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S u m m a r y  

A general methodology for performing risk assessment is briefly discussed. This ap- 
proach provides a framework within which the analyst can use specific environmental 
transport, exposure, and dose--response models that are appropriate to a particular 
problem. The framework has been implemented in a computer program that incorporates 
simplified environmental transport models with the models for calculating exposure 
rates and chronic health effects. The general framework and computer program are 
applied to illustrative case studies of coal-fired power plant emissions of arsenic and 
selenium. The problem of uncertainty in the results is discussed and several potential 
analysis approaches evaluated. A selected approach to uncertainty analysis is applied 
to the case studies. General conclusions about the risk assessment process and specific 
conclusions about the case studies are presented. 

I n t r o d u c t i o n  

Legislative and administrat ive act ions in recen t  years  have ref lected a 
growing nat ional  conce rn  over the effects  o f  tox ic  po l lu tan t  emissions 
f rom industrial  sources.  The 1977 amendmen t s  to  the Federal Water Pol- 
lu t ion Cont ro l  Ac t  were, in part ,  designed to s t rengthen the federal basis 
for  control l ing these emissions to  surface water  bodies. Es tabl i shment  o f  
an effective long-term regula tory  program,  however ,  will require tha t  water  
qual i ty  and ef f luent  s tandards be based on assessment of  the costs and 
risks associated with the emission of  tox ic  pol lutants .  

The electric power  indus t ry  will be subject  to the tox ic  po l lu tan t  regula- 
t ions developed under  the Clean Water  Ac t  and other  legislation, including 
the  Resource  Conservat ion  and Recovery  Ac t  of  1976.  Because o f  the  
increasing use o f  coal in power  generat ion,  tox ic  emissions f rom p o w e r  
plants  have become  the  subject  o f  growing concern  within  b o t h  indus t ry  
and gove rnmen t  agencies at the federal and state level. These organizat ions  
have emphas ized  the  need for  an approach  to determining the heal th  risks 
and cont ro l  costs of  tox ic  emissions f rom coal-fired power  plants.  
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This  p a p e r  is p r imar ly  conce rned  wi th  chronic  h u m a n  heal th  risk. Hea l t h  
risk assessment  has been  m o s t  t h o r o u g h l y  deve loped  f o r  release of  radio-  
nucl ides  by  nuc lear  p o w e r  plants .  The  Nuc lea r  R e g u l a t o r y  C o m m i s s i o n  
(NRC)  has pub l i shed  guides to  be used in es t imat ing  the  d ispers ion  of  ef- 
f luents  and the  subsequen t  annua l  r ad ia t ion  doses to the  e x p o s e d  h u m a n  
p o p u l a t i o n  [ 1 - - 3 ] .  Several  au tho r s  have c o m p i l e d  lists o f  avai lable com-  
p u t e r  codes  fo r  this t y p e  o f  analysis,  including Strenge et  al. [4] and  Hof f -  
man  et  al. [ 5 ] .  Unti l  r ecen t ly ,  however ,  this ex tens ive  l i t e ra ture  relat ing 
to  b o t h  acc identa l  and rou t ine  releases of  rad ionucl ides  had  n o t  been  appl ied  
to the  release of  o t h e r  tox ic  po l lu tan t s .  Moghissi  e t  al. [ 6 ] ,  Walsh et  al. 
[ 7 ] ,  and R u p p  et  al. [8] r ep resen t  ear ly  a t t e m p t s  to  deve lop  general  ap- 
p roaches  for  calculat ing h u m a n  e x p o s u r e  and  chron ic  hea l th  risk f r o m  
tox ic  emissions.  

Using this basic f o u n d a t i o n ,  o u r  research has (1) deve loped  a general  
m e t h o d o l o g y  for  assessing the  risks associa ted  wi th  the  con t ro l  of  t ox ic  
subs tances  e m i t t e d  by  coal-f i red p o w e r  plants ,  and  (2) d e m o n s t r a t e d  the  
use of  this m e t h o d o l o g y  by  app ly ing  it to t w o  case studies.  A l though  the  
risk m e t h o d o l o g y  emphas izes  the  c o n t a m i n a t i o n  o f  surface  wa te r  bodies ,  
it i nco rpo ra t e s  tox ic  emiss ions  to  all e n v i r o n m e n t a l  m e d i a  and represen t s  
an in tegra ted  risk assessment  f r a m e w o r k  for  emiss ion  o f  tox ic  po l l u t an t s  
f r o m  area  sources.  E m i t t e d  po l l u t an t s  are t raced  th rough  the  e n v i r o n m e n t  
to  d e t e r m i n e  the  e x p o s u r e  ra tes  and subsequen t  chron ic  hea l th  e f fec t s  in 
the  e x p o s e d  p o p u l a t i o n .  The  general  f r a m e w o r k  and  its app l ica t ion  to  a 
case s tudy  have been descr ibed in detai l  in Bol ten  e t  al. [9 ] .  

Genera l  methodology 

The  general  risk assessment  f r a m e w o r k  consists  of  five d is t inc t  stages: 
(1) source  genera t ion ,  (2) e n v i r o n m e n t a l  t r anspor t ,  (3) e x p o s u r e  calcula- 
t ion ,  (4) p o p u l a t i o n  descr ip t ion ,  and (5) dose - - r e sponse  model ing .  To 
assess the  risk associa ted  wi th  emiss ion  of  a toxic  p o l l u t a n t  f r o m  a spe- 
cific source ,  one  m u s t  use mode l s ,  m eas u red  da ta ,  or  a c o m b i n a t i o n  o f  
b o t h  a t  each  stage o f  the  analysis .  The  f r a m e w o r k  is designed to  p e r m i t  
use of  a l te rnat ive  m ode l s  at the  d i f fe ren t  stages of  the  analysis ,  depend ing  
on  p r o b l e m  r e q u i r e m e n t s  and the  specif ic  cons t ra in t s  o f  the  s i tuat ion.  
The  overal l  p rocess  can be descr ibed  using Figs. 1 and  2, which  p re sen t  
a s chemat i c  out l ine  o f  the  risk assessment  process* .  

*In these figures, rectangles indicate processes or activities. Plant emissions or wastes are 
shown by slanted rectangles, and hexagons indicate pollutant concentrations either in 
the environmental media or parts of the exposure network. Circles are used to show 
pollution control points, where use of some treatment process or control technology 
could' reduce the amount of pollutant reaching the general population. The arrows in- 
dicate the general flow of pollutant through the environment and the risk assessment 
process. 
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Figure 1 traces the toxic pollutant from the input coal (arrow entering 
at the left of the figure} through the source generation and environmental 
transport stages. The pollutant  passes through the coal storage pile and 
various processes within the power plant to be discharged into the environ- 
ment. These discharges include emissions into the air, surface water, soil, 
and groundwater. Discharges into the different media are dispersed, trans- 
formed, and transferred between media. The figure indicates the general 
processes and interactions between media that  must be considered in deter- 
mining the distribution of pollutant concentrations in the region surround- 
ing the source. 

Figure 2 begins with these environmental concentrations and shows 
the stages of exposure calculation, population description, and dose-- 
response modeling. Pollutant concentrations in the media are passed through 
the exposure network to generate exposure rates by intake mode for the 
region. These results are combined with information about the regional 
population distribution and with dose--response models for the pollutant.  
From this, the overall risk associated with the original emission levels can 
be determined. 

Source generation 
Coal-fired power plants can emit pollutants into the air, surface water, 

soil, and groundwater. Because a comprehensive risk assessment should 
include all of these emissions, one must be able to measure or calculate 
the appropriate discharge rates for all pollutant species of interest. At- 
mospheric emissions may include both stack gases and fugitive emissions 
from coal storage piles and ash disposal operations. Depending on plant 
water management systems, many sources in a power plant can contribute 
to surface water pollution. These are shown schematically in Fig. 3. Con- 
tamination of the soil and groundwater around the plant will be caused 
primarily by leaching from coal piles, ash and sludge disposal sites, and 
t reatment  ponds. 

Environmental transport 
After release from the source, toxic materials follow a complex path 

through the environment before reaching man. Processes that  affect these 
pollutants include (1) transport,  (2) physical and chemical transformation, 
(3) degradation and decay, (4) transfer between media, and (5) biological 
uptake and transport through the food web. To follow the passage of a 
pollutant  through the environment, one must be able to model the ap- 
propriate processes in each of the media, as well as the transfers between 
media. We can approach this problem of multimedia environmental model- 
ing in two distinct ways. 

The first approach uses a fully coupled multimedia model containing 
submodels for each of the media {air, soil, groundwater, and surface water). 
These submodels are fully integrated and each can interact with all other 
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submodels. Unfor tunately ,  this type  of  model  can quickly become ex- 
t remely large and difficult  to use unless the varous submodels are simplified. 
When this is done, the submodels become less accurate, and the results 
of  the overall model become less realistic. In many cases these results may 
be adequate for the analysis, but  f requent ly  it is necessary to have more  
accurate calculations of pol lutant  concentrat ions in the environment.  

The second approach utilizes a composite mult imedia model.  In this 
model one selects appropriate models for  each medium and couples their 
inputs and outputs  externally,  using either small computer  programs or 
hand calculations. This allows the use of  more realistic models, if they  
are needed, while retaining the opt ion of employing the simplified models 
if they are suitable. Because models for each pathway can be replaced, 
the overall methodology is more flexible and can be adapted to a variety 
of  sites and pollutants. The ability to substitute alternative models also 
provides an oppor tun i ty  to  compare intermediate outputs  between models 
and to assess the relative sensitivity of results to model choice. 

For detailed analysis, we have chosen to use the composi te  mult imedia 
approach. We must therefore  address the problem of adequately coupling 
the models to account  for intermedia transfers. This coupling is achieved 
by vectoring the output  file of one pathway model to the input file of the 
next  pathway model.  Feedback between models can be incorporated by 
using external calculations based on a general analysis of  the problem and 
potential  transfer pathways. 

Extremely complex phenomena  are involved in pol lutant  transport,  
t ransformation,  and transfer processes in the air, water, soil, and ground- 
water. Calculating pollutant  concentrat ions and transfer rates will nor- 
really be difficult. The environmental  t ransport  models in each medium 
needed to  make these calculations are complex, and require extensive 
time for  data collection and reduct ion as well as analysis of results. This 
type  of  analysis (which we will call Level II) is necessary, however,  to 
provide the detailed results required in most  risk assessments. 

Before proceeding with a Level II environmental  t ransport  analysis using 
the composite mult imedia approach, the analyst should perform a first- 
order  or Level I analysis. This Level I analysis supplements the more  de- 
tailed Level II assessment process and serves several purposes. Through 
simplified calculations of  concentrat ions and exposure rates, the analyst 
can gain an appreciation of  the relative importance of different  environ- 
mental  pathways and may be able to bound the problem. Not only will 
this lead to bet ter  understanding of the overall problem, but it may allow 
limited resources to be allocated more productively to  the various aspects 
of  the problem. If upper  bounds determined using sensitivity analysis in 
Level I models indicate tha t  certain pathways or emissions will not  be 
important ,  the analyst can concentra te  on the other  areas where the Level 
I results are either ambiguous or definitely indicate a problem. 

The Level I analysis may also be useful by indicating which intermedia 
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transfers are significant. This knowledge can improve the selection of en- 
vironmental transport models and provide insight into the problem that 
can reduce the need for subsequent iterations between complex Level II 
models in the detailed analysis. 

In general, the Level I approach uses simple models and aggregated data 
to make simplified calculations. The assumptions and simplifications in- 
herent in these first approximations can generate significant errors if not 
used correctly. The analyst must always be aware of the limitations of the 
models and data and must realize that these simplified calculations are best 
used in extensive sensitivity analysis. 

Exposure path ways 
This phase of the analysis calculates total exposure by intake route for 

the population surrounding the emission source. The calculation involves 
summing the exposure from each separate pathway contributing to the 
three intake modes: inhalation, ingestion, and dermal contact. In addition 
to the direct pathways, the summation may consider pollutant transport 
through various stages of the food web. Because we are dealing with chronic 
health effects using steady-state assumptions, exposure rates will be long- 
term averages summed over the life of the power plant or the individual, 
whichever is most appropriate. Over this period, exposure rates may vary 
because of (1) environmental conditions, (2) demographic processes, (3) 
the evolution of plant emissions and pollutant concentrations over the 
life of the population, and (4) changes in human uptake as a function 
of time. 

These rates must reflect both the contribution from the power plant 
emissions as well as those from natural and other pollutant sources. Some 
of these background contributions will be incorporated into the pollutant 
concentrations derived from the environmental transport models. Others, 
such as pollutant in foods and beverages originating outside the region, 
must specifically be added in the exposure stage of the analysis. Although 
data limitations may make it difficult to estimate these contributions, one 
can assume that they will remain relatively constant between alternative 
scenarios (variations in assumed emission levels). 

Population models 
The risk assessment methodology should determine the net risk to re- 

gional population from chronic health conditions associated with a toxic 
pollutant. Population specification for the analysis should reflect, to the 
extent possible, variations in response to the pollutant associated with 
population subgroups. It should also incorporate variations in exposure 
rate due to location, activity, mobility, age, sex, and other characteristics. 
In most cases, data will not be available to incorporate these distinctions 
and the analysis will have to be based on a number of simplifying assump- 
tions. As in our case studies, analysts frequently assume a stationary, con- 
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s tant  popu la t ion ,  pa r t i t i oned  in to  several subgroups,  wi th  a given spatial 
d i s t r ibu t ion  in the area. 

Health effects 
Toxic  po l lu tan ts  may  be t aken  up by  the  p o p u l a t i o n  th rough  inhala t ion 

o f  gases and par t icula tes ,  ingest ion of  con t amin a t ed  air, water ,  or  local ly 
g rown foods ,  or dermal  con tac t  to  agent-containing wate r  or air. To  assess 
w h e t h e r  these exposures  cons t i t u t e  a significant hazard to  the  popu la t ion ,  
t he  dose  of  each po l lu t an t  over  t ime mus t  be evaluated for  each geograph- 
ically and biological ly dis t inct  po r t i on  of  the  popula t ion .  These  doses are 
used to  es t imate  the  increased risk over background  of  a par t icular  tox ic  
response  (or set o f  responses) .  To  pass f rom the  dose  to  es t imated  risk, 
one  mus t  use statistical or s tat is t ical /biological  models  relat ing the  dose  
p resen ted  to  a h u m a n  or  tes t  animal  to  the  increased prevalence of  tox ic  
response  per  un i t  of  exposed  popu la t i on  --  " d o s e - - r e s p o n s e "  models .  Be- 
cause we are conce rned  wi th  chronic  ( long-term) risk ra the r  than  acute  
events,  we are par t icular ly  in te res ted  in dose- - response  models  o f  chem- 
ical carcinogenesis*.  

The  c o m m o n l y  used dose- - response  models  have been descr ibed exten-  
sively in the  l i terature .  The  der ivat ion of  t ime-dependen t  fo rms  for  these  
models  is descr ibed in Bol ten  e t  al. [9 ] .  None  of  the c o m m o n  dose- - response  
models  can be said to  have a more  sound molecular  b io logic /b iochemica l  
basis t han  the  o thers .  Al ternat ive  models  should be used wheneve r  pos- 
sible to  provide  various est imates  of  the heal th  effects ,  par t icular ly  because 
some models  typ ica l ly  genera te  e i ther  high or low response  rates fo r  given 
doses. In m a ny  cases, the  available da ta  may  no t  be suff ic ient  in quan t i t y  
or qual i ty  to  es t imate  the  necessary parameters  for  some of  the  m o re  com- 
plex models .  To  use a wide var ie ty  of  models ,  one mus t  have age-response 
data  (dose,  exposure  t ime,  and response)  for  three  or  m o r e  da ta  sets wi th  
at least two doses, two exposure  periods,  and the  con t ro l  group included.  
For  the tox ic  pol lu tants ,  this qual i ty  of  i n fo rma t ion  is vir tual ly never  avail- 
able. 

Computer program 
The  basic approach  to  calculat ing chronic  hea l th  risk has been incor- 

po ra t ed  into a c o m p u t e r  p rogram called R A T E  (Risk Assessment  of  Tox ic  
Emissions).  This program,  descr ibed in Bol ten  et  al. [9, 1 5 ] ,  conta ins  (1) 
simplif ied env i ronmenta l  t r anspor t  models  for  the  air, overland,  and sur- 
face wa te r  media ,  (2) an exposure  mode l  fo r  the  p r imary  pa thways  asso- 
c ia ted wi th  inhalat ion,  ingestion,  and dermal  con tac t ,  and {3) six al ternat ive 
dose- - response  models  for  calculating the heal th  risk to  the descr ibed pop-  
ulat ion.  This mode l  can the re fo re  be used in a Level I analysis of  tox ic  

*These models may equally well be used to estimate the prevalence of other chronic 
diseases such as liver or kidney necrosis, teratogenicity, or fetotoxicity. 
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risk and as the exposure and health risk component  of a Level II analysis. 
In the latter case, other environmental transport models (or measured 
values) would be used to supply the necessary pollutant concentrations 
in the region. 

Uncertainty analysis 

Quantitative risk assessment has long been plagued by the problem of 
uncertainty. An analysis may have little meaning and questionable value 
in setting or meeting regulations if its results have an uncertainty of  several 
orders of magnitude. Even if the overall uncertainty in an assessment cannot 
be reduced, before completing the work an analyst should t ry to obtain 
some measure of the amount  of uncertainty and its primary causes. 

The basic source of uncertainty in an analysis is lack of knowledge about 
the problem and the environment. This lack of knowledge can be separated 
into four areas. The first is uncertainty caused by the true stochastic char- 
acteristics of the problem. This type of uncertainty is the motivation behind 
probabilistic models for describing these characteristics. The second type 
of uncertainty comes from errors in the alternative models and submodels 
that  could be used in an analysis. These errors arise from necessary assump- 
tions and simplifications and may reflect incomplete understanding of the 
physical processes involved. The third type of uncertainty arises from 
lack of knowledge about the correct values of parameters and inputs re- 
quired for the models. Finally, the fourth source of uncertainty is the 
potential lack of completeness in the overall analysis. A factor whose exis- 
tence is not known, or is overlooked by the analyst, will not be included 
in the analysis. 

We must deal with the difference sources of uncertainty in different 
ways. Treatment of the first source (the stochastic character of nature) 
is explicit in the risk estimation process and requires use of probabilistic 
models to describe certain occurrences and characteristics. The last source 
of  uncertainty,  incompleteness due to ignorance or error, cannot always 
be estimated or quantified. This type of uncertainty may potentially have 
the largest impact on risks, but we can only deal with it by (1) validating 
all individual models when possible, (2) being more thorough in the anal- 
ysis, (3) using independent review, and (4) improving basic research into 
all aspects of a problem. 

By using alternative models at various stages of the analysis, the risk 
analyst can investigate the extent of model uncertainty. These errors cannot 
always be approximated, however. The normal method of judging model 
accuracy is by experimentation and model verification. Some models, 
particularly for environmental transport, have been to some extent  veri- 
fied by empirical evidence. Dose--response extrapolation models, however, 
have generally not been verified, and we have no prior knowledge about 
their adequacy. Thus, model selection must  be a subjective undertaking 
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connected with an unknowable degree of uncertainty.  In this case, one 
can only investigate the sensitivity of results to model choice, as we have 
done in one of the case studies discussed below. 

Finally, uncertainty can arise from errors in measurements used to esti- 
mate the values of input data and parameters required by the various models. 
Because such measurements may or may not be independent, uncertainties 
in parameter values may be additive, multiplicative, or averaging. As each 
model operates, uncertainty in the data and parameter values propagates 
through the analysis. Our understanding of the nature of this process and 
its results is limited by our theoretical understanding of how to deal with 
uncertainty as well as by our lack of knowledge of the uncertainty asso- 
ciated with each input and model parameter. 

A number of theoretical approaches have been applied to the problem 
of quantifying uncertainty associated with input and parameter values. 
Cox and Baybut t  [11] address five alternative methods;  we will consider 
their proposals and address three more possible approaches. In general, 
the potential methods for dealing with parameter uncertainty include 
(1) analytic techniques, (2) Monte Carlo simulation, (3) response surface 
analysis, (4) differential sensitivity analysis, (5) confidence intervals, (6) 
extreme values, (7) linear propagation of errors, and (8) simple sensitivity 
analysis. Of these choices, five could reasonably be used in risk assessment. 
These are (1) response surface analysis, (2) differential sensitivity analysis, 
(3) extreme values, (4) linear propagation of errors, and (5) simple sen- 
sitivity analysis. The relative advantages and disadvantages of these five 
methods are summarized in Bolten et al. [9],  using some material from 
Cox and Baybutt  [11]. 

Based on the survey of approaches, the simple sensitivity analysis method 
was chosen for use in the case studies. In this approach, one makes three- 
point estimates of each parameter (a best estimate, a low, and a high value) 
rather than a distribution of values. During the analysis, one examines 
how changing the values of each parameter (among the three estimates) 
affects the results. For the parameters having greater influence on the net  
risk, point changes in two or three parameters can be made. In this way, 
sensitivity analysis can be considered as a somewhat informal class of un- 
certainty analysis. 

Clearly, it would be much too difficult, in most cases, to perform sen- 
sitivity analysis for each parameter and pair of parameters. To reduce the 
number of parameters, one should study the models and data to determine 
the parameters that  meet two conditions: (1) they might significantly 
affect the results and (2) their values are not well established and have 
large uncertainty.  For these parameters, one makes the three-point esti- 
mates and performs the single parameter sensitivity runs. To aid in deter- 
mining whether there are synergistic effects, one can perform the sensitivity 
analysis using several pairs of parameters. Results of this type are reported 
in the discussion of the case studies. 
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Case studies 

To demonstrate how the overall risk analysis framework would be used, 
we have applied it to two simplified, illustrative case studies. These studies 

TABLE 1 

Description of case-study power plant 

Characteristic Assumption 

Generating capacity 
Capacity factor 
Thermal efficiency 
Boiler type 

Cooling system 
Air pollution control system 

Ash transport and disposal system 

500 MWe 
0.60 
0.37 

Tangentially fired pulverized-coal burners; 
dry bot tom furnace 
Mechanical draft cooling towers 
Cold-side electrostatic precipitator with 
lime wet scrubber for SO 2 removal 
Wet ash handling with combined ash basin 
and landfill disposal 

Columbia River 
I 

J Reservoir and pumps 

Wa*er 
t~,tm0nt ! 22-.1 E O.mi? 

Boiler water ] 
system 

~ ih sluice 

~ laneous 
systems 

Combined ash basin 

I 
Columbia River 

I 
J Cooling 
I vvater system 

I 
I Blowd¢ 

I 
Bottom ash I 

sluice 

~lowdown J 

] 'i 
I t 

Fig. 4. Schematic diagram of power plant water systems. 
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involve a hypothetical  coal-fired power plant of 500 MWe generating cap- 
acity sited near rivers that  are used as the source of makeup water and as 
the receiving water for plant discharges. The power plant is assumed to 
be a base-load installation, operating more or less continuously. Specific 
characteristics of the plant are shown in Table 1. A schematic diagram 
of the plant water systems is shown in Fig. 4. Aside from the basic power 
plant description, the two case studies differ in all other aspects. 

Arsenic  case s tudy  
In the first study, described in Bolten et al. [9],  the plant was located 

on the Columbia River in the Hanford Nuclear Reservation near Richland, 
Washington. The analysis was performed for arsenic emissions from the 
plant. Arsenic was selected because (1) arsenic emissions may constitute 
a potential health hazard, (2) emissions data are more plentiful than for 
most other toxic pollutants, (3) the chronic health effects of  arsenic are 
well documented with sufficient information to estimate dose--response 
functions, and (4) arsenic can appear in significant concentrations in more 
than one power plant discharge stream. 

This study focused on population exposure through ingestion of drinking 
water from surface sources. The exposed population was determined to 
be approximately 100,000, situated between 40 and 50 km downstream 
in the cities of Richland, Pasco, and Kennewick. This population was divided 
into four groups: infants, children, teenagers, and adults. These groups 
were assumed to consume, 0.55, 0.71, 0.71, and 1.01 1/day of drinking 
water from the Columbia River. 

The environmental transport analysis was performed at different levels. 
Atmospheric transport was not included for two reasons. First, the study 
looked at ingestion exposure rather than inhalation. Second, because of 
meteorological and hydrologic conditions, runoff  of deposited arsenic 
into the Columbia River would be negligibly small. A simplified Level I 
analysis for groundwater contamination determined that  arsenic levels 
reaching the Columbia River or other drinking water sources through the 
soil or groundwater would also be negligibly small. Consequently, we con- 
centrated our analysis on the risk associated with direct plant discharges 
of arsenic into the river. 

For this work, we used a Level II time-dependent, surface water trans- 
port model, SERATRA, described in Onishi et al. [12],  to simulate arsenic 
behavior in the water and river sediments. The background arsenic con- 
centration in the river was assumed to be 1.6 ~g/l, partit ioned between 
the dissolved state and suspended sand, silt, and clay. Although the trans- 
port model SERATRA simulates transient river conditions, it can be used 
to determine equilibrium states when all boundary conditions are constant. 
The time-dependent results were obtained for a period of  25 days, pro- 
viding not  only equilibrium conditions but also insight into the physical 
mechanisms creating the equilibrium conditions. The study area was 169 
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km long, start ing 30 km above the p lant  site and ending 139 km below 
the  p lant  at McNary  Dam.  This area was par t i t ioned  into 16 segments  
for  the model .  The dissolved and tota l  arsenic concen t ra t ions  in the water  
for  the background  and p o w e r  plant  si tuations are shown in Table 2. 

TABLE2 

Background and computed arsenic concentrations (pg/1) 

Segment Power plant present Background level 

Dissolved Total Dissolved Total 

1 1.42 1.60 1.42 1.60 
2 1.42 1.60 1.42 1.60 
3 1.62 1.80 1.42 1.60 
4 1.61 1.80 1.42 1.60 
5 1.61 1.80 1.42 1.60 
6 1.61 1.80 1.42 1.60 
7 1.61 1.80 1.42 1.60 
8 1.60 1.80 1.42 1.60 
9 1.60 1.80 1.42 1.60 

10 1.60 1.80 1.42 1.60 
11 1.58 1.75 1.42 1.60 
12 1.58 1.75 1.42 1.60 
13 1.58 1.75 1.42 1.60 
14 1.57 1.74 1.42 1.60 
15 1.55 1.72 1.42 1.60 
16 1.53 1.70 1.42 1.60 

The analysis use the  R A T E  program to  calculate exposure  rates f rom 
direct  ingest ion o f  drinking water ,  assuming convent iona l  coagula t ion  
and f i l t rat ion water  t r e a t m e n t  processes. The health risk to  the popu la t ion  
was calculated wi th  R A T E  using four  alternative dose-- response  models:  
(1) one-hit ,  (2) mult ihi t ,  (3) probi t ,  and (4) Weibull. Parameters  for  these 
models  were es t imated f rom da ta  f o u n d  in Tseng et al. [13,  1 4 ] ,  which 
discuss epidemiological  studies based on exposure  of  a Taiwanese popula-  
t ion to arsenic in the water  supply.  

Using nomina l  values of  all parameters  and pessimistic assumpt ions  
abou t  arsenic emissions and river flows, we calculated the net  risk of  skin 
cancer  with the four  dose-- response  models .  This risk represents  the ex- 
pected  to ta l  l i fet ime cases of  skin cancer  in the regional popu la t ion  caused 
by exposure  to  envi ronmenta l  arsenic levels minus the n u m b e r  of  cases 
associated with background  arsenic levels in the envi ronment .  Background  
arsenic levels include no t  on ly  arsenic in the drinking water  but  also arsenic 
in f o o d  supplies. 

Two dif ferent  values were used for  the exposure  t ime in the dose--re- 
sponse models  in an a t t e m p t  to  bracket  the actual  expec ted  n u m b e r  o f  
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cancer  cases. F o r  the  lower  l imit ,  the  e x p o s u r e  t i m e  was set to  35 years ,  
the  l i fe t ime of  the  p o w e r  p lant .  This  assumes t ha t  no  cases caused by  p lan t  
emiss ions  will be f o u n d  in the  p o p u l a t i o n  a f t e r  this t ime ,  and  clearly under -  
e s t imates  e x p e c t e d  response .  E x p o s e d  individuals  will still ca r ry  a p r o p e n s i t y  
t o w a r d  the  disease b e y o n d  the  end o f  p l an t  o p e r a t i o n  and will still deve lop  
cancer ,  a l though  at a lower  ra te  t han  if t hey  had con t inued  to  be  exposed .  
F o r  the u p p e r  l imit ,  the  e x p o s u r e  t i m e  was set  to  72 years ,  the  e x p e c t e d  
l i fe t ime of  an individual .  This  b racke t ing  was necessary  because  no  epi- 
demio log ica l  da t a  are available descr ibing the  occur rence  of  arsenical  skin 
cancer  during the  pe r iod  fol lowing a c u t o f f  to  arsenic exposure .  The  resul ts  
o f  this analysis  are shown  in Table  3. As one  wou ld  expec t  f r o m  the  na tu r e  
o f  the  dose - - r e sponse  mode l s ,  the  one-hi t ,  mul t ih i t ,  and  p r o b i t  risks fo r  
d i f f e ren t  e x p o s u r e  per iods  scale d i rec t ly  wi th  the  d i f fe rence  in t ime .  The  
Weibull  m o d e l  shows a m u c h  larger increase in r isk because  this m o d e l  
has a nonl inear  t i m e  dependence .  A m o r e  deta i led  discussion of  this  anal- 
ysis and the  mode l s  can be f o u n d  in Bol ten  et  al. [9 ] .  

TABLE 3 

Net risk for arsenic case study (Lifetime cases) 

Alternative Dose--response model 

One-hit Multihit Probit Weibull 

Plant lifetime 0.123 0.0177 0.00164 0.0202 
Human lifetime 0.252 0.0364 0.00337 0.3310 

As descr ibed  earlier,  we p e r f o r m e d  a l imi ted  sensi t ivi ty  analysis  for  all 
stages of  the r isk assessment .  We n o t e d  earlier t ha t  one  ma jo r  source  o f  
u n c e r t a i n t y  in r isk assessment  lies in the  l imi ta t ions  of  the  mode l s  used.  
One  can deal  wi th  this  p r o b l e m  to  a l imi ted  ex ten t .  Individual  mode l s  
should  be  ca l ib ra ted  and verif ied,  wheneve r  possible ,  to  min imize  this 
unce r t a in ty .  Moreover ,  ou r  f r a m e w o r k  pe rmi t s  the  user  to  c o m p a r e  the  
resul ts  o b t a i n e d  f r o m  a l te rna t ive  m ode l s  using the  same inpu t  data .  This  
i n f o r m a t i o n ,  when  c o m b i n e d  wi th  the  resul ts  o f  u n c e r t a i n t y  analysis  ap- 
plied to  mode l  p a r a m e t e r s  and  inputs ,  should  p rov ide  insight  in to  the  ap- 
p l ica t ion  and l imi ta t ions  of  par t i cu la r  m ode l s  and the  relat ive con t r ibu -  
t ions  of  these  mode l s  to  overal l  u n c e r t a i n t y  in the calculat ions.  

To  invest igate  p a r a m e t e r  u n c e r t a i n t y ,  we p e r f o r m e d  a s imple  sensi t ivi ty  
analysis  for  all stages of  this  r isk assessment .  Fo r  those  p a r a m e t e r s  which  
m e t  the  two  cri ter ia ,  we es tabl ished b o t h  op t imis t i c  and pessimist ic  values. 
" O p t i m i s t i c "  values shou ld  lead to  r educed  es t ima tes  of  risk, and "pes-  
s imis t i c"  values should  cause higher  levels o f  risk° The  nomina l ,  op t imis t i c ,  
and  pessimist ic  values for  all se lec ted  p a r a m e t e r s  are shown  in Tab le  4. 

Because  the  arsenic emiss ions  f r o m  the  p lan t  were  wors t -case  values,  
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T A B L E 4  

Values for  parameters  in sensi t ivi ty  analysis 

Parameter  a Opt imis t ic  Nominal  Pessimistic 

K d (m3/kg) 13.0 1.30 
BMF (mg/kg)  0 .0001 0.01 0.1 
PL (year) 25 35 45 
TF 0.05 0.25 1.00 
HS 0.0577 0.1154 0.2308 
UW (1/day) 0.505 1.01 2.02 
TU (kg/day)  2.56 1.28 0.64 
AO ~ 0.97 1.17 1.37 
AM ~ 2.91 4.53 6.15 

k 1.81 1.59 1.37 
AP ~ 0.2510 0.5688 0.8866 

1.8590 1.6070 1.3550 
AW ~ 0.496 4.616 8.736 

k 0.911 1.191 1.471 
n 3.221 3.881 4.541 

a K  d = con taminan t  d is t r ibut ion cons tan t ;  BMF = background po l lu tan t  co n cen t r a t i o n  in 
food f rom outs ide  plant  region;  PL = plant  opera t ing  l i fe t ime;  TF = fract ion of  po l lu tan t  
re ta ined af ter  dr inking water  t r e a t m e n t ;  HS = ingest ion exposure  dose  scale fac tor ;  UW = 
c o n s u m p t i o n  rate  for  dr inking wate r ;  TU = total  food  c o n s u m p t i o n  ra te ;  AO = pa rame te r  
for  one-hi t  dose- - response  model ;  AM = paramete r s  for  mul t ih i t  dose - - response  mode l ;  
AP = parameters  for  p rob i t  dose - - r eponse  mode l ;  and AW = parameters  for  Weibull 
dose - - response  model .  

TABLE 5 

Arsenic concen t ra t ions  for  sensit ivi ty analysis 

Segment  Power  plant  present  Background level 

Dissolved Total  Dissolved Total  

1 1.44 1.60 1.58 1.60 
2 1.48 1.60 1.58 1.60 
3 1.70 1.80 1.58 1.60 
4 1.72 1.80 1.58 1.60 
5 1.73 1.80 1.58 1.60 
6 1.75 1.80 1.58 1.60 
7 1.76 1.80 1.58 1.60 
8 1.77 1.80 1.58 1.60 
9 1.78 1.80 1.58 1.60 

10 1.78 1.80 1.58 1.60 
11 1.74 1.76 1.58 1.60 
12 1.74 1.76 1.58 1.60 
13 1.74 1.76 1.58 1.60 
14 1.73 1.75 1.58 1.60 
15 1.71 1.73 1.58 1.60 
16 1.68 1.70 1.58 1.60 
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t he  s e n s i t i v i t y  ana lys i s  b e g a n  at  t h e  sur face  w a t e r  t r a n s p o r t  m o d e l .  In  th i s  
m o d e l ,  w h i c h  has  b e e n  used  in  o t h e r  s tud ies ,  t he  o n l y  h i g h l y  u n c e r t a i n  
a n d  sens i t i ve  p a r a m e t e r  is K d ,  the  d i s t r i b u t i o n  c o e f f i c i e n t .  I t  m e a s u r e s  

t h e  r a t io  of  a r sen i c  c o n c e n t r a t i o n  in  t he  s e d i m e n t  t o  c o n c e n t r a t i o n  dis- 
so lved  in  wa te r .  W h e n  t he  va lue  of  Kd  was  r e d u c e d  by  a f a c t o r  o f  10 f r o m  
the  n o m i n a l ,  as s h o w n  in  T a b l e  4, t he  p o l l u t a n t  c o n c e n t r a t i o n s  p r e d i c t e d  
b y  S E R A T R A  were  as s h o w n  in  T a b l e  5. 

Ne t  r isk for  t he  s ens i t i v i t y  cases was  c a l c u l a t e d  us ing  t he  d i sso lved  a r sen ic  

TABLE 6 

Net risk results for sensitivity analysis on plant lifetime exposure 

Variable Value Dose--response model 

One-hit Multihit Probit Weibull 

All Nominal 0.123 0.0177 0.00164 0.0200 
O 0.00266 0.00000112 0.00000 0.000023 
P 2.829 4.170 8.654 8.672 

K d P 0.133 0.0193 0.00179 0.0219 
BMF O 0.123 0.00246 0.000000137 0.0107 

P 0.121 0.0659 0.0609 0.0310 
PL O 0.0875 0.0126 0.00117 0.00546 

P 0.158 0.0227 0.00210 0.0534 
TF O 0.0245 0.00349 0.000313 0.00402 

P 0.490 0.0738 0.00763 0.0818 
HS O 0.0613 0.00588 0.000168 0.00883 

P 0.245 0.0531 0.0128 0.0460 
UW O 0.0776 0.0127 0.00163 0.0133 

P 0.173 0.0207 0.00114 0.0267 
TU O 0.0776 0.0127 0.00163 0.0133 

P 0.173 0.0207 0.00114 0.0267 
D-R O 0.102 0.00214 0.00000734 0.00121 

P 0.143 0.0958 0.112 0.0639 

All Nominal 0.123 0.0177 0.00164 0.0200 

Kd--TF P 0.533 0.0808 0.000779 0.0891 
BMF--TU O 0.0777 0.00137 0.0000000423 0.00645 

P 0.172 0.0768 0.0588 0.0411 
UW--HS O 0.0388 0.00423 0.000179 0.00580 

P 0.345 0.0621 0.00990 0.0607 
D~R--PL O 0.0726 0.00152 0.00000524 0.000409 

P 0.184 0.123 0.144 0.200 
TF--UW O 0.0155 0.00253 0.000319 0.00264 

P 0.691 0.0896 0.00622 0.109 
HS--D-R O 0.0508 0.000609 0.000000309 0.000643 

P 0.287 0.246 0.411 0.177 
BMF--PL O 0.0876 0.00175 0.0000000960 0.00288 

P 0.156 0.0847 0.0783 0.0819 
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c o n c e n t r a t i o n s  s h o w n  in  Tab le s  2 a n d  5 w i t h  t he  p a r a m e t e r  v a r i a t i o n s  

s h o w n  in  T a b l e  4. These  cases i n c l u d e d  a be s t  case (all  p a r a m e t e r s  w i t h  

o p t i m i s t i c  (O) va lues)  a n d  a w o r s t  case (all p a r a m e t e r s  w i t h  pes s imi s t i c  

(P) values) .  T h e  r e su l t s  of  these  t w o  cases and  t he  n o m i n a l  case are g iven  
fo r  the  t w o  e x p o s u r e  pe r i ods  in  T a b l e s  6 a n d  7 a n d  are s h o w n  in  Fig.  5. 
These  t w o  c a l c u l a t i o n s  d e m o n s t r a t e  t h e  e x t r e m e s  of  t h e  r a nge  in  r i sk  ex- 
p e c t e d  to  be  e n c o u n t e r e d  us ing  t he  va r ious  m o d e l s  w i t h  a r e a s o n a b l y  h igh 

degree  o f  c o n f i d e n c e .  Ove r  th i s  w i d e  c o n f i d e n c e  b a n d ,  t he  r e s u l t i n g  r isks  

TABLE 7 

Net risk results for sensitivity analysis on human lifetime exposure 

Variable Value Dose--response model 

One-hit Mutthit Probit Weibull 

All Nominal 0.252 0.0364 0.00377 0.329 
O 0.00765 0.00000323 0.00000 0.000694 
P 4.526 6.675 13.851 67.344 

K d P 0.274 0.0397 0.00369 0.360 
BMF O 0.252 0.00512 0.000000305 0.176 

P 0.250 0.136 0.126 0.503 
PL O 0.252 0.0364 0.00337 0.331 

P 0.252 0.0364 0.00337 0.331 
TF O 0.0504 0.00719 0.000645 0.0659 

P 1.009 0.152 0.0158 1.343 
HS O 0.126 0.0121 0.000346 0.145 

P 0.504 0.109 0.0264 0.754 
UW O 0.159 0.0262 0.00336 0.218 

P 0.355 0.0426 0.00236 0.439 
TU O 0.160 0.262 0.00336 0.218 

P 0.355 0.0425 0.00235 0.439 
D-R O 0.209 0.00440 0.0000151 0.0123 

P 0.295 0.197 0.230 1.684 

All Nominal 0.252 0.0364 0.00337 0.329 

Kd--TF P 1.097 0.167 0.00161 1.464 
BMF--TU O 0.160 0.00285 0.0000000925 0.107 

P 0.354 0.158 0.121 0.667 
UW--HS O 0.0798 0.00872 0.000369 0.0953 

P 0.711 0.128 0.0204 0.997 
D-R--PL O 0.209 0.00440 0.0000151 0.0123 

P 0.295 0.197 0.230 1.684 
TF--UW O 0.0320 0.00521 0.000658 0.0434 

P 1.422 0.185 0.0129 1.795 
HS--D-R O 0.105 0.00125 0.000000639 0.00657 

P 0.590 0.507 0.845 4.638 
BMF--PL O 0.252 0.00512 0.000000305 0.175 

P 0.250 0.136 0.126 0.502 
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Fig. 6. Sensitivity of risk to single parameter variation (one-hit model). 

vary by as much  as a fac tor  o f  10 6 for  the mul t ih i t  mode l  and by as little 
as 10 3 for  the one-hi t  model .  Using the p rob i t  model ,  the opt imis t ic  case 
est imates essentially zero net  risk. The results of  these best and wors t  cases 
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demonstrate such a wide range that  the numbers in themselves do not  
provide very much useful information. 

To investigate the effect of each parameter, we ran a series of calcula- 
tions varying each parameter individually between optimistic and pessi- 
mistic values. These results are presented also in Tables 6 and 7. The num- 
bers in these tables can be difficult to visualize. They are much easier to 
understand when presented as shown in Fig. 6, which gives the single- 
parameter sensitivity results for the one-hit dose--response model. Because 
of space limitations, we will not show similar graphs for the other dose-- 
response models. In general, considering the results for all four dose-- 
response models, the most sensitive parameter is TF and the least sensitive 
K d and UW. 

The sensitivity of the net risk estimates clearly depends on the choice 
of dose--response model. Results from the probit model are much more 
sensitive to parameter variations than results from the other models. This 
model is extremely sensitive to the overall background risk level (arsenic 
consumption level), which may be an undesirable characteristic in an anal- 
ysis. Normally, one would prefer that net risks be relatively independent 
of the absolute background risks. 

Some two-parameter sensitivity cases were run to assist in determining 
the linearity of combining parameters variations. These results are also 
shown in Tables 6 and 7 and plot,ted for the one-hit dose--response model 
in Fig. 7. These results suggest that  simultaneous variations in parameter 
values are at most mildly synergistic, but more likely only produce effects 
that  are the sum of their individual effects on the results. 

Se len ium case s tudy  
In the second case study the power plant was placed on a river (called 

the XYZ River) near three small towns (X, Y, and Z) in central Nebraska. 
Although not a major river, the XYZ has sufficient flow to meet the de- 
mands of the power plant, particularly if the plant uses a storage reservoir 
to hold surplus water from flood periods. The general area is rural, char- 
acterized by rolling hills, irrigated and dry land agriculture, and grazing. 
For reasons similar to those discussed earlier with reference to arsenic, 
we chose to study selenium emissions in this case. In addition, selenium 
has frequently been mentioned as a potential pollutant  in groundwater 
supplies. Unfortunately,  the chronic health effects of excessive selenium 
exposure have not  been quantitatively documented.  

Unlike the arsenic study, this case investigated population exposure 
through inhalation and all types of  ingestion. The existing populations 
of towns X, Y, and Z were augmented to 1,000 (to compare risks between 
them) but the population of the remaining area was left at about 17,000. 
The region was partitioned into 40 subregions defined by eight 45-degree 
angular sectors and five 10-km radial divisions. As before, the population 
was divided into four groups: infants, children, teenagers, and adults. In 



372 

1.0 

[ - - . ~  Human l i fe t ime 

~ Plant l i fe t ime 

K d-TF 

T F - U W  

Pessimist ic  

UW-HS 

D / R - H S  

0 . 1  - -  

/ /  

I;5 
/ /  
/ /  
/ /  
: / /  

B M F - T U  

D /R~PL  

/ /  
I li/lli ;~ ~ ll}}~ "'I BMF-PL Nominal 

"," I "~'~ (Human | ,~, // 

I I ~.~ I , ' /  l i fe t ime)  
/ F  

, s "- j.~ " 1 
, /  t /  , ,  / /  

~1  t/ 11  
i i  

..-'/ ..-'t ,',,"~" ,..I Nomina l  
, /  t z  i z ,  / /  i 

"" "-" /." , ant  
/ /  / 1  

, ,  ""  ' "  ""  . . . . . .  , ,  ""  " ' "  ,'.-' , ' /  ,,., " "  ,.- , ,  ,,"" " "  ; I ¢" "~.'~ ! " "  , l i fe t ime)  

r "  . . . .  :; 
/ J  t / . .  

Opt imis t ic  

0 ,015 

Fig. 7. Sensitivity of risk to double parameter variation (one-hit model}. 



373 

addition, this study also considered potential adverse effects on the aquatic 
environment of the XYZ River. 

The environmental transport analysis was performed at two levels. Level 
I analyses were done for atmospheric transport of stack emissions, for 
overland runoff  of deposited pollutants, and for the surface water trans- 
port of direct discharges and overland runoff.  The simplified models used 
in this analysis were those incorporated into the RATE program. First- 
order analysis of the area revealed that  there would be no significant transfer 
of pollutant between surface water and groundwater bodies. A Level II 
analysis was done for the leaching of selenium from the plant disposal 
pond and landfill and subsequent transport through the soil and ground 
water. 

The atmospheric transport analysis was performed using calculated 
stack emissions and characteristics with the measured distribution of wind 
frequency and mean speed by direction and atmospheric stability class. 
The model calculated mean annual pollutant concentrations and deposition 
rates as a function of subregion. We assumed a background selenium con- 
centration of 5.0 X 10 .9 g/m 3 and found that  the incremental selenium 
concentrations from plant emissions were three orders of magnitude smaller. 

The overland transport analysis calculated the pollutant runoff  into 
the various reaches of  the XYZ River and the distribution of concentra- 
tions in the region. The model used input information about the atmospheric 
deposition of selenium, irrigation rates, and pollutant concentrations in 
the surface water and groundwater used for irrigation. Assuming an average 
selenium concentration of 0.5 mg/kg in surface soil layers, we found that,  
under most circumstances, the incremental concentration from plant emis- 
sions was less than 0.1%. In the worst case, the concentration increased 
by an average of less than 2% over the life of the power plant. 

Surface water transport calculations were performed with a simplified 
transport model assuming the river was partitioned into five reaches. Three 
reaches received plant emissions only through overland runoff ,  while the 
remaining two reaches were affected by the direct discharges of the power 
plant. The analysis assumed annual mean river discharge as the nominal 
flow rate, but varied this in the sensitivity studies. Other sensitivity analysis 
variables included the pollutant decay rate and the variables affecting the 
amount  of overland runoff.  In none of the cases did the incremental con- 
centration from plant emissions in a reach ever exceed the background 
concentration of 2.0 pg/1. Under all but the "worst case" assumptions, in- 
cremental concentrations remained below 15% of background in the reaches 
receiving direct discharges. In those reaches affected only by runoff,  the 
incremental concentrations normally remained below 1% of background 
and were always below 12%. The results of this analysis are summarized 
in Table 8, which shows the average incremental selenium concentration 
over each reach. 

Clearly, the effects of plant discharges into reach 4 dominate the results. 
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TABLE 8 

Computed incremental selenium concentrations (ug/1) 

Case Reach 

1 2 3 4 5 

Background level 2.0 2.0 2.0 2.0 2.0 

Nominal case 0.00527 0.01206 0.01425 0.2547 0.2403 
Slow decay 0.00537 0.01250 0.01495 0.2584 0.2547 
Fast decay 0.00017 0.00015 0.00008 0.0406 0.0004 

Minimum runoff 0.00036 0.00079 0.00097 0.2547 0.2102 
Worst case, nominal 0.02364 0.05543 0.06696 0.3203 0.3642 

Slow decay 0.02411 0.05740 0.07016 0.3277 0.3868 
Fast decay 0.00077 0.00081 0.00047 0.0415 0.0017 
Low flow 0.08774 0.19850 0.23940 1.1560 1.6310 
Low flow/slow decay 0.08868 0.20240 0.24540 1.1700 1.6910 

Best case, nominal 0.0 0.0 0.0 0.2421 0.2480 
Slow decay 0.0 0.0 0.0 0.2449 0.2617 
Fast decay 0.0 0.0 0.0 0.0413 0.0000 
High flow 0.0 0.0 0.0 0.0819 0.0825 
High flow/fast decay 0.0 0.0 0.0 0.0142 0.0000 

R u n o f f  f r o m  a t m o s p h e r i c  and i r r igat ion depos i t i on  processes  c o n t r i b u t e  
a lmos t  negligible small  a m o u n t s  o f  se lenium to  the  s t ream,  c o m p a r e d  wi th  
the  b a c k g r o u n d  levels f o u n d  in regional  waters .  Reduc ing  the  decay  coef-  
f ic ient  increases p o l l u t a n t  levels on ly  slightly,  indicat ing tha t  the  n o m i n a l  
value o f  8.0 × 10 -7 s -1 is conservat ive .  Unde r  the  wors t -case  condi t ions ,  
wi th  the  a t m o s p h e r i c  and over land  m o d e l  p a r a m e t e r s  designed to  m a x i m i z e  
runof f ,  se len ium c o n c e n t r a t i o n s  u n d e r  nom ina l  f low condi t ions  are in- 
creased b y  less t h a n  17% in the  wor s t  case. On ly  wi th  m i n i m u m  f low ra tes  
do the  p lan t  discharges increase  b a c k g r o u n d  levels by  m o r e  than  75%. Such 
f low ra tes  are rare and do no t  persist ,  lasting on ly  for  a few weeks  be fo re  
increasing signif icantly.  F o r  chron ic  hea l th  ef fec ts ,  such t rans ien t  var ia t ions  
should  no t  be i m p o r t a n t .  

The  e x p o s u r e  analysis inc luded inha la t ion  and ingest ion of  ( 1 ) p a r t i c u l a t e  
air po l lu tan t s ,  (2) dr inking  wate r ,  (3) five t y p e s  of  animal  p roduc t s ,  and  
(4) one  t y p e  o f  vegetable  p r o d u c t .  Inges t ion  o f  aqua t ic  o rgan isms  was 
n o t  inc luded because  the  p r i m a r y  aqua t ic  species in the  area are n o t  con-  
s u m e d  b y  humans ,  bu t  the  s t udy  did  cons ider  h o w  these  species migh t  
be  a f fec ted  by  p lan t  emissions.  

The  analysis a ssumed  t h a t  dr inking wa te r  fo r  all subregions  c a m e  equa l ly  
f r o m  surface wa te r  and  g r o u n d w a t e r .  T h e  X Y Z  River  was the  sole surface  
wa te r  source.  The  g r o u n d w a t e r  analysis  d e t e r m i n e d  t h a t  the  p o p u l a t i o n  
o f  on ly  one  subregion  c o n s u m e d  c o n t a m i n a t e d  g r o u n d w a t e r .  As be fore ,  
all dr inking wa te r  was given s t anda rd  coagu la t ion  and  f i l t ra t ion  t r e a t m e n t .  
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For the ingestion analysis, it was necessary to determine the primary 
animal and vegetable products  grown in the region. For the six general 
products  selected (grains, beef, pork, milk, poul t ry ,  and eggs), we calculated 
product ion  rates by county.  Assuming uniform distribution of product ion 
within counties, these data could be used to estimate product ion  rates by 
subregion. For  each category, we also assumed that  food and water used 
in product ion came from sources within the producing subregion and thus 
contained selenium concentrat ions characteristic of  that  subregion. Thus, 
grains and grasses contained selenium levels determined by multiplying 
the surface soil concentrat ions by appropriate bioconcentra t ion factors. 
Consumption rates for  each product  were estimated from national data 
and are shown in Table 9. 

TABLE 9 

Consumption rates for the selenium case study 

Product Population group 

Infant Chi ld  Teenager Adult 

Inhalation (m3/day) 3.84 10.14 21.92 21.92 
Water (l/day) 0.55 0.71 0.71 1.01 
Food (kg/day) 0.55 1.19 1.50 1.28 
Beef (kg/day) 0.00 0.03 0.04 0.07 
Pork (kg/day) 0.00 0.03 0.04 0.07 
Milk (l/day) 0.55 0.47 0.55 0.30 
Poultry (kg/day) 0.00 0.01 0.02 0.03 
Eggs (kg/day) 0.00 0.02 0.03 0.05 
Grains (kg/day) 0.00 0.12 0.15 0.12 

The health risk to the populat ion could not  be calculated using d o s e -  
response models. Although the literature contains lengthy discussions of 
acute and chronic health effects [16, 17] ,  selenium toxic i ty  cannot  be 
easily analyzed. Selenium is probably an essential e lement  for man, and 
its toxici ty  depends strongly on the chemical form of the element in the 
diet. Although selenium has been implicated in a number  of chronic health 
conditions,  including dental caries and vascular diseases, not  enough quan- 
titative information exists to fit any kind of dose--response model.  

As described in Bolten et al. [15] ,  one can use animal data to derive 
a threshold dose level for chronic toxici ty  in man. This dose level is found 
to be 50 pg/kg of body weight or about  3500 pg Se/day for a 70-kg in- 
dividual. Similar analysis for dietary insufficiency leads to a possible min- 
imum requirement of about  48 t~g Se/day for an average human. Based on 
EPA [17] ,  the average U.S. resident consumes about  132 pg Se/day. Be- 
cause the study region is highly seleniferous, mean selenium intake for the 
exposed populat ion is probably much higher. Using data from a variety 
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of  sources,  summar ized  in Bol ten  et al. [ 1 5 ] ,  we can calculate a mean  
selenium intake of  be tween  285 and 870 pg /day  for  the local popula t ion .  

Because they  live in di f ferent  areas, have varying die tary  preferences,  
and obta in  food  f rom different  sources, certain elements  of  the popu la t ion  
will consume  more  or less selenium than  the average. For  some individuals 
at the ex t reme high end of  the dis tr ibut ion,  the  addit ional  con t r ibu t ion  o f  
selenium f rom plant  emissions might  be sufficient to cross the threshold  
o f  selenosis. The selenium die tary  dis t r ibut ion can be crudely es t imated 
f rom measurements  o f  Smith and Westfall [ 18 ] .  These data  can be fit to  
a log normal  d is t r ibut ion and rescaled to  an appropr ia te  mean  ingestion 
rate. Accordingly ,  the probabi l i ty ,  P, tha t  an individual will have a die tary 
intake exceeding the toxic  threshold,  It  = 3500 gg /day ,  is 

1 l°glt 
P = 1 - - -  f e -z 2/2 dz 

2u 3 

where z = (log I - < l o g / ~ ) / U l o g I  and alogl = s tandard deviat ion of  log I. For  
the range of  mean intake rates f rom 285 to 870 /~g/day, the probabi l i ty  
varies be tween 0.04 and 3%. In general, the upper  figure represents  a worst-  
case est imate  which should considerably  overes t imate  the true rate. 

The basic exposure  analysis was pe r fo rmed  using nomina l  exposure  
parameter  values with the soil and water  po l lu tan t  concen t ra t ions  found  
in three cases, the nomina l  envi ronmenta l  t r anspor t  case and cases where 
t ranspor t  pa ramete r  values were modi f ied  to maximize  po l lu t an t  concen-  
t ra t ions  in either the soil or  surface waters. These last two cases were chosen 
to illustrate the relative impor tance  of  the various potent ia l  exposure  path-  
ways,  because specific exposure  routes  are no t  well unders tood ,  Moreover,  
these calculat ions assumed, conservatively,  tha t  all of  the selenium would  
be in a fo rm available for  h u m a n  absorp t ion* .  The average and m a x i m u m  
(subregion) background  and plant-related exposure  rates for  the  three 
cases are shown in Table 10. 

TABLE 10 

Exposure rates for alternative cases (pg/day) 

Case Background With Plant 

Mean Maximum Mean Maximum 

Nominal case 289.2 289.5 289.4 290.0 
Worst soil 292.7 293.4 
Worst water 289.8 290.4 

*In general, measurements indicate the most of the selenium found in the environment 
is in elemental form, which is virtually insoluble in water and therefore has no significant 
toxicity. 
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Although these calculated background exposure rates agree well with 
the previously estimated rates discussed above, this should be considered 
coincidental in view of the many uncertainties involved in the calculations. 
The probabili ty that  an individual will exceed the toxic i ty  threshold, given 
this mean exposure rate of 289.2 pg/day, becomes 0.041%, corresponding 
to about  8.6 people in the regional population.  

The effect  of plant emissions can be determined from the results shown 
in Table 10. In the nominal case, mean exposure rates increase by less than 
0.1%. This corresponds to an increased probabil i ty of exceeding the toxic 
threshold of  less than 0.00014%. For the regional populat ion of  20,850, 
this is equivalent to an expected increase of 0.03 people. These results 
do not  change significantly for  the two worst-case transport  analyses. Max- 
imizing soil pollutant  concentrat ions increases exposure rates by only 
3.5 t~g/day (about 1.2%), causing an increased probabili ty of 0.0025% or 
0.5 people. When surface water pollutant  concentrat ions are maximized, 
the mean exposure rate rises by 0.6 pg/day (0.02%). This exposure leads to 
an increase of 0.00042% in exceedance probabil i ty or 0.09 people. 

The table presents both  mean and maximum exposure rates for all cases. 
The maximum exposure rate occurs in the subregion exposed to contam- 
inated groundwater  from ash pond leaching. The increase in exposure 
rate caused by this contaminat ion is less significant than it appears to be 
for several reasons. First, to magnify the effects, we assumed all drinking 
water for that  subregion was obtained from the contaminated source, 
rather than using the normal division between surface and groundwater  
sources. Second, because the groundwater  has a higher background con- 
centrat ion of  selenium, the maximum background exposure rate also occurs 
in this subregion. Accordingly, the maximum exposure rate for  all cases 
should be compared with the maximum background exposure rate rather  
than the mean background rate. Third, the incremental selenium from plant 
leaching does not  reach the well in significant amounts for more than 75 
years, by which time the entire scenario will have changed and the power 
plant may no longer be operating. Fourth,  the groundwater  emissions 
used in these calculations represent a worst-case condit ion -- an unlined 
pond and landfill with pessimistic model parameters. In o ther  situations, 
the resulting pollutant  concentrat ions are an order of  magnitude smaller. 

Finally, note  also that  these exposure rates are probably higher than 
what we would expect.  First, the worst-case soil analysis assumes soil con- 
centrations reach their  maximum levels (corresponding to th i r ty  years of 
accumulation) immediately and remain there for the life of the plant. 
Second, all cases assume the populat ion consumes locally grown animal 
and vegetable products  as much as possible, before consuming food pro- 
duced nationwide, most of  which will contain tess selenium than the levels 
we have been considering. This is substantiated by EPA data showing the 
average daily per capita selenium intake in the U.S. to be only about  132 
pg/day [17] .  
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As w i t h  t h e  a r sen ic  s t u d y ,  a s i m p l e  s ens i t i v i t y  ana lys i s  was  p e r f o r m e d  
for  t he  s e l e n i u m  c a l c u l a t i o n s .  In  t h i s  case,  h o w e v e r ,  t he  ana ly s i s  was  m o r e  
c o m p l e x ,  b e c a u s e  t h e  case s t u d y  i n c l u d e d  e n v i r o n m e n t a l  t r a n s p o r t  ana lys i s  
for  air,  soil ,  a n d  sur face  w a t e r  as we l l  as t he  c o m p l e x  e x p o s u r e  p a t h w a y s  
d i scussed  above .  As d i scussed  ear l ie r ,  t he  r e su l t s  i n  T a b l e  10  r e p r e s e n t  
e x t r e m e  e n v i r o n m e n t a l  t r a n s p o r t  cases w i t h  n o m i n a l  e x p o s u r e  ana lys i s  
p a r a m e t e r s .  To  s u p p l e m e n t  th is ,  we  c o n s i d e r e d  a n u m b e r  o f  cases us ing  
v a r i a t i o n s  o n  t he  p a r a m e t e r s  in  the  e x p o s u r e  ana lys i s  m o d e l s .  The se  p a r a m -  
e ters  a n d  t h e i r  n o m i n a l ,  o p t i m i s t i c ,  a n d  pes s imi s t i c  va lues  are s h o w n  in  
T a b l e  11.  

TABLE 11 

Values for parameters in selenium sensitivity analysis 

Parameter a Optimistic Nominal Pessimistic 

TF 0.05 0.20 0.90 
HS 0.0577 0.1154 0.2308 
UW (1/day) 0.5 N 1.0 N b 2.0 N 
UV (kg/day) 0.5 N 1.0 N b 2.0 N 
UA (kg/day) 0.5 N 1.0 N b 2.0 N 
UI (m3/day) 0.5 N 1.0 N b 2.0 N 
MF (day/kg day l) 0.5 N 1.0 N c 2.0 N 
ACB (mg/kg) 0.2 N 1.0 N d 2.0 N 
CV 0.13 1.30 8.00 
VCB (mg/kg) 0.005 0.05 0.50 
TL 0.05 0.20 1.00 

aTF = fraction of pollutant retained after drinking water treatment; HS = ingestion ex- 
posure dose scale factor; UW = consumption rate for drinking water; UV = consumption 
rates for vegetable products; UA = consumption rates for animal products; UI = inhala- 
tion rates; MF = fraction of daily pollutant intake in animal products; ACB = background 
pollutant content of animal products from outside region; CV = bioconcentration factor 
for vegetable products; VCB --- background pollutant content of vegetable products from 
outside region ; TL = translocation factor to edible parts of vegetation. 
bNominal values given in Table 9. 
eNominal values: beef = 0.03 day/kg; pork = 0.20 day/kg; milk = 0.002 day/l; poultry = 
4.00 day/kg; eggs = 10.00 day/kg. 
dNominal values: beef = 0.02 mg/kg; pork = 0.25 mg/kg; milk = 0.012 mg/1; poultry = 
0.30 mg/kg; eggs = 0.10 mg/kg. 

T h e  i d e n t i f i e d  p a r a m e t e r s  were  va r i ed  i n d i v i d u a l l y  a n d  in  g roups ,  u s ing  

t h e  e n v i r o n m e n t a l  c o n c e n t r a t i o n s  of  t h e  n o m i n a l  c a s e , a n d  t h e ; w o r s t - c a s e  
soil  and  sur face  w a t e r  v a r i a t i o n s  o n  t h e  n o m i n a l  case. Because  e x p o s u r e  
ra tes  va r i ed  so l i t t l e  in  Tab l e  10, o n l y  pess imis t i c  cases w e r e  u s e d  in  t h e  
e x p o s u r e  s ens i t i v i t y  ana lys is .  T h e  s ens i t i v i t y  cases a n d  t h e i r  r e su l t s  are  
s h o w n  in  T a b l e  12.  

T h e s e  r e su l t s  d e m o n s t r a t e  t w o  clear  t r e n d s .  F i r s t ,  c h a n g i n g  p a r a m e t e r  
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Exposure rates for sensitivity cases (ug/day) 
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Case Parameters Background Power plant 

Mean Maximum Mean Maximum 

Nominal 

Worst-case 
surface water 

TF 291.2 292.1 291.3 294.1 
HS 289.3 289.5 289.4 290.0 
UW/UV]UA/UI 426.0 426.5 426.2 427.5 
MF 430.1 430.4 430.4 431.0 
ACB 297.0 297.3 297.1 297.8 
MF]ACB 437.9 438.1 438.1 438.7 
CV 1087.2 1087.7 1087.5 1088.3 
VCB 289.3 289.5 289.4 290.0 
TL 290.6 290.9 290.7 291.4 
TL]VCB]CV 1088.6 1089.1 1088.8 1089.7 

TF 291.2 292.1 292.3 294.4 
TF/UW 293.6 295.3 295.5 299.6 
UW]UV/UA/UI 426.1 426.5 427.1 428.1 
MF]ACB 437.9 438.1 438.9 439.4 
TL/VCB/CV 1088.6 1089.1 1089.2 1089.9 
TL/VCB/CV/MF/ACB 1628.7 1629.3 1629.7 1630.6 
TL/VCB/CV/MF/ACB/TF 1630.6 1631.8 1632.2 1634.6 

Worst-case HS 289.3 289.5 292.8 293.4 
soil UW/UV/UA/UI 426.0 426.5 432.5 433.8 

MF]ACB 437.9 438.1 443.8 444.4 
TL/VCB/CV 1088.6 1089.1 1104.3 1105.2 
TL[VCB/CV/MF/ACB 1628.7 1629.3 1635.5 1654.4 

values in the  e x p o s u r e  assessment  can s t rong ly  af fec t  e x p o s u r e  ra tes .  Mean 
ra tes  vary  b e t w e e n  289.3  and 1630 .6  p g / d a y ,  m o r e  t h a n  a f ac to r  of  five. 
Second ,  in spi te  of  th is  overa l l  va r ia t ion ,  i n c r e m e n t a l  e x p o s u r e  rates  f rom 
p lan t  emiss ions  r e m a i n  small .  In t he  m o s t  e x t r e m e  cases, wors t -case  soil  
a c c u m u l a t i o n ,  mean  e x p o s u r e  ra tes  increase  by  less t h a n  1.5% over  back-  
g r o u n d  levels. Thus ,  a l t hough  the  overa l l  level  o f  e x p o s u r e  m a y  be qu i t e  
unce r t a in ,  the  i n c r e m e n t a l  c o n t r i b u t i o n  of  p l a n t  emiss ions  is r e l a t ive ly  
u n a f f e c t e d  by  the  sens i t iv i ty  var ia t ions .  In the  m o s t  e x t r e m e  case,  the  
e x p e c t e d  increase  in the  p r o b a b i l i t y  o f  an ind iv idua l  exceed ing  the  ex- 
posu re  l imi t  is 0.48%. A l t h o u g h  this  p r o b a b i l i t y  m a y  seem large, i t  rep-  
resen ts  n o t  on ly  a wors t -case  analys is  for  b o t h  e n v i r o n m e n t a l  t r a n s p o r t  
and  e x p o s u r e  ca lcu la t ions ,  bu t  also pess imis t ic  a s sumpt ions  a b o u t  se len ium 
ava i lab i l i ty  and a c c u m u l a t i o n  and c o n s u m p t i o n  o f  loca l ly  g rown  p r o d u c e .  

The  sens i t iv i ty  resul t s  have i m p o r t a n t  i m p l i c a t i o n s  for  t he  analysis .  
The  cases involving the  wors t -case  soil  a c c u m u l a t i o n s  all show an increase  
in e x p o s u r e  ra te  of  b e t w e e n  1.2 and 1.5%. Yet ,  because  o f  the  change  in 
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background levels, these exposure rates correspond to increases in the 
toxicity exceedance probability of  between 0.002 and 0.48%. Clearly, it 
is important  in this situation to have the best data available for the overall 
selenium background exposure rate. A single study of selenium levels or 
consumption rate in the regional population might be sufficient to deter- 
mine the magnitude of the background rates and the related risk. Because 
plant-related exposure differs so little from background rates in the sen- 
sitivity analysis, extensive study of most of the uncertain exposure analysis 
parameters may not be necessary if the overall exposure rates can be esti- 
mated for the region. If background rates are sufficiently low, the small 
increment of selenium to the local environment should have negligible effect. 

In addition to considering the potential human health effects of selenium 
exposure, the analysis also investigated how increased selenium concentra- 
tions in surface waters might affect aquatic organisms in the region. Sele- 
nium in water can have both acute and chronic effects on fish. However, 
acute toxicity has not  been recorded below concentrations of 340 pg/1, 
far above the levels predicted in the analysis. Chronic effects include not  
only life cycle survival, but also growth reduction, decreased blood iron, 
and reduction in egg hatchability. These effects occur at the lowest con- 
centrations in rainbow trout  [17],  where hatchability can be reduced at 
28 pg/1 and life cycle survivability can be affected at 88 ~g/1. 

If the highest reported background concentration of selenium in the 
region (20 t~g/1) is combined with the worst-case surface water concentra- 
tions found in Table 10, the result is still below the 28 t~g/1 which rep- 
resents the lowest concentration found to have measurable effects on rain- 
bow trout.  Consequently, unless the aquatic species found in the XYZ 
River are far more sensitive to selenium than trout  (the most sensitive 
species known), plant-related selenium emissions should have no significant 
impact on local aquatic life. 

Conclusions and recommendations 

Application and limitations of toxic risk analysis 
Risk analysis for emissions of toxic materials has only recently become 

an important  area. Consequently, although a basic approach can be de- 
fined, applying this procedure to specific cases can be extremely difficult. 
Potential problems exist at every stage of  risk assessment and these prob- 
lems will probably not be solved either easily or quickly. Besides complicat- 
ing the analysis, they contribute to the overall uncertainty in risk estimates 
that  makes regulation of toxic emissions so complex and controversial. 

Risk analysis is not  an exact science that  can develop accurate and precise 
risk estimates. Instead, it is an exercise that  can (1) roughly approximate 
the relative risks of alternative designs, (2) determine the relative sensitiv- 
ities of calculated risks to uncertainties in input data, and (3) identify 
weaknesses in the original assumptions. Our risk assessment methodology 
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is based on a particular set of assumptions and is thus subject to limita- 
tions and potent.~al problems. Some of  these are general, relating to the 
selection and application of models and procedures for risk calculations. 
Others are more specific, in that  they may be true for some analyses but 
no t  for  others. These problems arise from the characteristics of a partic- 
ular pollutant  or situation. In this section, we first consider some of the 
general problems associated with risk assessment, then discuss more specific 
conclusions from the case studies. 

No risk analysis f ramework or methodology should be used wi thout  a 
thorough understanding of  the various models and their  application. No 
one can construct  a foo lproof  package of models that  can be properly 
used by someone unfamiliar with the basic problem and general situation. 
" C o o k b o o k "  risk analysis cannot  be done. The analyst must  also have 
access to adequate information about  (1) all models used in the analysis, 
(2) the operat ion and characteristics of the power plant (or other  emission 
source) and its waste streams, {3) regional geography, geology, hydrology,  
and meteorology,  (4) regional populat ion,  (5) the behavior and chronic 
health effects of the pollutant ,  and (6) regional product ion and consumption 
of  animal, vegetable, and aquatic organisms (if relevant). This is fundamental  
information,  although the level of  detail required will vary significantly 
between problems. Because there are many other  potential  sources for 
most of the toxic pollutants,  and regional background pollutant  levels will 
vary greatly, the informat ion used in an analysis must be as site-specific 
as possible. Use of national averages or " typ ica l"  values may lead to sig- 
nificant unknown errors in the results. 

En vironrnen tal transport 
In this type  of analysis, mult imedia environmental  modeling is potential ly 

the most  difficult  task. The composite approach at tempts to produce realis- 
tic results while retaining flexibility for application to a variety of  situa- 
tions. Model selection can be tailored to problem requirements,  data avail- 
ability, user resources, and other  constraints. Unfor tunately ,  the most  
appropriate models for each medium may not  be particularly compatible.  
Intermedia transfers and coupling may be difficult  because the models 
have been designed for independent  operat ion with differing requirements 
and purposes. Moreover, the models are f requent ly  difficult and expensive 
to set up and operate,  even for those who are already familiar with them. 

As a consequence,  the risk analyst must a t tempt  to simplify the prob- 
lem as much as possible without  compromising the results. An initial Level 
I analysis should be performed to determine problem boundaries, isolate 
specific areas for more detailed analysis, and generally define the overall 
risk assessment. Then the Level II analysis can be performed as needed. 
At this stage, however, the analyst must accept that  data collection and 
reduction,  as well as o ther  activities will be difficult  for most  practical 
problems, and that  certain intermediate data manipulations and conver- 
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sions will be needed if more than one model is to be used. As individual 
experience with this process increases, these problems will become less 
impor tant  and the conversions less difficult. 

Health effects 
A primary weakness and source of  uncertainty in risk assessment lies in 

the determinat ion of  health effects. This uncertainty arises from incomplete  
knowledge about  how toxic pollutants behave in the human body and 
from a lack of  understanding about  which dose--response and extrapola- 
t ion models are most  realistic for any particular pollutant.  Even for arsenic, 
a relatively well documented  pollutant,  dose--response calculations are 
limited by lack of  acceptable health effects data. For the large majori ty 
of  the toxic trace elements (including selenium) and organic pollutants,  
there is even less information,  qualitative or quantitative. Moreover, as 
the arsenic case study showed, the choice of  dose--response model  can 
significantly influence the results. Unfor tunately ,  there is as ye t  no scien- 
tific basis for preferring one model rather than another.  

Although one may have appropriate models for all stages of an analysis, 
these may not  be sufficient. Risk analysis will always be limited by data 
availability and understanding of  how pollutants behave in the environ- 
ment  and human body. Therefore,  the analyst should first determine wheth- 
er sufficient information is available to perform a quantitative risk assess- 
ment.  If health effects data are inadequate,  it may be necessary to do en- 
vironmental  t ransport  and exposure calculations only, comparing alter- 
native scenarios on the basis of  these results instead of actual health risk 
predictions. With limited data, it may be possible to perform a restricted 
health effects analysis, as was done for the selenium case study. 

All toxic pollutants may have both acute and chronic health effects. 
Acute effects are caused by short-term exposure to high concentrations.  
Such effects would normally not  be expected from exposure to power 
plant discharges into surface waters. Chronic effects, on the other  hand, 
are caused by long-term exposure to  low concentrations.  These types of 
effects are much more likely. Short- term exposure to higher concentra- 
tions may contr ibute  to chronic effects, however. Thus, for some pollutants,  
it could be necessary to  consider bo th  short  and long-term variations in 
emissions and environmental  concentrat ions.  The transport  and exposure 
calculations for this type  of  analysis would be complex and expensive. 
Generally, however, the theoretical  models and data do not  exist to per- 
form the dose--response calculations that  would be needed. 

Time frame 
Our analyses have been limited to long-term average conditions and 

emission levels, thus assuming that  plant operations and emissions will 
be reasonably constant and continuous.  Although discharges and environ- 
mental conditions may vary significantly over t ime periods less than a 
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week, if the resulting pollutant  concentrat ions in the environment  are 
below acute levels, these variations can be averaged out  over the course 
of  a year. It may sometimes be necessary, though, to consider t ime periods 
of  a month  or season in calculating exposure rates. Such might be necessary 
if plant operations are seasonal and environmental  conditions (such as river 
flows or wind patterns) are strongly correlated with discharges. Under 
these conditions,  the distribution of  pollutant  concentrat ions could vary 
strongly over time. The need for this type of analysis is conditional on the 
ability of the health data and models to utilize the resulting exposure vari- 
ations. 

By restricting the analysis to long-term conditions, one can use steady- 
state models and assumptions in the calculations. Variations from long- 
term average emissions or environmental  conditions may generate tran- 
sients in pol lutant  concentrat ions,  but these transients will not  be important .  
In the atmosphere and surface waters, processes occur relatively rapidly, 
meaning that  pollutant  concentrat ions in the environment  will generally 
reflect plant emissions within a short time. For soil and groundwater  trans- 
port ,  this may no t  be true. Processes occur much more slowly, from leachate 
discharge through retent ion and transport  in saturated or unsaturated soils. 
Consequently,  t ime delays become important .  During the life of the power 
plant, groundwater  concentrat ions may not  only fall to reach a steady- 
state condit ion,  but  they may not  even reflect plant emissions. Under 
these circumstances, the analyst must decide how to deal with the exposure 
and health effects calculations. If groundwater  exposure does not  become 
important  until  well after o ther  exposure has ceased, the resulting risk 
must  be carefully defined. 

Toxic pollutants 
The federal government regulates toxic emissions to surface water bodies 

primarily under the provisions of the Clean Water Act. This act lists 65 
toxic substances or classes of substances subject to regulation. From this 
information,  the EPA has developed a list of 129 specific priori ty toxic  
pollutants.  Few of these pollutants have been studied in any detail. The 
pollutants differ widely with respect to their (1) chemical and biological 
t ransformations and primary chemical species in air, soil, and water, (2) 
physical properties of  these species, and (3) behavior in the various plant 
and animal organisms that provide secondary and tert iary exposure path- 
ways. Many of the organic pollutants have not  been studied at all, in tha t  
virtually nothing is known about their behavior in the environment.  

As a result, the exposure calculations must  be highly uncertain. Even 
for the most  direct exposure pathways, such as consumption of  drinking 
water, more information is needed about  how toxic organics and trace 
metals are affected by water t reatment  and distribution processes. Without 
this type  of  information,  even the best computer  models cannot produce 
results with acceptable uncertainty levels. 
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Sensitivity analysis 
The sensi t ivi ty  analyses  were  p e r f o r m e d  to  d e t e r m i n e  reasonab le  u p p e r  

and l ower  b o u n d s  on the  ca lcu la t ion  of  ne t  r isk and to  learn h o w  m u c h  
each m o d e l  p a r a m e t e r  a f f ec t ed  the  results .  The  p r o c e d u r e  is l imi ted  in 
some  ways ,  however .  First ,  selecting high and low values a round  the  best  
e s t ima te  for  each  p a r a m e t e r  does  n o t  ind ica te  the  l ike l ihood  tha t  these  
values will be achieved - -  no u n c e r t a i n t y  d i s t r ibu t ion  is s ta ted  or impl ied.  
Second ,  for  ca lcu la t ions  involving, for  exam p l e ,  n d iscre te  steps,  the re  will 
be  near ly  (n - 1)! possible  c o m b i n a t i o n s  o f  p a r a m e t e r  values to  be  calcu- 
lated.  In  o u r  case, the re  are pe rhaps  n = 12 i m p o r t a n t  pa rame te r s ,  so t h a t  a 
c o m p l e t e  sensi t ivi ty  analysis  is no t  prac t icable .  Final ly ,  a sensi t ivi ty  anal- 
ysis, unl ike  the  m o r e  soph i s t i ca ted  analy t ic  approaches ,  c a n n o t  easily as- 
sign m a g n i t u d e s  to  synergis t ic  e f fec t s  be t ween  pa rame te r s .  

A l though  it  has l imi ta t ions ,  a t h o r o u g h  sensi t ivi ty  analysis  o f  this t y p e  
can  be useful .  I t  can i den t i fy  i npu t  p a r a m e t e r s  t ha t  are suf f ic ien t ly  im- 
p o r t a n t  to war ran t  m o r e  careful  cons ide ra t ion  in the  overal l  analysis,  e i ther  
by  p e r f o r m i n g  a m o r e  de ta i led  analysis ,  using an a l te rna t ive  mode l ,  or  
invest igat ing the  value of  the  p a r a m e t e r  m o r e  t h o r o u g h l y .  I t  can also in- 
d ica te  h o w  m u c h  u n c e r t a i n t y  the re  m a y  be in the  f inal  resul ts  and  b y  h o w  
m u c h  this can be r educed  by  i m p r o v e m e n t s  in the  var ious  pa r t s  of  the  
analysis.  

Case study conclusions 
The  case s tudies  were  des igned to i l lus t ra te  h o w  par t  of  the  overal l  risk 

assessment  m e t h o d o l o g y  cou ld  be appl ied  to  a real  p r o b l e m .  T h e y  were  
h y p o t h e t i c a l  examples ,  no t  re la ted  to  any  exis t ing p o w e r  p lan t ,  based  on  
a c o m b i n a t i o n  o f  pess imis t ic  a s sumpt ions  and  de fau l t  values o b t a i n e d  
f r o m  the l i t e ra ture .  Moreover ,  in one ins tance ,  the  b a c k g r o u n d  concen-  
t r a t ions  o f  p o l l u t a n t  in the a f f ec t ed  surface  wa te r  bodies  were  m u c h  higher  
t han  the  r e c o m m e n d e d  w a t e r  qual i ty  cr i ter ia  f r o m  the  EPA [8 ] .  The  Colum-  
bia  River  has  an arsenic c o n c e n t r a t i o n  of  1.6 ~g/1, c o m p a r e d  with  an EPA 
cr i ter ion o f  22 ng/1, while the  X Y Z  River  has a se lenium c o n c e n t r a t i o n  of  
2.0 t~g/1, c o m p a r e d  wi th  an EPA cr i te r ion  for  se lenium of  10 pg/1. Under  
these  c i rcumstances ,  one  should  no t  cons ider  the  case-s tudy resul ts  to  be  
def ini t ive or  typ ica l  of  coal-f ired p o w e r  p lan t s  anywhere .  Never theless ,  
we can use these  resul ts  and the  sensi t ivi ty  analysis  to  d raw s o m e  l imi ted  
conc lus ions  a b o u t  the  r isk analysis  of  arsenic and se lenium emissions.  

The  arsenic and se lenium results  indica te  tha t  the  i nc remen ta l  e x p o s u r e  
and risk associa ted  wi th  the  p lan t  discharge are small.  Arsenic  concen t ra -  
t ions  in the  C o l u m b i a  River  increased by  12.5% above  b a c k g r o u n d  levels, 
wh ich  could  lead to  be t ween  0 .00164  and 0 .329  addi t iona l  cases o f  skin 
cancer  in the  regional  popu la t i on .  These  values c o r r e s p o n d  rough ly  to  
i nc remen ta l  skin cancer  risks of  be t ween  0 .016  and 3.29 in a mil l ion.  Com-  
pared  wi th  n o r m a l  b a c k g r o u n d  levels o f  skin cancer  in the  Uni t ed  Sta tes ,  
even the  highest  ra te  wou ld  be t o o  small  to  de tec t  wi th  any  conf idence .  
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In essence, this analysis ca lcula ted  final-risk es t imates  t h a t  could  n o t  be 
verif ied,  implying  tha t  p r o c e d u r e  ver i f icat ion m u s t  c o m e  f ro m  p ro p e r  
ca l ibra t ion and test ing of  the  mode ls  at each stage o f  the  analysis. 

Similarly, the  inc remen ta l  se lenium concen t ra t ions  in the  second case 
s tudy  do no t  lead to  significant increases in exposure  rates or  risk. Atmos-  
pheric  selenium levels increase by  less than  0.1%. Selenium levels in sur- 
face soils increase by  an average o f  0.5% over  the ent i re  l i fe t ime o f  the  
plant ,  unde r  nomina l  c i rcumstances ,  and by less t han  2.0% using worst-  
case assumptions .  Correspondingly ,  po l lu tan t  con t r ibu t ions  to  the  surface 
water  f r o m  r u n o f f  and a tmospher ic  depos i t ion  are a lmost  jaegligbly small 
com pa r e d  wi th  d i rec t  discharges f rom the power  plant  and exist ing back- 
ground levels of  selenium. Under  all bu t  the worst-case,  low-flow assump- 
t ions,  background  concen t ra t ions  in the surface wa te r  do n o t  increase 
by  more  than  a few percen t .  

As with the arsenic analysis, the  heal th  risk associated with the  increased 
exposure  to  selenium is e x t r e m e l y  small. The  inc rementa l  risk for  the  nom-  
inal case is on ly  1.4 X 10 -6 . Al ternat ively ,  maximiz ing  soil concen t ra t ions  
or surface water  concen t ra t ions  leads to  incrementa l  risks o f  2.5 X 10 -s and 
4.2 X 10 -6 , even assuming pessimistically tha t  all e m i t t e d  selenium will 
be in a fo rm available for  up take  by plants ,  animals,  and man.  

The  arsenic sensitivity analysis indicated  tha t  net  risk results can be ex- 
t r eme ly  sensitive to  the  values of  paramete rs  and choice  of  dose- - response  
model .  The  p rob i t  mode l  is undu ly  sensitive to  the  backg round  arsenic 
exposure  rate  and is p robab ly  no t  suitable fo r  this risk analysis. F o r  the 
o t he r  dose- - response  models ,  the results vary significantly with the  assump- 
t ion  a b o u t  how much  arsenic is r emoved  during dr inking water  t r ea tmen t .  
This removal  e f f ic iency  depends  on  several condi t ions  and can be dif f icul t  
to  specify,  as indicated  by Sorg and Logsdon  [19 ] .  Thus,  an actual risk 
analysis of  this t y p e  should use measured  values of  the removal  ra te  when-  
ever possible. 

O the r  po ten t ia l ly  i m p o r t a n t  pa ramete rs  in the  analysis cou ld  be m o re  
d i f f icul t  to  assess. Po l lu tan t  concen t r a t i ons  in foods  are n o t  f r equen t ly  
measured ,  a l though these levels can af fec t  the incidence  of  chronic  heal th  
effects  when  addi t ional  exposure  occurs .  Similarly,  the pha rmacok ine t i c  
parameters  for  arsenic exposure  are no t  well u n d e r s t o o d  and the da ta  used 
in the dose - - reponse  mode l  pa r ame te r  es t imat ion  have been subject  to  
intensive crit icism in recen t  years .  When p rob lems  such as these occur ,  
and when  l i te ra ture  or case-specific da ta  are incomple te ,  uncer ta in ,  or  
inconsis tent ,  sensit ivity analysis mus t  be used to  de t e rmine  or b o u n d  the  
effects  of  unce r t a in ty  in pa r ame te r  values. 

The  selenium sensit ivity analysis d e m o n s t r a t e d  tha t  choice of  p a r am e te r  
values cou ld  s t rongly  a f fec t  es t imates  of  overall  exposure  rate ,  bu t  had 
little e f fec t  on  the  relat ive size o f  incrementa l  exposure .  Because o f  the  
modi f ied  p rocedu re  used to  es t imate  an associated heal th  risk, raising the 
background  exposure  ra te  will cause an increase in risk, even though  in- 
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c r e m e n t a l  e x p o s u r e  m a y  r ema in  cons tan t .  Accord ing ly ,  i t  b e c o m e s  neces-  
sary to  e i ther  eva lua te  p a r a m e t e r s  as accura te ly  as possible ,  or  to  o ther -  
wise d e t e r m i n e  b a c k g r o u n d  e x p o s u r e  ra tes  in the  regional  p o p u l a t i o n .  I f  
these  b a c k g r o u n d  ra tes  are near  e s t ima ted  na t iona l  averages,  the  inc remen ta l  
r isk f r o m  p o w e r  p lan t  emiss ions  is a c c e p t a b l y  small.  On ly  if these  ra tes  
are e x t r e m e l y  high do p lan t  emiss ions  b e c o m e  a poss ib le  hazard .  In these  
c i rcumstances ,  one  w o u l d  e x p e c t  to  f ind evidence  of  ch ron ic  se lenium 
poisoning  in a small ,  bu t  measurab le ,  f r ac t ion  of  the  popu la t i on .  

As we have d e m o n s t r a t e d ,  in general  the  risk assessment  p rocess  d e m a n d s  
a t h o r o u g h  unde r s t and ing  of  the  p r o b l e m .  One  c a n n o t  e x p e c t  to  do an 
accura t e  or  bel ievable  analysis  w i t h o u t  knowing  the  basic charac ter i s t ics  
o f  t he  emissions,  regional  e n v i r o n m e n t ,  and tox ic  po l lu tan t .  Wi thou t  th is  
knowledge ,  t he  ana lys t  will be unab le  to  m a k e  the  m o s t  a p p r o p r i a t e  as- 
s u m p t i o n s ,  select  the  bes t  t oo l s  and approaches ,  or  eva lua te  the  qua l i ty  
o f  the  results .  N o t  on ly  migh t  th is  cause the  w o r k  to  be m o r e  di f f icul t ,  
ex tens ive ,  and  cos t ly  than  o therwise  necessary ,  i t  will jus t i f iably  cas t  d o u b t  
o n  the  val id i ty  of  the  ent i re  s tudy  and its results.  
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