal by

the steel industry.

One must keep in mind that the calculations of this section deal only

with occupational impacts. Since air pollutants with potentially important

public health significance are emitted during operation of some renewable

energy technologies (direct) and in the manufacture of others (system-wide),

for true perspective in comparing such technologies either among themselves or

with other energy technologies, public health impacts must also be considered.
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