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1 INTRODUCTION

Risk assessment can be defined broadly as the process of developing qualitative
and quantitative information on the health, safety, and environmental risks of
technological systems, which can then be weighed against the perceived benefits of the
systems. Through a variety of direct and indirect legal, institutional, and economic
mechanisms, societies use these assessments to accept or reject deployment of these
systems or to place constraints on their operation. Many examples exist of the
constrain!:: societies have placed on technologies, based on evaluations of associated
risks. These examples range from limits on the speed at which automobiles are driven
and constraints on the use of pesticides, to requirements for elaborate safety devices for
nuclear power plants.

Three conceptually different, but interrelated, processes of risk assessment and
their contribution to public decision making are discussed in this paper. These processes
and their interrelationships are illustrated using applications to the risk assessment of
energy systems.

At the most comprehensive level of technology assessment, illustrated in Sec. 2,
the cumulative risks associated with a range of energy technology alternatives are
estimated. These assessments provide input to decisions to continue or redirect research
and development of these technologies.

Another major focus of risk assessment is the detailed evaluation of more
narrowly defined risks, such as those associated with a single pollutant or activity that irf
part of the overall technology. These component risk assessments, illustrated in Sec. 3,
support the broader technology assessments and also provide input to decisions on the
need to prescribe specific controls on the source of the risk under consideration.

As the level of scientific and public awareness of the range of hazards presented
by an increasingly technological society continues to expand rapidly, the ability to
accurately quantify all identified potential risks decreases. Thus, the need is growing for
procedures to set priorities in choosing to conduct certain resource-extensive technology
assessments or component risk assessment;1. Section 4 discusses a priority-setting, or
degree-of-hazard, screening procedure being used at Argonne National Laboratory to
support more quantitative risk assessments.

2 COMPARATIVE ASSESSMENTS OF ENERGY TECHNOLOGIES

As an example of the application of risk assessment at the broadest level used
for decision making on major technology alternatives, an overview is provided of a study



conducted at Argonne National Laboratory to evaluate the health and safety risks of
seven electrical generation systems having potential for deployment after the year
2000.* The systems were compared on the basis of expected public and occupational
deaths and lost workdays associated with average generation of 1000 MW(e) per year.
Risks and associated uncertainties were estimated for all phases of the energy production
cycle, including the risks of direct and indirect component manufacture and materials
production and energy inputs, all of which are major contributors to the risks of the more
capital intensive solar technologies. The potential significance of the major health and
safety issues that remain largely unquantifiable is also considered.

The technologies assessed included (1) a light-water fission reactor system
without fuel reprocessing (LWR), (2) a low-Btu coal gasification system with an open-
cycle gas turbine combined with a steam topping cycle (CG/CC), (3) a liquid-metal fast
breeder fission reactor system (LMFBR), (4) a central-station terrestrial photovoltaic
system (CTPV), (5) a decentralized "roof-top" photovoltaic system with a 6 kW(e) peak
capacity and battery storage (DTPV), (6) a satellite power system (SPS) having a large
array of photovoltaic collectors in earth orbit and using a microwave beam to direct
electrical energy to a terrestrial antenna, and (7) a first-generation fusion system
(Fusion) with magnetic confinement. Table 1 gives the basic design parameters for the
seven systems.

Detailed descriptions of the alternative generation systems were compiled on a
consistent basis for comparison. ' The design of the coal system with low-Btu
gasification was based on an SO2 emission factor of 86 kg SO2/10 J for gas or 140 kg
SO2/IO J for coal. The light-water reactor considered was typical of U.S. commercial
designs using enriched uranium without reprocessing. The fusion system was based on a
preliminary design using a tokamak reactor with a deuterium/tritium fuel cycle. Silicon
photovoltaic cells, at an array cc<. of $35/m , were assigned to each of the solar energy
systems. The design of the decentralized solar energy system included 20 kWh(e) of
storage capacity and advanced lead-acid batteries with a 10-year lifetime. System
storage and utility system backup were not included for any of the other systems.

From the technology characterizations and other related information, all major
known and potential health and safety issues that could be unambiguously defined and
d -.cussed were identified. Each segment of the energy cycle was considered, including
component fabrication, plant construction, "uel extraction and processing, operation and
maintenance, and waste disposal. Table 2 summarizes estimated fatalities per year per
1000 MW(e) of average generation.

A range of estimated impacts was included in each quantification, reflecting the
uncertainty associated with the magnitude of impact. For some potential health and
safety issues, it was not possible to provide any quantification. Estimation of risk
magnitudes for these issues was limited to qualitative discussion of potential severity cr
possible mechanisms for occurrence of the risk because of a lack of information in such
areas as dose-response relationships at low-dose levels, siting patterns, populations
exposed, uncertainties regarding probability of event occurrence, and characterizations
of advanced technologies.

Compared to the more conventional coal and fission technologies, the advanced
solar and fusion technologies present a tradeoff between reduced fuel requirements and



higher initial capital and construction requirements. Furthermore, the industries
producing the energy system components in turn require certain commodity inputs (e.g.,
copper for electrical equipment), and the risks associated with the production of these
indirect requirements must be considered in the overall risk analysis.

The analysis indicated that for every $10 of direct industrial output required to
supply system components to each of the energy systems considered, a combined indirect
output of $0.5-0.9 x 10 is required from other industries.

The procedure for estimating direct and indirect occupational risks of commodity
production contains various uncertainties, including use of U.S. Bureau of Labor
Statistics data for occupational injury and illness. Although these data are considered
the best available for these factors, they reflect large error bounds because of
underreporting and misdiagnosis. In particular, these statistics do not adequately reflect
chronic disease. Other areas where large uncertainties may exist include the use of the
historic input-output structure of the economy to estimate indirect requirements for
facilities to be constructed after 2000, plant construction requirements, potential
changes in employee productivity, and potential changes in risk levels per worker.

Table 2 does not include the risk from production of energy used in component
manufacturing. The electrical energy requirement for direct and indirect component
manufacture for the coal and nuclear systems is equivalent to a small fraction of the
equivalent energy produced in one year of operation of those systems. On the other
hand, the input energy for component manufacture for the centralized and decentralized
photovoltaic systems is equivalent to 2.8 years and 6.5 years of output, respectively,
from these systems. These large "energy-payback-time" estimates can in large part be
attributed to the electrical energy requirements for production of silicon photovoltaic
cells. The risks associated with production of this quantity of electrical energy are
highly dependent on the generation technology assumed.

Of the various systems considered, the coal technology has the largest overall
quantified risk, primarily due to coal extraction, processing and transport, and air-
pollutant emissions, although large uncertainties remain in the actual effect of the air
pollution, as is discussed in the following section. The decentralized photovoltaic system
has large associated risks because of the large labor and material requirements of small,
dispersed units. The quantified risks from the remaining technologies (fission, fusion,
satellite, and centralized terrestrial photovoltaic) are comparable, within the range of
quantified uncertainty. The occupational risks for component production, both direct and
indirect, are a substantial fraction of the total risks, but particularly for the advanced,
capital-intensive solar and fusion technologies. The energy requirements for component
production can also be associated with substantial risks, depending on the source of
energy.

Table 3 lists the potentially major issues not quantified in this study. Of
potential significance as far as public acceptance of new energy systems, but not
included in the quantification, is the possibility of catastrophic incidents associated with
the fission and fusion systems. Unique unquantified issues of concern also exist for the
satellite system related to the use of microwave transmission of energy and extensive



space travel. For each of the energy technologies, the long-term impact of by-product
waste disposal remains largely unqualified.

In general, the more defined technologies (e.g., CG/CC and LWR) have more
quantifiable risks and fewer unquantifiable risks. The opposite is true for the less-
defined technologies (e.g., fusion and SPS). Table 3 does not rank the unquantified issues;
however, the potential for radiation release from fission is probably greater than that
from fusion, for example.

3 RISK ASSESSMENTS OF TECHNOLOGY SYSTEM COMPONENTS

An objective of the overall technology assessments of the sort illustrated in Sec.
2 is identification of the system components that contribute significantly to total risk. A
frequent sequel to this type of assessment is the more detailed evaluation of major risk
components, including the development of a more complete understanding of the
uncertainties. Depending on the setting for the analysis, this more detailed component
risk assessment can be used, for example, to develop regulatory guidelines, to obtain a
better understanding of the source of risks, or to establish the need to consider other
overall technology systems.

Detailed assessments of narrowly defined components of technology risk (e.g.,
from a single pollutant or waste stream) are also frequently called for in the face of
large cumulative risk from many sources. However, a potential problem with isolated
component risk assessments within an overall system is that reduction of one risk (e.g.,
air pollutants) may exacerbate other risks (e.g., solid waste disposal). It is frequently the
case, therefore, that regulatory mechanisms require individual consideration of many
potential risk components.

This section illustrates a risk assessment constrained to consider a narrow
component of the overall risks of a nuclear-fueled electrical generation system. The
risks evaluated were those associated with the atmospheric release of coal-combustion
particulates from a power plant supplying the electrical energy required to produce the
annual average nuclear fuel requirements of a lOOO-MW(e) light-water reactor. This
case study is a clear example of the utility of risk assessments in regulatory proceed-
ings. The results of the analysis, which were in response to a legal ruling, were presented
as part of the public testimony regarding the licensing of the Harris nuclear power plant
in the U.S.

The exposure analysis conducted in this risk assessment included characterizing
the particulate emissions from three existing coal-fired power plants generating
electricity for use in uranium gaseous diffusion plants. A dispersion model was used to
estimate resulting ambient concentrations of particulates within an 80-km radius of the
emission source. Population exposures from these concentrations were based on the
surrounding population distributions obtained through the U.S. Bureau of the Census. The
ambient concentrations of those particulates associated with production of fuel for the
reference power plant were estimated to be less than 0.015 ym/m for the annual average
and less than 0.75 yg/m for the 24-hour maximum.



Various morbidity and mortality health outcomes from the population exposure
were considered, including both chronic and acute effects.* Data from respiratory
disease incidents and hospital respiratory disease emergency admissions ' were the basis
for morbidity health effects analysis. For chronic morbidity, data on chronic respiratory-
disease prevalence were considered, ' but were determined not to be applicable to the
conditions present in this case study.

To quantify the acute and chronic exposure mortality effects of airborne
particles, mortality coefficients derived from time-series and cross-sectional analysis
reported by Harvard University ' and Mathtech, Inc., were chosen. In addition,
upgraded cross-sectional mortality analysis was analyzed using the 1980 census and vital
statistics data in conjunction with data for the same period on fine particles with
aerodynamic diameters smaller than 2.5 ym.

Table 4 gives the range of estimated cumulative health effects within the 80-km
radius. Both in terms of absolute numbers and in terms of relative proportions compared
to baseline health impacts in the areas analyzed, the projected impacts are very small.
Furthermore, the concentrations and health impacts are so small that they could not
even be detected with state-of-the-art monitoring, survey-design, and analysis
techniques.

Although the assessment was limited to a very narrow issue, it illustrates a
direct application of risk assessment in formal regulatory proceedings. In this and other
similar applications, careful analysis and clear interpretation of levels of uncertainty are
needed to avoid misuse of the results.

4 PRELIMINARY DEGREE-OF-HAZARD EVALUATIONS

Ideally, detailed risk assessments that include quantitative evaluation of
uncertainty levels should be performed for each risk component of any energy (or other
technological) system being considered as an alternative for introduction or increased
deployment. Section 4 discusses a proposed procedure for preliminary hazard evaluation
for use in situations where more detailed and quantitative evaluations of risk components
are not feasible for various reasons.

Such comprehensive risk assessments are not feasible, for example, when many
potential risk components have been identified and the requisite resources and data are
not available to evaluate each one in detail within the required time limit. This situation
clearly exists with regard to the chemical by-products produced in modern technical
societies. The number of such by-products is rapidly increasing, and the growing
awareness of the potential risks at chronic low levels of exposure requires evaluation of
pollutants formerly thought to be of little concern.

*Acute (respiratory) morbidity indicates short-term illnesses such as pneumonia,
influenza, and common coughs, while chronic (respiratory) morbidity indicates persis-
tent long-term illnesses such as chronic bronchitis, bronchial asthma, or other
obstructive lung disease.



With respect to energy systems, a new class of trace organic and inorganic
pollutants, as well as their transport in air, surface waters, groundwaters, and soil media,
has been the subject of intense investigation. Because of the large number of these
potentially harmful pollutants, a procedure was needed for initial ranking of substances
on the basis of limited, but readily accessible, information. With such a procedure,
resources for detailed studies could be allocated to the substances that are most likely to
pose the greatest health impact. These substances will have the greatest probability of
future requirements for regulation or testing.

To meet this need, the Multi-Attribute Hazard Assessment System (MAHAS) was
developed by Argonne National Laboratory. It assigns the degree of hazard associated
with multi-constituent waste streams produced by various energy technologies. The
waste stream degree of hazard (DOH) is based on the toxicological and physiochemieal
properties of each stream's constituents. MAHAS first calculates the DOH of
constituents using a scoring procedure that considers available information on the
following six factors: oncogenicity, mutagenicity, reproductive and developmental
toxicity, acute lethality, effects other than acute lethality, and bioaccumulation.

MAHAS then develops scores for each of these factors based on 5 to 13 criteria
selected on the basis of judgments from experts in relevant disciplines. The criteria fur
oncogenicity are given, as an example, in Table 5. An artifact of this system is that
chemicals about which little is known will have low DOH values. To compensate for this,
the "no data" entries for each chemical are flagged. The number of flagged entries is
then used as a measure of the uncertainty of the DOH for a given constituent.

MAHAS then calculates the DOH of a constituent by proceeding through three
levels, beginning with the most detailed level and aggregating at successive levels to
provide a final score for each substance. The most detailed level scores substances on
each of the six factors. At the second level, the scores of closely related factors are
combined into group scores. For example, oncogenicity and mutagenieity are combined
to form the Carcinogenicity Group, while acute lethality and effects other than acute
let'iality are combined to form the Toxicity Group. Finally, the group scores are
eo nbined to give the overall DOH of the constituent.

The final step in a MAHAS analysis is to determine the DOH for a mixture of
waste-stream constituents. However, few data exist on the toxicity of various waste
streams or chemical mixtures. Furthermore, little quantitative information is available
on the potential interactions among waste-stream components. For these reasons, the
effects of such waste-stream constituents are assumed to be additive, with a weighting
based on the mass fraction of each constituent.

An inherent aspect of any risk or DOH assessment is the need to use large
amounts of data. The information necessary to complete a MAHAS analysis can be
gathered from seven basic references. Toxicological information and some physical and
structural properties are obtained from the Toxicological Data Bank. The status of
compounds within the National Toxicological Program (NTP) is available from the NTP
Carcinogenesis Testing Program list of chemicals on standard protocol16 or NTP's annual
plan. The state of the matter (solid, liquid, or gas) and its vapor pressure are obtained
either from the Merck Index1^ or the CRC Handbook of Chemistry and Physics,19 while
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octanol/water partition coefficients are from Leo et al. Waste-stream data can be
obtained from many sources; however, much of this information is from the U.S.
Environmental Protection Agency's waste-stream data base.

Currently, information is available on more than 200 waste steams; physio-
chemical and toxicological data are available on over 100 chemical constituents. These
data have been computerized to facilitate rapid analysis of a given waste stream.

Table 6 illustrates DOH scores obtained using the MAHAS procedure for selected
waste streams, including several related to energy technologies. Such results have been
used at Argonne National Laboratory to provide direction concerning development of
detailed risk assessments for a much narrov range of waste streams. Also, an earlier
version of MAHAS dealing with inhalation routes only has bsen used by the U.S.
Environmental Protection Agency to identify toxic air pollutants for further review as a
possible prelude to regulatory actions.

However, results such as those illustrated in Table 6 have limited usefulness in
public debates on the need for regulatory action or the selection of alternative
technologies on the basis of risk. The level of uncertainty associated with relative
rankings provided by the MAHAS procedure can only be discussed qualitatively. MAHAS
is best applied in support of the detailed assessments discussed in Sees. 2 and 3.

5 SUMMARY AND CONCLUSIONS

The appropriate approach to risk or hazard assessment can vary considerably,
depending on various factors, including the intended application of the results and the
time and other resources available to conduct the assessment. This paper illustrates
three types of interrelated assessments. Although they can be mutually supportive, they
have fundamentally different objectives, which require major differences in approach.
The example of the overall risk assessment of alternative major energy technologies
illustrates the compilation of a wide range of available risk data applicable to these
systems. However, major uncertainties exist in the assessments, and public perception of
their importance could play an important role in final system evaluations.

A mjre narrowly defined risk assessment, often focusing on an individual com-
ponent of a larger system, is the most commonly used approach in regulatory applica-
tions. The narrow scope allows in-depth analysis of risks and associated uncertainties,
but it may also contribute to a loss of perspective on the magnitude of the assessed risk
relative to that of the unassessed risks.

In some applications, it is useful to conduct semiquantitative degree-of-hazard
evaluations as i means of setting priorities for detailed risk assessment. The MAHAS
procedure described in this paper provides a means of rapidly ranking relative hazards
from various sources using easily accessible data. However, these rankings should not be
used as definitive input for selecting technology alternatives or developing regulations.
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TABLE 1 Major Characteristics of the Seven Electrical Generation Technologies

Characteristic LWR CG/CC LMFBK CTPV DTPV SPS Fusion

Unit capacity (MWe)

Total direct commodity
cost per unit ($10 ) a

Average annual load
factor (%)

Indirect capital cost
per unit ($106)b

On-site construction
labor per unit (10
person-hr)

1250 1250 1250

333.7 356.2 535.2

70 70 70

1 9 7 . 1 1 3 2 . 7 2 6 2 . 6

13.1 15.2 14.5

200

90.1

25.8

20.0

1.7

0.0006 5000 1320

0.00717 13,421 1253.8

12.2 90

0.6 x 10 6 c

70

628.6

22.1

aOelivered costs for components, structures, and materials. Land and labor costs excluded,
alues are given in 1978 dollars.

Temporary site construction facilities, payroll insurance and taxes, and other construc-
tion services such as home and field office expenses, field job supervision, and
engineering services. Specifically excluded are fees for permits, taxes, interest on
capital, and price escalation. Values are given in 1978 dollars.

cReceiving antenna -- 15.0; construction in orbit — 0.7; launch-area maintenance — 4.2;
and launch-area operations — 2.8.



TABLE 2 Summary of Quantified Average Fatalities per Year per lOOO-MW(e) Generation, 30-Year Plant
Lifetime

Coal
Characteristic LWR (CG/CC) LMFBR CTPV DTPV SPS Fusion

Total 0.26-1.4 6.6-79 0.24-1.1 0.43-0.73 1.92-4.4 0.26-0.67 0.22-0.44

Population
affected

Public 0.03-0.18 5.4-76 0.03-0.18 Ua U U 0.0001
Occupational 0.24-1.2 1.3-3.1 0.21-0.94 0.43-0.73 1.92-4..^ 0.26-0.67 0.22-0.44

Impact period
Manufacture and 0.10-0.16 0.11-0.18 0.12-0.20 0.31-0.55 1.04-1.94 0.19-0.55 0.16-0.38
construct)on

Operation and 0.16-1.2 6.5-79 0.12-0.92 0.12-0.18 0.88-2.45 0.07-0.12 0.03-0.06
maintenance

impact .ause
Accidents and 0.21-0.67 6.6-79 0.17-0.51 0.43-0.73 1.9-4.4 0.26-0.67 0.22-0.44
nonradialion
disease

Radiation 0.05-0.70 0.0023 0.07-0.61 U U U U

aU — Unknown or negligible.

Total impacts averaged over 30-year plant lifetime.



TABLE 3 Potentially Major Unquantified Issues

Solar technologies (CTPV, DTFV, SPS)

Exposure to emissions associated with
the production of photovoltaic cells

Exposure t hazardous wastes from the
disposal or recycling of photovoltaic
cell materials

Chronic low-level exposure of large
populations to microwaves (SPS only)

Crash of space vehicle into an urban
area (SPS only)

Exposure to emissions from launch
vehicles (SPS only)

Nuclear technologies (LWR, LMFBR, fusion)

Major public radiation exposure related
to system failure

Occupational exposure to chemically
toxic materials that are part of the
fuel cycle

Diversion of fuel or by-products for
military or subversive uses (LWR and
LMFBR only)

Liquid-metal fire (LMFBR and fusion only)

Coal technologies

Long-term effects of COp emissions

All technologies

Long-term effects of by-product solid
wastes
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TABLE 4 Uncertainty Limits (95% confidence) for the Pro-
jected Health Effects from Combustion Particulates from a
Coal-Fired Power Plant Providing the Electiical Energy
Required to Produce Fuel for a lOOO-MW(e) Nuclear Power
Plant

Acute Morbidity Effects

Annual Number
Emergency Room

Visits for
Respiratory
Disease

Annual Number
Acute

Respiratory
Disease
Incidents

Mortality Effects

Daily
Mortalitya

Annual
Mortality

0-1.0 0-17 0.4 x 10-5

-2.5 x 10-5

0-0.05

aThe possibility of zero as a lower limit is included
when nonsampling errors are included, that is, errors
caused by confounding factors and collinearities with
other pollutants.
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TABLE 5 Criteria for Oncogenicity8

Index Criteria

1 Evidence of oncogenicity in humans by oral or inhalation
route

2 Evidence of oncogenicity in humans by other than oral or
inhalation route

3 Evidence of oncogenicity in two or more animal species by
any route of administration

4 Evidence on oncogenicity in one animal species by any
route of administration

5 Compound scheduled for or currently undergoing or^ogeni-
city testing

6 Negative or equivocal results from oncogenicity testing

8 No data

aMost of the available data will relate to carcinogenicity.

If the data satisfy the criteria for index 3, index 4 should
not be considered.
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TABLE 6 Selected MAHAS Degree-of-Hazard Rankings for
Selected Waste Streams

DOH

Waste Str-arr Range Median

Energy production waste streams3

Geothermal brine
Wet flue gas desulfurization sludge
Coal combustion ash (all types and
geographic regions)

Eastern coal ash (all types)
Midwestern coal ash
Western coal ash (all types)
Bottom ash (all regions)
Mechanical hopper ash (all regions)
Fly ash (all regions)
Oil combustion bottom ash
Oil combustion fly ash

Oil rerefining industry waste streams
Used oilc

Waste bio-sludge
API separator sludge
Spent clay
Acid tar
Caustic sludge

Spent solvent and still bottoms from
solvent recovery
Dichloromethane spent solvent
Dichloromethane spill bottoms
1,1,1-Trichloroethane spent solvents
1,1,1-Trichloroethane still bottoms
Soil

aData are from Ref. 22.

"Except where noted, all data are from Ref. 21.

cData are from Ref. 23.

Data are from Ref. 24.

0-19
0-43
0-96

4-88
7-82
1-58
0-59

1-96
3-6,200
497

-
-
-
-

-
-
-

1-300

6
5
21

25
32
25
13

23
-
—

290
0
4

5,500
3,900
9,100

150,000
37,000
120,000
30,000

11


