i BSTRACT

KENNETH J. HAUSLE. A Deci sion Franework to Assi st Local

Communities in Managi ng Troubl esone Solid Waste. (Under the
Direction of Dr. DEBORAH A. AMARAL)

Certain solid wastes; tires, batteries, etc. present
potential health risks if they are inproperly nanaged. A
met hodol ogy has been i npl emented for eval uating avail abl e
options for managing these materials. Landfilling and
i ncineration are the nmanagenent options focussed upon but
the framework can be expanded to nore fully include other
options such as recycling and banning. Potential human
exposures from each option are conpared to risk rel ated
heal th guidelines or standards to determ ne health risks. A
case study eval uates managenent of pol ybrom nated fl ame
retardant materials in municipal solid waste in WI m ngton,
N.C. Aeronetric and ground water nodels are utilized for
estinmating probability rel ated exposures. The aeronetric
nmodel is driven by a Gaussian plune nodel, and the mgration
of toxic material in ground water is estinated froma two
di nensi onal anal yti cal nodel sponsored by the Electric Power
Research Institute. Exposure ranges in air, water, and food
are devel oped by assigning probabilities to uncertain input
parameters such as stack enission rates and | andfil
| eachate concentrations. The data produced is for
illustrative purposes in order to denonstrate the
met hodol ogy. Frequency versus concentration plots are
generated fromwhich | evels of exposure derived from
di fferent managenent options can be conpared and the option
whi ch presents the |owest health risk to the conmunity
determ ned. Consideration is given to the cost of risk
reduction to the community in order to inplenent the
managenent option which poses the | east health risk.
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I nt roducti on

Managi ng solid waste has become a conplex issue for '
| ocal communities. Gow ng environmental consciousness,
concern for health risks, and rising disposal costs have al
increased the attention given to solid waste managenent.
Local comunities are having to make inportant decisions
regarding how to deal with their solid waste. Some
materials, primarily products of nodern society such as
certain plastics, tires, and batteries, are particularly
troubl esone to manage safely. These materials often do not
readi |y biodegrade, pose health hazards if inproperly
di sposed, and are not easily recycled. Local decision
makers need a conceptual framework with which to determne
the best solid waste management option for troubl esome
materials. For the purpose of this paper, managenent
options will include all nethods available to a comunity to
manage solid waste such as disposal, material and energy
recovery, as well as alternatives such as banning particul ar
mat eri al s.

A wide array of information is needed by community
deci sion makers to make nanagement choices regarding a
troubl esone solid waste. This information includes anong
other items the quantity of the troublesome waste produced,
the transport properties of the waste or its by-products in
environnental nmedia as it is being managed, the health
| mpacts of exposure to the waste or its by-products, and the
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costs of the various options for nanagi ng the waste. For
the mpjority of waste nmaterials, such a wide array of
information is not available, and few if any conmunities
have the resources necessary to ascertain all of the unknown
par anet ers.

To make a deci sion am dst this uncertainty and
conplexity it is very difficult to be objective. Sone
subj ective judgnents are often needed to nake estimates for
uncertain paraneters. In order to estinmate uncertain
paranmeters in a rational manner, a decision analysis
approach is used. As stated by Ronald A Howard (17),
deci sion analysis is a nethodol ogy for making | ogi cal
deci sions in conplex, dynam c and uncertain situations. It
treats uncertainty effectively by encoding infornmed
judgenent in the formof probability assignnments to events
and variables. An inportant benefit of decision analysis is
that it provides a formal | anguage for comunicati on anong
t he peopl e involved in the decision nmaki ng process.

The conponents of nunicipal solid waste (MSW are
presented in Figure 1. Mny potentially harnful netals and
organi c chem cals are conponents of products and packagi ng
that are used at residences and offices and then discarded
as MW Wien MSWis |andfilled, incinerated, recycled or
ot herw se nanaged, these conponents have the potential to
contam nate the environment and threaten public health. In

this paper, these conponents are referred to as troubl esone
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wast e. In the report Facing Anerica's Trash (31), published
by the Ofice of Technol ogy Assessnent in 1989, troubl esone
wast es are di scussed. Information fromthis report is
briefly summarized in the foll ow ng three paragraphs.
Mercury, |lead and cadm um are the netals which have
been focussed upon as posing potential health risks.
Sources of nercury include nost household batteries,
fluorescent |ight bul bs, thernoneters, and nmirrors. The
primary source of lead in MSWis autonpbile batteries, but
it is also found in solder in steel cans and el ectronic
conponents, paint pignments, and plastics. Cadnmumis found
in metal coatings and pl atings, rechargeabl e househol d
batteries, paints, and as a heat stabilizer in plastics.
Approxi mately 98% of the | ead and 64% of the cadniumare in

nonconbusti bl e materials, suggesting that separation of

these materials fromwaste to be inci nerated woul d reduce
t he anbunt of these netals in enissions and ash.

Househol d hazardous waste are anot her conponent of MW
that contains potentially toxic substances. Over 100
substances listed in RCRA as hazardous are present in
househol d products. Househol d hazardous waste i ncl udes
cl eani ng products, autonobile products, hone mai ntenance
products, personal care products and yard nmai nt enance
pr oduct s.

Plastics in 1986 made up 7% of MSW It is estinmated by

the year 2000 that 10% of all MsSWw Il be plastics (30).
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Most plastics contain additives to give them specific useful
properties. Over 4,000 individual types of additives exist
and they can be classified into four major types: reaction
controls, processing additives, stabilizers, and perfornance
additives. Concern over the fate of additives when plastics
are discarded has focussed prinmarily on heavy meta
additi ves and organi c and hal ogenated chem cal additives.
Heavy netal additives, particularly |lead and cadnm um are
used as heat stabilizers in wire and cable insulating
material, furniture film floor tiles, and pressure pipes
and colorants in a wide variety of thernoplastics. Oganic
chenical additives are used for exanple as "plasticizers"
which inpart flexibility and as flane retardants. Fl ame
retardant additives are made up of a variety of highly
brom nat ed organi ¢ conpounds and are the troubl esone waste
evaluated in the application of the decision franework
outlined in this paper.

In Figure 1, the estimted use of MSW nanagenent
met hods is presented. Landfills have traditionally been the
di sposal nethod of choice for conmmunities, however capacity
is declining for the followi ng reasons: 1) older landfills
are reaching their capacity; 2) increased Federal and State
regul ation has resulted in the cl osure of substandard
landfills and reduced the nunber of potential sites
avai l able for landfills; and 3) the public is extrenely

opposed to the siting of new landfills (29,31,40). Figure 1
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di spl ays a graph of the estinated decline in existing
pernmitted landfills.

| nci neration, which is used extensively in Europe, was
seen as the ultinmate solution for disposal problens, but it
too has problens as foll ows: 1) the technol ogy is unproven
in the U S (Anerican facilities have a history of operating
probl ens sone of which are thought to be caused by the
hi gher percentage of plastics in Arerican waste, |leading to
corrosi on and unpl anned shutdowns); 2) incineration can be a
di sincentive for recycling if the plant is oversized; 3)
em ssion and regul atory standards have not been clearly
defined; 4) there is a |lack of operator training in
facilities; 5) nmany toxic constituents have been neasured in
i nci nerator ash and eni ssions (7,29,30,31). These problens
suggest that incineration is not the cure all for MW
managenent needs.

Despite their problens, the use of |landfills and
incinerators is likely to be relied upon in the future as
the primary di sposal nethods of npbst communities, and when
it is carried out appropriately can be the best nethod to
manage particul ar wastes (29, 40, 46). Landfills will be
needed to di spose of ash fromincinerators and in sone cases
where the waste presents a mninal threat to groundwater,
landfills may be the nbst econoni cal neans of managi ng the
waste. New technol ogi es are al so bei ng devel oped in which a

landfill is run nore with the phil osophy of a cheni cal


NEATPAGEINFO:id=3120C1C7-23B3-4FF9-9DE8-7F7804472E79


plant. The waste is the raw material and the products for
exanple are energy in the formof nethane collected as it is
produced in the landfill, or fertilizer froma conpost heap
made up of organic waste (29, 34).

To have a successful solid waste managenent program
recycling nmust play a central role and options such as
conposting which can convert organic waste into a useful
product shoul d be coordinated into the overall managenent
scheme if possible. Recycling should be a top priority in
managi ng solid waste because of its materials conservation
benefits and its energy savings conpared wi th manufacturing
using virgin materials. In a comunity which has a
conpr ehensi ve solid waste managenent program severa
di sposal and recycling alternatives shoul d be avail abl e.

Two reasons for this are that it enables manufacturing of
products specifically for a particul ar managenment option
(e.g. by designing products for recyclability) and it
enabl es solid waste managenment to be approached on a
material -by-material basis where waste material is diverted
to the nost appropriate managenent net hod based on its
physi cal and chem cal characteristics. To nmake inforned

deci sions regarding solid waste management alternatives,

| ocal communities need to be aware of what the health risks
and costs are for each alternative. There is considerable
uncertainty in evaluating the health risks that result from

how a particular waste is disposed, and to a | esser extent
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there is uncertainty in determning the entire cost of a
managenent alternative. The health risks depend on the
magni t ude of exposure to individuals fromvarious
environnental nedia, and the potential harmthis exposure
causes. The costs are very specific to the local commnity
and depend oh many factors such as |ocal wages, |and val ues,
transportation systens, and the size of the comunity

(13, 29, 43, 44).

Wien confronted with such uncertainty there are nany
differing opinions as to what val ues should be assigned to
parameters of concern such as the concentration of a
substance | eaving an incinerator stack. One approach is to
assign a best estimate to an uncertain parameter. A problem
with this approach is that it masks the inherent uncertainty
in the paraneter by assigning it only one value. In the
event that the best estimate is incorrect and results in an
underestimate of risk, this approach can have disastrous
consequences.  Another approach is to assign the nost
conservative estimate to the uncertain paraneter so as to
mnimze the possibility of underestimating risk. This
approach however al so masks the paraneter uncertainty and
tends to overestimate the risk. The conservative approach
assunes that the value of avoiding a negative outcome such
as one additional cancer case is extrenely high. This can
result in spending a considerable anmount of resources to
avoid a risk that is likely to be overestimated in the first
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place, and can lead to financial expenditures that may be
better utilized el sewhere.

The approach outlined in this paper is to use a range
of values to accurately represent the uncertainty of a
paraneter. The range is based upon the best information
available. In the event of little information, the range of
val ues for a paraneter is greater to reflect the high
uncertainty. Mdels are used to represent the physica
processes occurring, and assunptions made are explicitly
stated. A specific effort is put forth to prevent the
model s from becoming tools to hide assunptions and cloud the
uncertain nature of the input parameters.

The decision framework presented in this paper attenpts
to maximze reduction of health risks posed by a troubl esone
solid waste while mnimzing the cost of inplementing the
risk reducing management option. The focus will be on
landfills and incinerators, but management options such as
recycling, conposting and banning of materials are
consi dered and can enter the decision framework if they are
al ternatives for managing the troubl esone waste. Landfills
and incinerators are the primary focus of this study because
they are the predom nant solid waste managenment alternatives
used by local comunities today, and are a starting point
for the devel opment of the framework. This by no means
suggests they are the best nanagenent alternatives
avai |l abl e, and as previously stated a goal of |ocal


NEATPAGEINFO:id=828A7674-774A-48D3-8C05-4B54307C9749


10

communi ties should be to devel op conprehensive solid waste
management policies providing many options for managi ng
waste. The framework devel oped can be extended to
conmprehensively include all feasible management options,

providing a consistent conparison of expected performance as

measured by attributes such as risks and costs.

Met hod

The decision franework follows the outline shown in
Figure 2. Initially the nanagement options for a
troubl esone waste and the resulting exposures that occur for
each option are determned. Next, the health inpacts of the
exposure for each managenent option are assessed and it is
determ ned which option or conbination of options poses the
| east health risk. The nanagenment option that poses the
| east health risk is called the preferred managenent option.
Finally, the costs of managing the waste using the preferred
managenment option are assessed and a recommendation as to
what action should be carried out is nade.
|f the costs are too high for the reduction in health risk,
a new option is evaluated to see if it has a nore favorable
cost to risk reduction ratio. In a situation where several
ri sk reducing options exist, the costs can be evaluated for
each option. These steps will each be described in nore
detail and an application of the framework will be made in a

case study evaluating bromnated fire retardants in
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W | m ngton, North Carolina.

Model s play a crucial role in the decision making
process. They are used to avoid the potentially expensive
cost of actually obtaining data as well as to make
predictions concerning future events. Decision analysis is
based on choosing the course of action which results in the
greatest |ikelihood of obtaining the nost desirable future.
Typically a decision analysis is performed with a sequence
of progressively nore realistic nodels. These nmodels can be
referred to as the pilot nodel, the prototype nodel and the
production nodel (17). The pilot nodel is an extrenely
sinplified representation of the problemand is utilized to
determne inportant paranmeters and their relationships. The
prototype nodel is a nore detailed but not entirely conplete
representation of the problem It gives an indication of
how the final nodel wll appear and perform The production
model is the nost accurate representation of reality that a
deci sion analysis can produce given spending |imtations.

Throughout the nodel ling sequence, sensitivity analysis
Is used to determ ne the nost inportant parameters.

Sensitive paraneters are those that highly influence the
out put of a nodel. These paraneters are included in the
production nodel if possible. |In certain cases, developing
a nodel to include an uncertain paranmeter is expensive. |f
t he anal yst can cal culate the value of perfect information

about the uncertain paraneter, he can evaluate if the cost
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of additional nodelling is nerited. This practice is
referred to as the value of perfect information technique
and may be applied at several points within the decision

f r amewor k.
Exposur e/ | nt ake

| ndi vidual s can be exposed to contam nants through air,
water and food. Wat actual exposure levels are and who is

exposed as a result of managing a troubl esome waste are a
function of several factors. These factors include how nuch

waste is generated, what nanagenent nethods are avail able
for the troubl esone waste, environnental conditions in the
comuni ty such as average wind velocity and direction, and
the popul ation characteristics of the community. Processes
which [ead to human exposure to troubl esone conponents of
MSWare summarized in Figure 3. For landfills, the typica
environmental mediumthat is contamnated is groundwater

but contam nation of surface water is also possible. For
incinerators, the contam nated nedia include air from

em ssions and groundwater fromincinerator ash disposed in a
landfill. Air emssions may subsequently lead to deposition
in surface water and onto soil and vegetation which then is
passed up the food chain. Thus, by carrying out groundwater
model | ing and air nodelling with consideration for
deposition onto soil, vegetation and surface water, overal

exposures can be determ ned.

The first step in carrying out an analysis is to
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determ ne which input paraneters are uncertain and which can
be determned with a high Ievel of confidence. Once those
paraneters of uncertainty are determned, each nust be
evaluated for its sensitivity to the final exposure
concentration. |f the paraneter is uncertain, but changes
in the paraneter have little effect on the overal
concentration, then it is an efficient use of analytica
resources not to performdetailed analysis to determne the
range of values for the paraneter. The parameter nust be
adj usted under several different conditions before being
consi dered non-critical in concentration determnation

This can be done by keeping several conbinations of
parameters constant and adjusting the paraneter of interest
for each conbination. Those parameters that cause
considerable fluctuation in the final concentration nust be
further analyzed. This analytical process is called
sensitivity analysis and is at the heart of an application
of this franmework.

G oundwat er nodel ling, air modelling and food exposure
eval uation require several input parameters. These
parameters as wel|l as the quality of information regarding
themand their sensitivity to the nmodel prediction are
listed in Tables A and IB and I C. The ratings for
uncertainty/sensitivity are very general and in specific

cases may not apply.

Tables IA-1Clist the inportant parameters in
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TABLE |A

(9, 23, 36)

Par anet er

-saturated hydraulic
conductivity, K,

(myr)

-hydraul i ¢ gradient,
b, (mm

-porosity, p
(unitless)

- seepage vel ocity,
V, (myr)

- Longi t udi na
di spersivity

coefficient, d, (m
- Longi t udi nal
di spersi on, Dx,
(nyr)
- Transver se di spersion,
Dy, (m/yr)
-Vertical dispersion
Dz, (m/yr)
-Retardation, R
(unitless)
-Decay rate, T,
(1/unit of tine)
Note: Applies to

organi ¢ chem cal s

-Source Concentrati on,
Co, ng/liter

Met hod of

Det e

- measu
-base u

- nreasu
- base
char a

- measu
- base

rm nati on

re at site
pon soil t

re at site
on | ocal
cteristics

re at site
upon soi

-estimate with

equat
VvV = (

i on
K* 1)/p

-estimate as 0.1
ti nes di stance of

inter

est

-estimate with

equat
Dx =

i on
a * v

-estimate as

0.1 -

0.3 tines

-esti mat e as

0.1 -

-refer
-use e

t echn

0.01 tine

to literature

stimati on
i que based

ype

type

Dx

s Dx

on solubility or

oct an
soi |
-refer

t echn

- measur e at

ol wat er

fromsite

coef f.
-measure in |ab using

to literature
-use estimation

i que

site

-refer to literature

Pareunet ers needed in groundwater modelling

Rel ati ve

Uncertainty/
Sensitivity

MODERATE/
MODERATE

LOwW
MODERATE

16

LOW MODERATE/

MODERATE
MODERATE-

H GH HI GH

MODERATE/
LOwW

MODERATE/
Low

MODERATE/
LOwW

MODERATE/
Low

H GH H
H G4 H

29

H G+ H GH

MODERATE-
H G+ H GH
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TABLE | A (cent.)

Rel ati ve

Met hod of Uncertai nty/
(m t echni que LOW
-neasure at site
- Aqui fer thickness, d, -neasure at site MODERATE/
(m -base on | ocal LOwW

characteristics

TABLE IB: Pareuneters needed in air modelling (3,42,45)

-Stack em ssion - measur e LOW H GH
concentration, Cs, -refer to literature HI GH
(mg/ m) -cal cul ate based on
i nput and destruction
rati o
-Stack height, H (m - measur e LOW MODERATE
-Stack exit gas - measur e LOW MODERATE
velocity, Vs, (nis) -cal cul ate
-Weather/wind profile -base on data LOW MOD. /
for conmunity of for actual or H GH
i nt erest near by comunity
- Degr adat i on -refer to literature HI GH

TABLE I C.  Paraneters needed for food exposure nmodelling
(15,38) NOTE: Relative sensitivity not rated
for food exposure paraneters

-air concentration -air nodelling H GH

-soi |l deposition -refer to literature MODERATE
-estimation techni que

-veget ation -refer to literature MODERATE

deposi tion -estimation techni que

-decay in soil -refer to literature MODERATE

and vegetation -nmeasure/ estimate
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TABLE I C (cont.)

Met hod of Rel ati ve
Par armet er Det er mi nati on Uncertainty
-ani mal intake -refer to literature LOW MODERATE

-neasure for site

- ani mal uptake -refer to literature MODERAT E-
-measur e/ esti mat e H GH
-hurman i nt ake -refer to literature LOW MODERATE

-measure for conmunity

eval uating exposure as a result of managing a troubl esone
MSW  The I evels of uncertainty are based on the amount and
quality of information for a particular paranmeter. The

| evel of uncertainty for retardation, decay rates,

contam nant intake and uptake by biota, and to a | esser
extent deposition rates are uncertain prinmarily because of
the conplexity of the physical process. These paraneters
are a function of many variables making themsite specific
and difficult to estimate. The paraneters source
concentration, stack emssion, and to a | esser extent
seepage velocity may be uncertain due to the |ack of
nmeasurenent data rather than the inherent conplexity of the
physi cal process.

As previously stated, the sensitivity ratings are very
general and may not apply to all cases. For example, if a
community was interested in the potential contam nation of
groundwater at a specific well obtaining water at a given
point away froma landfill, then the dispersion values (Dx,
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Dy, and Dx) may be highly sensitive to the contam nation
concentration. However, when considering general |evels of
groundwat er contam nation, changes in the dispersion val ues
do not have a great inpact on the contamnation level. On
the other hand, under nobst circunmstances changes in seepage
velocity, retardation, and decay rates, have a significant
| npact on concentration |evels. Seepage velocity regul ates
the distance the groundwater plume will travel; retardation
essentially reduces the seepage velocity and when it has a
hi gh val ue can dom nate the other variables; and the decay
rate causes reduction in concentration as the plume spreads
away fromthe troubl esome waste source. The source
concentration and emssion rate are directly correlated with
the contam nant |evel, and thus, the model prediction is
highly sensitive to their val ue.

The sensitivities for paranmeters used in evaluating
food exposure are case specific and not cannot accurately be
generalized. |If a substance has a high rate of decay on
vegetation, than the vegetation deposition and uptake will
have |ittle inpact on overall food exposure. O course the
exact opposite inpact would result if there was little decay
on vegetation and vegetation was the primary source for
human consunption. In this way, all of the parameters in
f ood exposure have the potential to highly effect the node

predi ction.

Addi tional factors very inportant in eval uating
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exposure inpact are popul ation characteristics such as
| ocation relative to source of contam nation, density of

popul ation and future projections for popul ation
characteristics. |f an exposure is very high but effects
only a fewindividuals, its inpact may be |ess than a | ow
exposure effecting nmany.

Once the paraneters of greatest uncertainty and
sensitivity have been determned, a statistical distribution
Is used to represent the uncertainty. This can be carried
out at different levels of conplexity. For the case study
in this paper, the uncertainty is represented by
establishing a range of discrete values for each paraneter
and assigning each value a corresponding probability. A
more conpl ex approach is to establish a distribution such as
normal or Poisson that reflects the uncertainty as a
continuous function. Both approaches are based on the sane
concept of expressing the uncertainty over a range of
val ues. The continuous range sinply provides nore detailed
data and should be applied if this detail is considered
i nportant in making the final decision

The followng is an exanple of using discrete values to
represent a paraneter's uncertainty. For groundwater
seepage velocity, the expected range may be from 10 myear
to 100 myear, and this could be expressed as 20% i kely
that flowis 10 myear, 60%Iikely that flowis 55myear and
2 0%likely that flowis 100 myear. The actual nunber of
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val ues used depends on the |evel of uncertainty for the
paraneter. For a paraneter that is highly sensitive to the
final outcome with an extrenely w de range of potenti al
values, it is appropriate to assign nore discrete values to
reflect its uncertainty. In assessing a |likelihood for each
value in the range, as much information as is readily
avail abl e should be used. It is recomended that in order
to understand and make explicit the assunptions underlying
how the nunmbers are arrived at, each value and its
correspondi ng |ikelihood nust be defended.

There are many sources of information to obtain val ues
for the parameters. |ldeally the actual values can be found
inthe literature, but this often is not the case. There
are chem cal estinmation techniques which enable one to
cal cul ate various characteristics of a particular chemca
(1,21). The estimtion techniques can be based upon
information froma simlar chemcal, and/or data on the
chem cal such as the octanol water coefficient or water
solubility. Oher sources of information include
engi neering studies such as groundwater boring at a |andfil
site and design or operating conditions for a facility such
as the exit tenperature froman incinerator stack. For sone
parameters, current data such as lab analysis of groundwater
or incinerator ash can be useful. Finally when there is no

information in the literature or in order to further defend

parameter val ues, direct conmunication with experts in the
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field can be a source of information. |In the event that no
information can be obtained, then the range for the
parameter will have to reflect the great deal of

uncertainty. For parameters such as this, if appropriate
and possible it may be worthwhile to performactual research
to obtain a better understanding of its potential value.

The val ue of perfect information technique mentioned
previously is useful to evaluate the appropriateness of
investing tine and noney in research.

Once val ues and their corresponding |ikelihoods have
been established, the probability of environmental nedia
concentration for the contam nant can be determned. Wen
discrete values are assigned to uncertain paraneters, there
are a given nunber of resulting scenarios to be input into
the nodel. For exanple, if there are four parameters whose
value is uncertain, and each is expressed with a range of
three values, there would be 3 to the 4th or 81 possible
scenarios. The probability of each scenario is the
mul tiplication of each of its paraneter value's |ikelihoods.
Thus, the contam nant concentration in a particular
environmental medium as cal cul ated through the use of a
nodel, will have a range of possible overall values each
with a corresponding overall |ikelihood. This contam nant
concentration range for exposure can be converted to a range
of human intake by using a standard factor (i.e. 2 liters of
wat er consumed per day). These factors thenselves al so
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contain uncertainty. A cunulative distribution curve for
the probability that the intake of a contamnant is |ower
than a given value can be generated. This is acconplished
by arranging the intake values fromlowest to highest and
addi ng their corresponding |ikelihoods. The probability
that an individual receives less than a given intake, X 1S
equal to the summation of all the probabilities for each
scenario resulting in an intake val ue bel ow X
Heal th Ri sk

Once the range of intake through air, water, and food
has been determned, the next step is to assess what effect
this intake has on human health. Typical comunities may
not have the resources to carry out a full fledged health
risk analysis. This will be the case particularly for those
wastes for which health effects are unknown. For each
managenent method, the corresponding intakes (i.e. air,
wat er, food) need to be evaluated for their health risks.
Because the intake amounts are over a range, the health
effects are also over a range. The final output is a curve
of likelihood of a particular health risk (e.g. increase in
| ung cancer or expected number of increased cases of heart
attacks, etc.) for the community as a result of a particular
management option. Each management option has a different
range of possible effects, and that option which mnimzes
health risks is called the preferred nmanagement option
For many substances, there exist health guideline val ues
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such as a No Cbserved Adverse Effects Level (NOAEL) or a "
Virtually Safe Dose (VSD) val ue which can be used to assess
risk. The NOAEL |evel is based on the assunption that there
nmust be a threshold before a substance has a harnful effect
and is usually determned in aninmal experiments involving
lifetime exposure (10). The NOAEL dose is divided by a
safety factor to allow for increased human sensitivity and
varying sensitivities anongst humans to cal cul ate an
Acceptable Daily Intake (ADI). VSD s are used by United
States regulatory agencies to regulate chem cal carcinogens
and represent a daily dose which correlates to an additional
cancer case per mllion individuals over a lifetine (14).
Heal th gui deline values are cal cul ated and published by
several federal agencies, primarily the Environnental
Protection Agency, but also the Food and Drug

Adm nistration, the Center for Disease Control and other
concerned agencies. The values are based on cellular

ani mal and/or human exposure studies and are best estimates
as to risk and are available for a wide variety of
substances including nmetals and organic conpounds. There is
consi derabl e uncertainty in these values, and this
uncertainty will be briefly described. Nevertheless they
are often the only neasures available to assess what health
ri sk a substance poses, and al though relying on a single
val ue for health risks masks the uncertainty in the value

itself, it is an indicator of risk
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Heal th gui deline values for a chemcal (or values for
simlar substances if none exist for the actual chem cal of
interest) can be used to carry out sinple analysis of

potential risk. The range for intake previously cal cul ated
can be divided by the guideline value to determ ne the |evel

of risk the intake poses. This is denonstrated in Figure 4.

As previously mentioned, assessing health risks for
exposure to a substance is |aden with considerable
uncertainty. For many substances, there sinply is no
information available pertaining to their health risks. For
those in which health risks have been eval uated, nany
factors contribute to uncertainty in the results. Several
key contributors to uncertainty in assessing health risk are
briefly described bel ow

Extrapol ating data fromanimal studies to humans is a
difficult process. Two mgjor extrapol ations are:
I nterspecies adjustments for differences in size, |ifespan
and basal metabolic rate and extrapol ation of the dose-
response rel ation observed at doses used in anina
experiments to | ower doses to which humans are likely to be
exposed (10). Chem cal agents vary widely in extent of
absorption among ani mal species and ideally this should be
taken into account, but there are limted data on absorption
for most chemcals (10,27). Another difficulty in making
I nterspecies adjustnents is that it is not infrequent for

the route of exposure given to the study animals to not


NEATPAGEINFO:id=AA8B6E5D-7895-426C-BC40-1F5219820184


100 100

P

o b
o b
° |
a |
b t
| y
l o
y n
| C
. C
. .
f L
N VSD val ue equal to 0.01 ny/ day .
= 20 20 4
h

Qivvrinnn, Ll B R A e N R AR AR O]
0. 001 0.01 0.1110 100 1000
X
I ntake (ng/ day) Cases per mllion

Fi ure 4. Exanple of a cunulative confidence curve for intake,
conversion of the intake to the health risk of cancer cases

through the use of a hypothetical very safe dose (VSD) val ue.

The VSD val ue represents risk of one additional cancer case
per mllion |ifetimes.
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accurately represent human exposure.  For instance, the
ani mal dose may be given in their food whereas the typical
human dose occurs by inhalation. H gh doses are used in
animal studies in part to account for the small nunber of
experimental animals used. Animal studies are very
expensive and costs limt the nunber of animals that can be
studied. It is hoped that by giving high doses
statistically significant results can be obtained. However,
this creates the problemof extrapolating fromhigh to | ow
doses. Scientist have devel oped several mathematical nodels
to estimate | ow dose carcinogenic risks fromobserved high-
dose risk. These nodels tend to fit the experinental, high
dose data, but the predicted risks at |ow doses may vary
significantly (2,10). Know edge of actual biologica
mechani sms of a substance and how these | ead to harnful
effects is inportant to truly understand the inpact a
substance has on human organs and tissues. This know edge
facilitates risk extrapolation fromaninals to humans and
gui des researchers in what is the best nethod to study a
substance's toxicity (2,27). However, Even for highly
studi ed substances such as dioxin (2378-TCDD), bi ol ogi cal
mechani sms are not clearly understood (14). Even when

bi ol ogi cal nechani sms are understood, varying sensitivities
anong humans of different ages, for exanple, further
conplicates the extrapol ation process and risk

det er mi nati on.
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Wien human exposure data are avail able the problens of
extrapol ati on can sonetines be avoided. However, human
exposure data are often unavailable, mssing or inprecise,
and once a substance is suspected of being harnful it is
usually too late to obtain hunman data. Efforts to

reconstruct past exposure |evels have not been extrenely

successful and have |l ed to conclusions which were |ater
refuted (20).

There are several additional problens in general when
attenpting to determne health risk. Present studies do not

attenpt to account for nmultiple and m xed exposures which
are comon in the environment and workpl ace and may play a

role in health risks (20). Mst risk assessnents do not
even consider health risks other than cancer and results are

essentially unverifiable wthout using epidem ol ogi cal
t echni ques, which due to methodol ogical |imtations cannot
be done (20).

Awar eness of these uncertainties is inportant so that a
deci sion maker understands the limtations of his findings.
Am dst all of this uncertainty a decisionmaker in a |ocal
community can only be expected to obtain as nuch information
as possible and to act in an appropriate manner. This paper
describes a sinple and rel atively conservative method to
carry out a health risk analysis. |If after using
conservative health risk assunptions there is no significant
risk, then further analysis of uncertainty for health risks
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I's not needed. A nore detailed analysis may be appropriate
when the costs and risks involved are high. Substances
whose heal th risks have been nore thoroughly studied |end
themsel ves to a nore detailed analysis. These substances
may have an actual range of potential health risks per unit
of intake and can be conbined with the range for intake
previously calculated to determne a final range of health
risks for the commnity. In cases where it is possible to
obtain better information on health risks, value of perfect
i nformation techniques can again be utilized to determne if
It is wrth the cost to acquire the infornation

Once health risks are assessed the preferred managenent
option can be chosen. Difficult conparisons such as |ow
exposures for many in the near future versus high exposure
for few many years into the future need to be made. The
best choice may be to utilize one nanagement option only
such as incineration, several managenent options, or on the
ot her hand to exclude one managenent option which presents
high risks. One community's preferred option(s) may be
different than another even for the sane troubl esone waste.
Cost s

Once health risks are established, the final stepis to
determne if action should be taken to change the nmanagenent
met hod for a troubl esone waste. This decision is based upon

the cost of changing the present managenent nethod and on

what reduction in health risks this cost will achieve. Note


NEATPAGEINFO:id=39EB7E66-192E-40F0-A2E4-76565C155EA3


30

that costs of changing managenent methods are evaluated with
respect to a single troublesone waste and not solid waste in
general. The following list of questions, which will be

di scussed in nore detail can be used as a guide to
estimating costs:

1. How nmuch total waste and how nuch troubl esone waste does
the community discard, howis the waste distributed
annngst managenent alternatives, what factors determ ne
the distribution, and is the preferred nanagenent option
the sane or different than currently being practiced?

2. |f the preferred managenment option is different than

currently practiced, what factors unique to the

community may affect their willingness to inplement the
preferred nmanagenent option?

3. For various separation nethods, what wll the cost be,
and what separation will be achieved?

4. Once the waste is separated, can it be recycled?

5. Wat wll be the additional cost Qor savings% i n
changi ng the nmanagement method after the waste is
separ at ed?

6. What is the total cost and is there a separation and
managenent option that reduces health risks at a cost
the community is willing to pay?

Question 1. A basic piece of information is how nuch tota

solid waste a community discards and what proportion of that

waste is the troubl esome waste. Know edge of how the

t roubl esone waste of concern is distributed amongst

managenent options and what the factors are that dictate the

distribution is needed when naki ng a managenent decision
concerning the troubl esone waste. Many factors dictate how
waste is distributed amongst different managenent options.

These include capacity of disposal sites, waste pickup
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| ocation within the community, contractual agreements to
del i ver specified amount of waste, or existence of a centra
collection facility or transfer station fromwhere waste is
di vi ded anong nmanagenent alternatives (44). Sone
distribution schemes result in consistent waste makeup sent
to managenent alternatives of the community (i.e.

di stribution based solely upon |ocation) whereas others may
result in daily fluctuation in amount and content of waste
sent to alternatives (distribution after waste arrives at
central facility). Those schenes that tend to be consistent
will sinplify inplenenting separation procedures.

An exanpl e of carrying out step 1 follows. It is
determned that for a troublesome waste in Comunity X, 60%
Is sent to an incinerator and the remaining 40%is sent to a
landfill. The distribution is based on the follow ng facts:
1) Location within the community determ nes whether waste is
sent to the landfill or incinerator; 2) 60%of all the solid
waste goes to the incinerator and 40% goes to the landfill;
3) it is assuned that the troubl esone waste is the sanme
proportion of total waste across the entire conmunity.

Know edge of the distribution of a troublesome waste and the
factors controlling the distribution is needed to develop a

plan to separate the troubl esone waste fromthe overal

waste stream For instance, since conmunity X has a rather

consistent distribution that is based upon |ocation,

assumng incineration is the preferred management option
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then a separation programonly needs to be set up in

| ocations where the waste is sent to the landfill. Had the
waste in comunity X been delivered to a central facility
where the waste distribution between landfill and

i ncinerator was not consistent, then a separation program
woul d have to be inplenented for the entire community or at
the central facility.

Whet her or not the preferred nanagenent option is
different or the same than is presently carried out in the
comunity is also inportant. |In the exanple case, had the
preferred managenment option been to send the waste to a
landfill and the community already sent 90% of the
troubl esone waste to a landfill then no further action may
be called for, however if the coomunity only sends 20% of
the troubl esone waste to a landfill, then removing the
troubl esone waste fromthe overall solid waste stream may be
necessary.

Question 2; Different communities will place different

val ues on the reduction in health and environnental risk

t hey achieve by nodifying their nethod of managing a

t roubl esone waste, and there is no set formula to determ ne
the value of risk reduction. Many factors play a role when
a conmmunity is deciding how much it would be willing to
spend to correct a solid waste health risk. These factors

i ncl ude budget constraints, other health risk concerns which

may have higher priority, political forces, and the general
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attitude of citizens in the community as to the amount of
risk they feel is acceptable.

One way to think about the health and environnent al
risks for a particular management option is as the liability
a troubl esome waste poses to officials and government in the
community. For other types of liability, insurance costs
coul d be used as an indication of the costs; however, this
Is not the case for liability caused by exposure to
pol lution. The insurance industry in general has attenpted
to exclude coverage "to bodily injury or property damage
arising out of the discharge, dispersal, release or escape
of snoke, vapors, soot, fumes, acids, alkalides, toxic
chemcals, liquids or gases, waste materials, or irritants
contam nants or pollutants into or upon land the at mosphere
or any water course or body of water" (6). Despite the
exclusion, courts have often ruled that the insurance does
cover liability expenses in cases of pollution and as a
result general liability coverage for environnental
contamnation is difficult to find and limted in protection
(6,11). Nevertheless, a comunity may be able to estinate
what its potential liability would be. Liability costs
I ncl ude conpensation costs which are paynents nade out to
i ndi viduals who suffered as a result of exposure to a toxic
subst ance, abatenment costs which are the costs to cleanup a

contam nated site and adm nistrative costs which include

governmental adm nistrative expenses as well as costs of
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acquiring information to handle the problemin the first
pl ace (11).
As well as costs to the community governnent, there may

be social and econom ¢ costs to the comunity in general.
Poor health in the community can disrupt many nor mal

everyday activities including one's ability to work. In
addi tion, personal suffering of individuals and famlies can
occur. How the comunity val ues avoiding these social costs
w |l determne how nuch should be spent in changing
managenment options for a troubl esome waste.

Question 3; Separation costs depend on many factors such as
the desired separation percentage, the nethod of separation
| mpl ement ed, and what proportion of the community's waste

al ready is managed using the option(s) of choice. GCenerally
the nore nmoney that a particular comunity spends the
greater separation they can achieve. However, to achieve
the same desired distribution, different methods may be

I npl enmented by different comunities depending upon | ocal
characteristics. Rural areas are likely to rely more upon
Citizen participation in the separation process. in many
rural areas citizens are responsible for delivering their
normal waste to a central pickup site (44).

Separation can be carried out at a central facility
where all the solid waste is delivered or at the source by
comunity residents. Source separation progranms depend on
the type of material collected, the frequency of collection.
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Whet her materials are collected at curbside or delivered to
a central collection area and whether separation is
voluntary or mandatory (34, 44).

In order to calculate the cost of a separation program
the followng information is needed: 1) capital costs; 2)
operating expenses; and 3) resident expenses. Capital costs
I nclude such itens as new collection vehicles, storage bins,
modi fications nade to present collection vehicles,
mechani zed separating equi pment and pl anning costs.
Operating expenses include |abor costs, fuel costs,
mai nt enance and repair costs, and adm nistrative costs.
Resident tine and space expenses include tine spent
separating troubl esonme waste, space required to store waste
and expenses in delivering waste to collection site if
carried out by residents.

Belowis a |ist of potential separation nmethods and a
general indication of efficiency and costs.
Method 1; Use unskilled labor to separate troubl esome waste

at a facility after it has already been collected wth
regul ar solid waste.
EFFI Cl ENCY—tow t o Hi gh

CAPI TAL COST—tkow

OPERATI NG COST—Mbderate to High
RESI DENT COST—None

COWENTS: This approach nay be appropriate when the
troubl esome waste is easily separated by hand when m xed
with other solid waste, if only a mnority of the
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troubl esone waste needs to be separated out because the
majority is already being managed using the option(s) of
choice (for instance only the waste sent to the |andfil
needs to be separated). ,.(6r if unskilled |abor is readily
available. It has the advantages that very little if any
new equi pment needs to be purchased and no changes to
regular solid waste collection are needed. D sadvantages
are that it is very labor intensive, and there are potenti al
health and safety hazards for the workers. These health
risks will have to be evaluated and incorporated into the
overall health risk consideration.

Met hod 2; Mechani zed separation at central facility after

troubl esone waste has been collected with regular solid

wast e.

EFFI Cl ENCY—Mbderate to Hi gh

CAPI TAL COsT—Mbderate to Hi gh
OPERATI NG COST—Mbder at e

RESI DENT COST—MNone

COVWMENTS: Sone wastes such as paper, alumnum and iron
whi ch can be recycl ed have been separated using nechani zed
equi pment (32,44), and these procedure nay be applicable to
certain troubl esone wastes. However applications are
limted, and capital expense and economc risks are likely
to be high. This approach does have the advantage that the
regul ar solid waste collection systemdoes not need to be
changed but should only be used when the technology is

proven and there are no sinpler alternatives.
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Met hod 3: Pickup of troublesone waste during regular
collection times using a normal truck that is modified to
accommodat e separation of waste.

EFFI CI ENCY—bderate to Hi gh
CAPI TAL COsT—+tow to Moder at e

OPERATI NG COST—+tow to Moder at e
RESI DENT COST—Low

COMENTS: This nethod is primarily applicable to

troubl esone waste that is widely distributed throughout the
community. It has the advantage that there is little

di sruption to the normal collection operation and the waste
Is separated before taken to a facility. Trucks can be
modi fied by adding special racks or attaching a trailer
which is specifically designed to handle the troubl esone
waste (32) . A disadvantage is that extra tine may be
required as a result of waste separation thus increasing the
time needed for a collection crewto conplete its regular
route. The efficiency of separation is a function of
resident participation. Test have suggested that mandatory
separation progranms tend to have higher |evels of
participation (32).

Met hod 4; Use of separate truck to collect troublesone

wast e.

EFFI CI ENCY—Hi gh
CAPI TAL COST—Hi gh

OPERATI NG COST—Wbderate to High
RESI DENT COST—Mbder at e

COWENTS: This is an effective but relatively expensive
approach. Capital costs include purchasing new trucks and
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operating costs include hiring a crew and nai nt enance and
repair on the trucks. However, if the troublesome waste is
not part of normal everyday waste and one truck can service
a large area, or this waste can be picked up by trucks the
conmunity presently uses to collect recyclable naterial

this may be the nost appropriate and econom ¢ coll ection
met hod. Residents will need to be inforned what the
operating procedures are for the new collection truck.

Met hod 5; Resident separation and delivery to central

coll ection centers.
EFFI Cl ENCY—tow t o Mbder at e

CAPI TAL COST—tkow t o Moder at e
OPERATI NG COST—kLow

RESI DENT COST—Hi gh

COMMENTS: This may be the nost appropriate nethod when
there is little capital available to inplenent a separation
programor if the comunity is rural. The primary burden is
on the residents who nust separate the waste and deliver it
to the central facility. Thus the efficiency of the
separation relies totally upon resident participation and
participation rates for delivering waste to a centra
facility have traditionally been |ower than when the waste
was picked up at curbside. The only capital costs are for
dunpsters to collect the waste and cost of setting up
facilities. Operating expenses include cost of periodically
picking up the waste and transporting it to the fina

desti nati on.
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Met hod 6; Contract with private firmto carry out
separation procedure.

EFFI Cl ENCY—tow to Hi gh

CAPI TAL COST—tLow

OPERATI NG COST—Medi um to Hi gh

RESI DENT COST—+tow t o Moder at e

COMMENTS: Thi s approach reduces the adm nistrative burden
on local authorities and may be particularly appropriate if
the contractor has sonme use for the troubl esone waste. It
enables a comunity to take advantage of the expertise an
outsi de contractor may have. The "purchase" of this
expertise may have a high initial cost but in conplicated
situations nmay pay for itself by mnimzing avoi dabl e
expenses. Cost and efficiency will be a function of the
contract and can vary considerably, and liability
responsibilities will have to be agreed to in the contract.
Many of the same issues and costs outlined above will also
hold for this method, but will be passed through by the
contract.

Question 4: Once the troubl esone waste has been separat ed,
does it have a potential use that would elimnate disposal
costs and possibly even have recycling value? |If it does,
this value serves to reduce the overall cost of separating
the waste. In sone cases private contractors may be willing
to accept the waste for a smaller cost than any disposal
option. The availability of consistent secondary nmarkets

needs to be eval uated before recycling can become a viable
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opti on.

Question 5; Once a waste has been separated the cost of
managing it using the preferred managenent option based on
health risks as opposed to the current option needs to be
calculated. In this step, the focus is on solid waste

di sposal costs in general rather than upon the specific
troubl esome waste. Once a cost difference per ton between
the new and old options is cal culated, the marginal cost (or
savi ngs) of changing the option for the troubl esone waste
can be determ ned based upon the anount of troublesome

wast e.

The cost for a management option can be broken down
into collection (including hauling) and disposal (recycling
wi Il be considered a nethod of "disposal"). Historically
collection of the waste has been the primary cost averaging
60-80% of entire costs (13,29,31) However, as waste
facility sites become increasingly expensive to build, the
di sposal costs have begun to increase (13,31). For
instance, in Charlotte N.C., the cost of curbside collection
of normal MSWis approximately $35 per ton while the cost of
incinerating the waste is $23 per ton (16). Depending upon
the managenent option different components of the cost wll
be different. For instance, again in Charlotte N.C., the
collection cost for recycled waste is approximtely $70/ton
and the disposal cost is $7/ton (16). Care should be taken
in evaluating costs between different management options
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because these costs can be a function of one another. For
instance if a community normally incinerates 25%of its
waste but due to a breakdown has to send this waste to a
landfill, the cost on a per ton basis at the landfill may
drastically change. Al of the costs work together
Nevert hel ess, when considering what the differences in cost
of managenment options are for a troubl esone waste, unless
the troubl esone waste is a significant proportion of the
total waste streamthen it can be assuned that the costs for
each managenent option will not be altered by changing the
current management option for the troubl esone waste.

Each community has a unique cost structure. Mjor
sources of cost variation between comunities are wage
rates, nethod of collection, disposal options, |and costs,
and the size of the community (29,44,47). Additionally,
some communities own and operate the managenent facility as
wel|l as the collection service whereas sone facilities are
privately owned and operated. In rural areas, waste is often
collected by private operators or hauled by residents to a
central location. Wen determning the disposal costs at a
comuni ty owned and operated facility, capital costs and
operating and mai ntenance costs nust be known, whereas in
determning costs at a private facility these costs are all
accounted for in one set tipping fee based on the sane
el enents. A nore detailed description of collection cost,

haul i ng cost, operating and mai nt enance cost, and capitol
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cost i s bel ow.

Col | ecti on costs

Col l ection costs include capital cost to purchase
trucks and operating and mai ntenance costs for |abor, fuel,
truck repair, and admnistrative expenses. These costs
depend upon the crew size, type of collection truck, type of
pi ckup (curbside vs back door), frequency of pickup, and
distance to disposal site or transfer station (44,46). In
the event that a private hauler picks up the waste, then the

collection cost are nornmally a standard rate charged to

households. Collection costs for landfills and incineration

are typically equivalent.
Haul i ng cost

Haul ing cost will occur if a transfer station is needed
to deliver the waste to the final disposal site. Transfer
stations are utilized to reduce transportation costs by
using tractor trailers which can carry nore waste than a
regul ar garbage truck and only have one driver as opposed to
an entire crewin a garbage truck. The cost is highly
correlated to the distance to the final disposal site. The
foll owi ng paraneters are needed to determne hauling cost
(13):

1. Ti??a??ﬁf%r&L%Qip%ig?giOn costs

-Driver salary

2. M| eage Cost
- Fuel Cost

-G 1 and Tire Cost
- Mai nt enance and Repair Costs .
3. Transfer station capital costs and operating and
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mai nt enance costs.

Operati ng and Mai ntenance Costs

These costs include expenses of day to day operation at
a facility. Expenses include |abor, utilities, equipment
operation and repair, and admnistrative costs. Certain
costs are unique to disposal facilities. Mdern landfills
have groundwater nonitoring and cell devel opnent costs and
I ncinerators have ash disposal costs. [Incinerators are
often not run by the community but rather by a firm who
establishes a contract with the community where they are
paid a specific rate (16). The firmis then responsible for
some of the operating and mai ntenance costs. In genera
operating and mai ntenance cost for incinerators is greater
on a per ton basis than landfills. In a small study carried
out by the Ofice of Technol ogy Assessnent (OTA) for their
report Facing Anerica's Trash (31), incineration operating
costs ranged from $18-$50/ton while at landfills operating
costs ranged fromless than $3/ton to $40/ton at a state of
the art facility.
Capital costs

Capital costs include all the expenses of building a
facility. They vary considerably fromone type of facility
to the next and one conmmunity to the next. The estimated
cost of building a nodern landfill in 1983 was 1.25 million
for a 50 ton per day facility and 5.62 mllion for a 500 ton
per day facility (13). Incinerator costs are difficult to
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generalize but tend to be approximtely 4-10 times greater
than a conparatively sized landfill (13). The 1986-87
Resource Recovery Yearbook reported adjusted capital costs
(in 1986 dollars) ranging from $250,000 to $429 mllion for
incinerators with an average of $58 mllion (31). Landfil
costs are projected to increase nore quickly than
incinerators in the comng years as increased regul ations
are inposed increasing the difficulty of establishing and
bui | di ng approved di sposal sites (13,30).

Typical capital costs include: land, site preparation,
bui I dings, utilities, equipnent, and pl anni ng expenses.
Costs that are unique to landfills include a |iner, |eachate
control system and groundwater nonitoring system Costs
unique to incinerators include: steanl power generation
equi pment and transm ssion |ines for energy recovery
facilities, air pollution control equipnent, and start-up
and acceptance testing expenses (13). Capital costs at a
conposting facility depend upon the |evel of technol ogy
utilized. The level of technology depends upon the space
avail able for the conposting operation and the speed with
which it is desired to produce a conpost product (34).

H gher technol ogy conposting operations require nore

equi pment to control moisture content, oxygenation, and
tenperature in the conpost piles.

Question 6: The total cost can be calculated in dollars/ton

and is based on factors discussed previously and sumari zed
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in Figure 5. For costs for services carried out by private
conpani es the procedure is fairly straightforward because
the expenses are in the formof tipping fee's and collection
fee's which can readily be broken down into a cost per ton
basis. For services owned and operated by the community,

the capital expenses are amatorized over their lifetine into
a yearly cost which can then be converted to a cost per ton
val ue based on the tons of waste "handled" by the particul ar
piece of equipnent be it the incinerator itself or a trailer
at the hauling station. Operating and maintenance costs

can |ikew se be calculated for a one year period and
converted to a dollar per ton val ue.

Overal | costs for a management option are expressed in
Equation 1. Cost on a per ton basis can thus be determ ned
for the preferred managenent option and the nornal
management option. The cost to switch to the preferred
managenent option is the tons of troublesome waste swtched
tines the difference in cost per ton between the old
managenent option and the management option of choice.
Addi ng the cost of switching managenent options to the cost
of separating out the troubl esome waste gives the total cost
of changi ng managenent options for a troubl esone waste
(Equation 2).

Equati ons
- %Q -_I\/aO'rYla+em&\n{O Costcgl1|°oFr op t|on X &%/Ton ?f VBW
-" Qperating and na|ntenance costs (3/ Ton of MSW
Cap - Capital costs ($/Ton of MW


NEATPAGEINFO:id=FA7035D3-D042-48DD-842B-B228AF96F2C5


Separ ati on
Cost s

Capi tal Cost
Col | ection vehicles

St orage Bins
Mechani zed equi pnent
Pl anni ng expenses

Qperating Costs
Labor

Fuel

Mai nt enance

Resi dent Costs

Ti me
Space

Figure 5.

New Managenent
Option Costs

ad d Managenent
Option Costs

(on a per ton basis)

Change in Collection and Hauling Costs

Difference in distances to nanagenent sites

Change in Capital

Cost s

Land Site preparation
Bui | di ngs Pl anni ng expenses

Equi prrent

Change in Operating Costs

Labor
Uilities

Equi prent mai nt enance and repair

Admi ni strative costs

TOTAL
COosTS

Summary of costs involved when changi ng managenent options for a
troubl esone MSBW Al costs can be calculated in dollars per ton of waste.
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Coll - Collection costs ($/Ton of MSW
Haul - Hauling cost ($/ Ton of MSW

2. TOTAL COST =( MO)*{T) + SC
TT - Mass of troubl esone waste (Tons)
SC - Costs of separating troubl esome waste

The total costs are a function of the desired
separation of the troublesone waste. Wth increasing |evels
of separation and thus greater reduction of health risk,
there are higher costs. A separation efficiency/risk
reduction versus cost graph can be generated for each of the
separation alternatives. This is denonstrated in a
hypot hetical exanple in Figure 6. UWilizing the generated
graph the comunity can deternmne what is the nost cost
effective method, based on what they are willing to spend,
for reducing the risks posed by the troubl esone waste.

In the event that costs are prohibitively high and risks
are also high, the community may choose to ban the
troubl esome waste altogether. There are costs involved when
a waste is banned. The value of the service provided by the
product which eventually becones the troubl esome waste and
the availability of alternatives to the troubl esone waste
must be determined. In some instances, the use of
alternatives may also present risks which nust be eval uat ed.
Banni ng of a troubl esome waste ordinarily should only be
consi dered when there appears to be no alternative and the

risk presented by the waste is unacceptable.
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Hypot hetical Separation Plans
-A- Plan 1 H—Plan 2 -N Plan 3

% Separation Efficiency Ri sk Reduction (Cases X per mllion) 105

Moder at e Hi gh
COSTS
Separation efficiency and risk reduction versus cost for three hypothetical

The risk reduction is evaluated at the 85% point on the cancer |case

cumul ative confidence curve in Figure 4. This point correlates to a health risk of |ess
than 150 cancer cases per mllion lifetimes. = Thus, with 50% separation efficiency,.
one can be 85%confident the risk reduction is less than 75 cases per mllion |ifétines.

Low

Figure 6.
separatjon plans.
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Di scussi on/ Case Study
Bromi nated Fire Retardants in WI mngton. NC MSW

Wl mngton, NCis located iii a small county - New
Hanover -on the southern coastal area of the state. The

county's popul ation in 1980 was approxi mately 100,000 and
was centered primarily In the southeast section of the
county (43). New Hanover county has both a double |ined
landfill and a massburn steamrecovery incinerator. The
landfill and incinerator are both |ocated in the northwest

area of New Hanover close to both Fender and Brunsw ck

counties which are nore rural than New Hanover (see Figure
7). Presently the incinerator is being expanded to increase
its capacity from200 tons/day to 450 tons/day, and when the
expansion is conplete in 1991 the county intends to
incinerate all MSWexcept unburnables such as concrete (4).
Unburnables will be sent to the landfill along with
incinerator ash (4). The landfill has a |eachate renoval
systemand the |eachate is treated in a [ agoon and punped
into the Cape Fear river (36).

Brom nated organi c conpounds are anong the nost w dely
used and effective flame retardants. Hydrogen brom de,
which is one chemcal formed when a brom nated organic
conpound burns, is one of the nost effective agents to react
wi th hydroxy radicals and simlar species in flanes, which
are responsible for the propagation of fires (18).

Bromnated fire jetardants (BFR s) are a class of chemcals
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Figure 7. Approximate |ocation of New Hanover landfill and incinerator.
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added to many different products. BFR s such as bi phenyl and
di phenyl ethers are routinely added in 4-20%1levels into
plastics used in textiles, carpets, furniture and
construction materials (8,37). Pyrolysis of these flane
retardants is known to produce pol ybrom nated di oxi ns and
furans (PBDD s and PBDF's) and these conpounds have been
found in incinerator ash (37,18,8).

It is ironic that conplex chem cal additives intended
to retard burning forma potentially extremely toxic
substance when they are incinerated at high tenperatures.
Their chemcal structure lends itself to a conplex array of
reactions that result in the formation of PBDD/ F’s.

PBDD/ F's can contain from1 to 8 bromnes as well as a

conbi nation of chlorines and bromnes. The structure of a
typical BFR and the resulting possible PBDD/F's is
denonstrated in Figure 8. Chlorinated dioxins and furans
are known to be hazardous and pose potentially significant
health threats and it is thought that PBDD/F' s have equal or
possibly greater toxicity (14, 38).

The question to be answered is what is the best method
avai l abl e for New Hanover county to manage substances
containing BFR materials. The initial focus will be on
determning the health effects of sending the materials to
the landfill or the incinerator. Because BFR s are added to
plastics that make up a wide variety of products, they do
not inmediately make easy candidates for recycling or
banning. The options of recycling and banning will be
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Fi gure 8. Bromi nated flame retardants and formati o.n of dioxins and furans as a result of
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addressed in nmore detail if merited by health and cost

consi der ati ons.

EXPCOSURE EVALUATI ON

Table 2 is a breakdown of exposures as a result of
sending BFR s to a landfill or an incinerator
Table 2. Exposures fromLandfilling and Incinerating BFR s
Managenent Opti on Exposure

1. Landfill BFR s -BFR s | eaching into groundwater.
-BFR s punped”into sdrface water

2. Incinerate BFR s -Air contam nation of PBDD/ F' s
-Biota contam nati on of PBDD/ F S
-Surface water contam nati on of

PBDDY F' s
-PBDD/F's fromincinerator ash
| eachi ng i nto groundwat er

BFR s and BPDD/ F' s in groundwater

In order to determ ne what the extent and spread of
contam nation fromthe landfill into the groundwater woul d
be, the groundwater nodel MYGRT 2.0, devel oped by the
El ectric Power Research Institute, is used. This nodel is
adequate to provide information for a typical comunity to
make a deci sion based on possibl e groundwater contam nation.
It is atw dinmensional analytic nodel allowing for a planar
anal ysis of the groundwater plume. The nodel allows a
deci sion naker to evaluate several different conditions for
groundwater transport, but at the same time is relatively
sinple to apply. The additional reduction of uncertainty
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provided by a three dinensional numerical nodel nmay be
useful when potential costs of a decision are high, but for
a ordinarily a two dimensional nodel is satisfactory.
Nurerical nodels require nuch nore detailed data that is
rarely obtained when siting landfills.
MYGRT 2.0 is a based on the advection-di spersion-
retardation-decay equation (general transport equation).
lts assunptions as sumarized in the MYGRT 2.0 user nanual
(9) are listed bel ow
1. Paraneters input to the nodel such as the groundwat er
seepage velocity remain constant throughout the aquifer.
Sorption is treated as linear, equilibriumpartitioning

bet ween aqueous and solid phases.

2

3. Interactions between chem cal species are not
consi der ed.

4

First order kinetics adequately sinulate solute
transfornmation or decay, and the decay rate is the sane
for solutes present in either solid or Iiquid phases.

In carrying out the groundwater exposure analysis, it
was assumed that the liners remained essentially intact with
respect to BFR s and PBDD/F's for 50 years (33) during which
time the | eachate was all punped to the | agoon. After |iner
failure, it was assumed that |eachate escaped into the
groundwater. G oundwater contam nation was determned for a
period of 50 years after the failure.

Because of their chemcal simlarity the groundwater
paranmeter values for BFR s and PBDD/F' s were assuned to be
equi valent (refer to Figure 8). Both BFR s and PBDD/F' s
tend to adhere to solid particles and have extrenely | ow

water solubility. The supply of BFR' s and PBDD/F's in the
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soil is primarily fromdiscarded BFR s and incinerator ash
respectively. Concentrations of these substances in the
soil are likely to be nuch greater than their water
solubility and therefore it was assuned that the soi
provided a continuous supply of BFR s and PBDD/F's to the
groundwat er for the tine span considered. Thus, a steady
state | eachate concentration was reached that was maintained
for a considerable length of tine due to the relatively high
supply of BFR s and PBDD/ F's that had accumulated in the
soi | .

Concentration values were cal culated out to a range of
500 neters, and are graphically displayed in Figure 10 for
167 neters and 500 meters. In carrying out sensitivity
anal ysis on MYGRT 2.0 using data from New Hanover County
(36), beyond 500 mthe concentrations of both PBDD/F' s and
BFR s approached zero for all scenarios. Al so, the
direction of groundwater flowis towards surface waters
| ocat ed approximately 500 mor less fromthe landfill edge,
and a considerable portion of the groundwater aquifer
deposits into these surface waters and is highly diluted
(36). For these reasons, it was assuned that beyond 500 m
fromthe landfill site all PBDD/F and BFR concentrations in
t he groundwat er were zero.

The concentrations at 167 mand 500 m predicted by the

model are directly downflow of the contam nation source.

These cal cul ated val ues were assuned to be indicative of
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groundwat er concentrations at their respective distances at
any point in the groundwater plume which generally flows in
a northeast direction fromthe landfill (36). This
assunption is valid because of the source of contam nation
is froma large area (the landfill) rather than a point.
Because of the tine scale involved (final concentrations
eval uated at 100 years fromthe present tine), it is
difficult to estimate the population that will be effected
by the groundwater plume. However, in two dinensional |and
area, the groundwater plume i s approximtely 2000 tines
smal ler than the air plune fromincineration, and therefore
It was assumed that the groundwater contam nation wll
effect one two-thousandth the population as the air plune.

By performng sensitivity analysis with the nodel, the
foll owing parameters were deternmned to be the nost critica
in calculating groundwater contamnation with BFR s and
BPDD/ F's:  seepage velocity, decay rate, concentration in
| eachate, and adsorption coefficient (retardation). These
parameters were given val ues and assigned probabilities as
sunmarized in Figure 9.

The seepage velocity values were obtained froma
groundwat er boring studies carried out by Soil & Materia
Engi neers Inc. (36) before the landfill was constructed.
Paranmeters such as hydraulic conductivity, soil type,
porosity, aquifer depth, and horizontal gradient were
determned at various boring sites on the proposed |andfill
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paraneter values with ‘assigned probabilities are used to predict BPDDI'F or BFR

contam nation in groundwater surrounding New Hanover |andfill.


NEATPAGEINFO:id=1E053EA7-69B3-4162-912A-C0AC9B8D3108


58

site and used to estimate a range of seepage velocity. An
approximate range of 10 m's to 60 m's was estimated by Soi
and Material Engineers Inc. These values represent the
extremes of the range and were thus each assigned a
probability of 25%while the mdpoint, 35 n's, was assi gned
a probability of 50% Three values for seepage velocity
were consi dered adequate to express the range of possible
val ues.

Data for the decay rate for BFR' s and PBDD/F's in soil
I's not known so it was assumed that data for 2,3,7,8 TCDD
(TCDD) is indicative of soil decay for PBDD/F's. Initially
the rate of decay for TCDD was thought to be 3 years (29);
however |ong term observations at sites containing high TCDD
concentrations indicate a half-life of approxinmately 12
years (14). Nevertheless, data on TCDD half-life is limted
and to take into account that BFR s and BPDD/F' s may have a
sl ower decay rate than TCDD the possibility of no decay was
entered into the nmodel. Because recent data contradict, a
half-1ife of 3 years was assigned a probability of only 10%
A likelihood of 45%was assigned to a half-life of 12 years
because this value has been reported in separate studies
(14). Alikelihood of 45% was al so assigned to no half-life
to adequately and conservatively represent the remaining
uncertainties. The |ikelihood assignnents given to the
potential decay rates are an exanple of a nethodol ogica
approach for representing conflicting information
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Leachate concentration values were estimted using e
publ i shed data for |eachate concentrations of dioxins and
furans (31) and by cal cul ati ng what the maxi mum sol ubility
of BFR s and PBDD/F's are in water using estimation
techniques (21). The published data are limted and
estimation techniques are subject to error. Potentia
factors that increase uncertainty in determning the
concentration are the organic content of the |eachate (which
will tend to increase the solubility (21)) and the
possibility of the soils actually nmoving fluidly (36), and
thus BFR' s and PBDD/ F's adhered to soil particles being
carried by the | eachate. The possibility for higher
| eachat e concentrations than have been neasured or that
solubility estimation techni ques suggest was considered to
account for these uncertainties. Refer to Figure 9 for the
range of possible values and their assigned |ikelihoods. It

should be noted that 5 different values were used to

represent the considerable uncertainty in |eachate
concentrati on val ues.

The retardation value is an expression of the rate at
whi ch a chem cal adsorbs to solid particles and thus renoved
fromthe groundwater flow. Retardation val ues can be
cal cul ated using octanol water coefficient values which can
be estimated using a substitution technique based on a known

octanol water coefficient value for a simlar chemcal (21).

Using a Kow val ue for TCDD, brom nes were substituted for
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chlorines and the appropriate adjustnent to the Kow val ue
was determned to estimte a Kow value for PBDD/ F*s. The
same procedure was foll owed using diethyl ether arid
substituting brom nes for the hydrogen groups. The

cal cul ated Kow val ues for both PBDD/F's and BFR s were
simlar with the log Kow of both having a range of 6.5-7.5.
The Kow val ues were used to give an estimtion of the
retardation val ue.

The percent of organics in the leachate is a prinary
factor that may effect the retardation value. To take into
account the possible effect of high organics in the
groundwat er a 5% probability of a retardation of 1 was
assigned. A retardation of 1 is many orders of magnitude
| ess than predicted by estimation techniques and results in
consi derably higher contam nation val ues downflow of the
landfill. It was assumed that beyond 500 m downflow organic
concentration in the groundwater was reduced so that the
retardation value for PBDD/F's and BFR s increased to a
val ue closer to that predicted by the estimation technique.
Refer to Figure 9 for the values assigned to retardation and
their associated |ikeli hoods.

Using these assigned values as summarized in Figure 9,
there were 270 possible scenarios and each was eval uat ed
using the MYGRT nodel. To convert from groundwater to human
consunption, an intake value of 2 liters per day of direct
i ngestion was assumed. Through t”e use of LOTUS 123 the
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data values were arranged fromthe | owest to highest val ues
with their corresponding likelihood. This is graphically
represented in Figure 10 in a cunul ative probability curve

for contam nation at 167 m and 500 m

Ai r exposure to PBDD F' s

The Industrial Source Conplex Long-Term (I SCLT) nodel
was applied to estimate the average PBDD/ F concentrations
within a 25 kmradius of the incinerator. The nodel is a
steady-state Gaussian plume nodel requiring several input
paranmeters related to the source as well as weather and w nd
data at the site. It calculates an average annual
concentration at several distances and directions froma
source. In determning the air exposure of PBDD/F's, it was
assumed based on studies presently being carried out by Rich
Kanens at the University of North Carolina at Chapel Hll,
that PBDD/F' s do not decay in the air.

The primary uncertainty in the air nodeling was the
stack exit concentration and the capacity at which the plant
woul d be operating, which has an effect on the physical
shape of the plune. It was assumed that PCDD/ F's
concentrations are an indication of what PBDD/ F' s
concentrations will be. Cbserved values for PCDD F' s
concentrati ons have been recorded in several sources

(15,29,31). These values were used to determne a

probability range for PBDD/F's. Measurements of PCDD/F's
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Figure 10.  Cunulative probability curves of human intake of  PBDD/F's fromgroundwater, air and food.
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that are published often are obtained fromincinerators that
are new and running at optinmal conditions (7). These val ues
may be an underestimte of typical values and this was taken
Into consideration when devel oping a range of val ues and

their |ikelihoods. I nformati on on the New Hanover

i nci nerator operating performance (4) was used to assign

val ues and |ikelihoods for incinerator stack conditions.
Concentrations were determined in four directions from

the incinerator - north, south, east and west. In

W I mngton the predom nant wind direction is north, followed

by south, west and finally east (12). The nodel predicts

hi gher concentrations in predom nant wind directions. The

present day popul ation |levels in each direction are assumed
to be indicative of future population levels in areas

surrounding the incinerator. The 1980 popul ation |evel and
agricultural activity percentages obtained fromcensus data
(43) for each area around the incinerator are sumarized in
Table 2. Agricultural activity information is needed when
determning food contam nation and will be discussed in the
f ood exposure section.

Using the | SCLT nodel air concentrations were eval uated
at distances of 1, 3, 5 10, 25 kmfromthe incinerator. It
was assuned that population density was constant over the
entire area of a given direction. There are a total of 240
scenarios for air exposure. Refer to Figure 11 for a
summary of all the input paraneters and their corresponding
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TABLE 3: Pogu ation. Levels agd gricultural Activitg In a
2 T

m radi us aroun New Hanover | ncl nérator
POPULATI ON AGRI CULTURAL
DI RECTI ON LEVEL (9 LEVEL (%9
Nort h 7 55
Sout h 60 1o
East 25 10
West 8 25

probabilities. As with the groundwater concentration, each
case is input into LOTUS 123 to derive a cunul ative
confidence distribution curve (Figure 10). Using a standard

breathing rate of 20 m/day the air concentrations were

converted to hunman i nt ake.

Surface wat er exposure

Sources of surface water contam nation are |eachate
pumped fromthe | eachate |agoon, groundwater returning to
the surface water and air deposition. Al of these sources
are assumed to be mnimal because they becone highly
diffused after entering surface water, which in New Hanover
county tends to flowinto the Atlantic Qcean. It is assuned

that exposure to PBDD/F's fromsurface water is negligible

Bi ot a exposure
Di oxins have a very high octanol water coefficient and

therefore have a tendency to accunulate in fatty tissues.
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Figure 11.  Uncertainity trees for paraneters used in air nodelling. Discrete paraneter
val ues with assigned probabilities are used to predict a range of PBDD/F air exposure to
both human and cow popul ations in New Hanover county as a result of incinerating BFR s.
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For this reason, exposure fromfood nust be considered. In
order to carry out an assessnent of food exposure, two
techniques as outlined in reports by Stevens and Gerbec (38)
and Travis and Hattener-Frey (41) were used. Each technique
followed a slightly different procedure and therefore
resulted in different values for certain food exposure
parameter values. Both reports assessed total exposure to
2,3,7,8 PCDD fromfood starting wth a single air
concentration and converting that to soil and vegetation
contam nation, then cowintake and finally human intake. |t
was assumed that PBDD/ F's behaves simlarly to 2,3,7,8 PCDD

A range of possible air contam nations were determ ned
in the same manner as described in the air exposure section
with one exception. The agricultural activity percentage
listed in Table 2 was used as opposed to the popul ation
level . The agricultural factor is indicative of food

production for an area in a given direction fromthe

incinerator. The areas north and west of the incinerator
are much nore rural than those to the east and south and

thus the effect of contam nation in these directions was

given greater weight to account for the higher |evels of
food production occurring there. As in the air exposure

eval uation, 240 scenarios were evaluated. The air

contam nation predicted in these scenarios were sorted from
| east to highest. Eight representative values to input into
the food intake cal cul ation were obtained by averaging the
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sorted air contamnation |evels in groups of 30. The
probability for each value was equal to the cunul ative
probability of the 30 contamnation levels. Refer to Figure

12 for a listing of the eight representative val ues and
their corresponding |ikelihoods.

Soi | concentration was determned by multiplying each
air concentration by a constant. The constant is based on
the assunption of continuous and constant deposition onto
the soil for a 70-year period of tine and a PBDD/F half [ife
of 12 years in the soil (38) . Dfferent types of foliage
have different |evels of deposition dependent upon their
| eaf shape and surface area. The grasses and hay consumed
by cows have higher levels of deposition than vegetation
consumed by humans (38,41). It was assumed that vegetation
does not uptake any of the PBDF/F's fromthe soil

The standard cow and hunman diets listed in Table 3 were

used.

TABLE 4. Standard Cow and Human Daily Diets

Cow D et Huma an D1 et
Subst ance—ngesti on Subst ance—ngesti on

Soi | 430 NIIk/NIIk Pr oduct s—600 ni

& asses Beef 3140
Corn Si | 9e—15 %ﬂ Leafy ve eté%les—ioo g
Gr ai ns her s with no

cont am nati on)

In the cow diet, the grains were assumed to contain no
PBDD/ F's (38,41). It was assumed that all the PCDD/F' s
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Figure 12.  Uncertainity trees for paraneters used to predict human intale of BPDD/F' s
fromfood contamnated as a result of incinerating BFR s.
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Ingested by cows mgrates to their mlk and fat. Refer to

Figure 12 for the different possible uptake values in mlKk

and f at.

The sources of PCDD)F' s in the human diet are assuned
to be | eafy vegetables, cow nmeat, and cow mlk. In the
study by Stevens and Gerbec, accunulation of TCDD in
chi cken, eggs and pork is nuch |ower than that of beef in
m | k. Accunul ation does occur in lanb (38), and certain
types fish (41) but these foodstuffs were assuned not to be
| arge conponents of a typical human diet. It should be
noted that the majority of fish likely to be consuned in New
Hanover County woul d be salt water fish and these will not
have as high levels of contami nation as fresh water fish
Thus, it was assuned that fish consunption does not
significantly contribute to overall PBDD F intake. For
humans, because of minimal data, it was assumed that uptake
was 100% This is not an extrenely conservative assunption
however, because ani mal studi es have neasured an uptake of
60% for 2,3,7,8 TCDD (38). The final step in food exposure
anal ysis was to estinmate what percentage of the human diet
consi sts of foodstuffs contam nated by PBDD/F' s as a result
of the New Hanover incinerator. In Figure 12, the estimted
percent age contam nated di et values and their |ikelihood are
gi ven.

There were a total of 128 scenarios for food exposure

and the probability curve for intake fromthese scenarios is
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graphed in Figure 10.

HEALTH | MPACTS

Fromthe range of exposure cal cul ated an assessnent can
be made of the health risk of landfilling and incineration
of BFR s. Conservative assunptions are made resulting in a
health risk evaluation which is likely to be a worst case
situation. Wen BFR s are landfilled, the only source of
exposure to a potentially hazardous substance is fromBFR s
in groundwater. Wen BFR s are incinerated exposure to
PBDD/ F's in groundwater, air and food can occur. The range
of intakes fromthese exposures is graphed in Figure 10.
Through the use of health risk guideline values the
potential risk these intakes pose was assessed.

Due to |l ack of information otherwse, it was assumed
that all PBDD/F' s have equivalent toxic effects as 2,3,7,8
TCDD whi ch has a VSD val ue cal cul ated by the EPA of 0.1
pg/ kg/day (14). This is a significant assunption and nore
informati on on the health effects of brom nated di oxi ns and
furans wll have a high value. The assunption is
significant because 2,3,7,8 TCDD is the nmost toxic of all 75
known chl ori nated di oxi ns and 135 known chl ori nated furans
(22). The EPA has devised a nethod for assigning a 2,3,7,8
TCDD toxic equivalency factor to dioxin and furan isomers
(22). Such a method could be applied to PBDD)F' s if a
typical isoner distribution |eaving the stack was generat ed.
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This would result in a lower level of risk. In this initial
case study, a toxic equivalency nethod is not used. Thisis
done because if based on the assunption that all PBDD/F' s
have a toxicity equivalent to 2,3,7,8 TCOD there is no
significant risk, than no further study is needed. However,
I f there does appear to be significant risk than the use of
t he equival ency factor nethod may be justified.

There is limted information on the toxicity of BFR s.
Decabr onodi phenyl et her has shown | ow acute toxicity in
several animal studies involving different exposure routes
(45). Sonme studies have shown |iver toxicity as a result of
chroni c exposures. The |owest |evel of exposure at which
liver toxicity was observed was 80 ng/kg/day (45).

Car ci nogenesi s bioassays indicate that the liver is also the
maj or target organ for carcinogenicity; however, the
majority of tunors were benign. These studies do suggest a
health risk fromBFR s. However based upon the | owest
exposure | evels from decabronodi phenyl ether at which |iver
toxicity was observed, the risk fromBFR s is several orders
of magnitude |ess than that fromthe PBDDF s for equal
exposures. The groundwater nodel ling predicts equal |evels
of exposure to either BFR s if the BFR s are landfilled or
PBDD/ F's if the BFR s are incinerated (see figure 10).

Since the exposure levels are for very |ow concentrations,
it was concluded that the health risk fromBFR intake was

negl i gi bl e.
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The intake range for each exposure route to PBDD/ F was
divided by the VSD va* ue of 0.1 pg/kg/day to determne the
cancer risk for each exposure. The nodels predict exposure
to PBDD/F's only as a result of incinerating BFRs. In
Figure 13 the increased |ikelihood of cancer from exposure
to PBDD/F's in groundwater, food and air as a result of
incinerating BFR s is graphed. In this graph, the wde
range and potentially high risk of groundwater exposure is
denmonstrated. At 167 mdownflow fromthe landfill, there is
an 18% chance of a 1 in a mllion lifetinme cancer risk, and
a2%of alina 100 lifetinme cancer risk from groundwater.
At 500 mdownflow, there is a 9% chance for a1 in a mllion
lifetime cancer risk and a 1% chance for a 1 in a hundred
lifetine cancer risk. Risk fromair exposure is lowwth
only a 4% chance of exceeding a risk of 1 ina mllion and a
maxi mum possi bl e risk of approximately 10 in a mllion. On
the other hand, there is a 26% chance of greater than 1 in a

mllion lifetime cancer cases from food i ntake. The maxi num

possi bl e food intake risk is approximately 1 in a thousand
chance of cancer over a lifetine.

In Figure 14, the popul ati on exposed from groundwat er
air and food contam nation is taken into consideration.
When popul ation exposed is considered, the overall risk from
groundwater is much smaller. Wth a population of 1 mllion

there is only a 2% chance of 1 additional cancer case over a

lifetime fromgroundwater intake. This graph suggest that
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Figure 13.  Cunulative probability curves for cancer risk to individuals exposed to
PBDD/ F's fromgroundwater, air and food. The health standard used is the US EPA's
VSD val ue for 2,3,7,8 TCDD which is 0.1 pg/kg/day.
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G oundwater is estimated to expose 1/2000th of the popul ation exposed to air and food.
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the primary risk fromincineration BFR s cones from food
exposure to PBDD/F's. FromFigure 13, it can be concl uded
that if individuals are living within 500 mof the |andfill
and consum ng the groundwater there they have a potentially
significant risk of cancer during their lifetime; however,
this risk can be prevented by obtaining drinking water from
a source other than groundwater near the landfill

The foll owi ng concl usions can be nmade in regards to
managi ng BFR s in New Hanover county's MSW

1. Landfilling of BFR s results in potential intake of very
smal | quantities of BFR s in groundwater, and based on
present toxicity data poses no apparent health risk.

2. Incineration of BFR s results in exposure to PBDD/F's
from groundwater, air and food.

3. Intake of groundwater at 167 mand 500 m has 18% and
9% chance respectively in resulting in a cancer risk of
reater than one cancer case_Per_n1II|on exposed over a
ifetime, and has | ow probabilities (less than 5% at

both di stances) of risk of over one cancer case per one
t housand exposed.

4. Risk fromfood intake is on average 10 to 100 times
ﬁreater than that fromair intake. Food intake risk
as a 22%of being greater than one in a mllion, a 11%
chance of being greater than 10 in a mllion and a 2%
chance of being greater than 100 in a mllion cancer
cases per lifetime of those exposed.

5. The overall popul ation exposed to contam nated
groundwater is estimated as one two-thousandth that of
air and food resulting in an overall relative risk |ess
than that of food exposure. Exposure from groundwater
al so can be prevented by consum ng water from other

sSour ces.

6. In general, intake of PBDDYF's from groundwater and air
as a result of incinerating BFR s poses a small health
ri sk, but intake fromfood POSGS a potentially
significant (a 22% chance of increased cancer risk of
greater than 1 in a mllion) health risk.
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7. Because of the potentially significant risk from food
intake of PBDD/Fes it is recommended that materi al
containing BFR s are sent to the landfill

Because there appears to be a legitimate health risk
fromincinerating BFR s, comments regarding recycling and
banning are called for. Presently the option of returning
materials containing BFR s to their original manufacturers

where they can be recycl ed does not exist. Thus once a

material containing BFR s is produced it will eventually

becone part of the solid waste streamthat needs to be

di sposed. However, many of the materials containing BFR s

(rugs, furniture etc.) are such that they can be reused and

their entry into the solid waste systemdel ayed. This wll

in effect reduce the demand for new products containing

BFR s and thus reduce the rate at which these products wl |

enter into the market. Thus, at present the recycling of

BFR s should focus on reusing those materials for which

there may be a demand. Banning BFR s in a comunity is

presently not advisable for the follow ng reasons:

1. BFR s are used in a wde array of products.
2. The health risks for sending BFR s to a landfill is

smal | .

3. The costs of finding substitutes nmay be great, the
substitutes may not retard fires as effectively, and may
pose health risks of their own.
It is recomended when possible to reuse materials
containing BFR s. If it is not feasible to reuse these

materials, they should be routed to the landfill.
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Thi s recommendati on supports the prem se put forth
earlier in the paper that a comunity shoul d have several
options for managing MSW |t presents an actual case where
sending a material to a landfill is preferable to
incinerating it. This is contrary to the present thinking
of many on solid waste managenent who feel that landfilling

shoul d be elimnated as much as possible.

COST CONSI DERATI ONS

In order to nake a deci sion on whether or not to

I mpl ement the preferred managenent option, the cost of

I npl enenting the option and the reduction in health risk it

offered were evaluated. The total anpunt of solid waste
produced in New Hanover County is approximately 165, 000 tons
per year (4,5). Assumng 10%of this waste is plastic and
1% of the plastic contains BFR s approximately 165 tons of
subst ances containing BFR s are di sposed yearly. The cost
of incinerating waste is slightly higher than that for
sending waste to the landfill in New Hanover County (4). It
is estimated that there will be a saving of $10 per ton of
waste. Because there are only approximately 165 tons of
waste containing BFR s this savings is not significant.

As previously nentioned, the goal for New Hanover
County is to send all solid waste except unburnables to its

incinerator. Since the preferred nanagenment option

det erm ned when considering health inpacts is to s"nd BFR s
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that are not recycled to the landfill, this will necessitate
sonehow separating out materials containing BFR s before
they are incinerated. One factor that has a significant
I mpact on choosing a separation schene for New Hanover
county is that presently in unincorporated areas (which
I ncl udes nost of the county except the city proper and sone
of the beach communities) there are many private operators
whom of fer waste collection services (4,5). Efforts to
coordinate waste collection so that specific operators have
an assigned area in which to collect have failed (5). In
this way, there is little control or regulation over routes
and col lection practices for much of the MSWin the county.
Taking the local characteristics into consideration the
follow ng separation schemes are suggested for eval uation

Plan 1; Separate out suspected waste containing BFR s at
the incinerator and reroute to the landfill
COMVENTS

- Little burden on residents and busi ness

- There is roomto do this at the incinerator and plans have
been made for separating recyclable MSWin this way (5).

- The landfill is close by so there will be little
addi tional transport cost

- May enabl e some naterials to be recovered for reuse

Plan 2; Pickup BFR waste in normal truck with a trailer

att ached.
COMVENTS
- Little burden on residents and busi ness ot her than
seParating out BFR waste before collection _
- WIIl not cause considerabl e sl ow down a waste col |l ecti on
- WIIl enable sone materials to be recovered for reuse

- Plan will have to be coordinated with private collection
operators

Plan 3: Use a separate truck to collect waste
COVIVENT S

- Collection schedule will have to be communicated to
resi dents
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- Programcan be carried out without relying on private
col l ection operators
- Costs are likely to be high

Plan 4; Delivery of waste to central collection facility by

resi dents
COMVENTS
- High individual resident and business burden
- Low initial cost

Pl an 5: A conbi nation of Plans 1 and 4.

The follow ng plans are plotted on a separation efficiency
versus cost graph (Figure 15). This graph is very general
in nature and intended only to suggest a possible separation
schene. It denonstrates which plans give the best return
(separation efficiency) for the nmoney invested. Mre
detailed analysis is necessary before actually inplementing
a separation plan and very specific community information is
needed for such an anal ysis.

Based on Figure 15, the nost cost effective separation
scheme is Plan 5 which includes resident separation and
separation of waste by workers at the incinerator. This
plan results in the highest separation efficiency at al nost
all levels of investment. There is a w de range of costs on
whi ch such a schene coul d be inplemented. A very
I nexpensive inplementation of the separation scheme woul d
include the following. Several public sites throughout the
county coul d be designated as drop-off centers where bins or
dunpsters are placed for residents to drop-off waste
containing BFR's. Al residents in the community could be
mai | ed information pertaining to what materials contain
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Fi gure 15. Separation efficiency in diverting waste containing BFR s to the landfill

for several separation plans.  Ceneral values for separation efficiency are predicted
at | ow, noderate and hi gh costs.
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BFR s and where they should deliver these materials. At the
incinerator truck operators could be required to separate
out waste containing the BFR s when they drop it off. A

very aggressive and nore expensive separation plan could

i nclude additional advertising with |ocal nedia, nmandatory
separation laws, and hiring labor at the incinerator to
separate the waste.

The Il evel of inplenentation depends on how nuch the
community is willing to spend. This is based on what
reduction in health risks are obtained for the cost. Figure
16, is a general graph of health risk reduction for the cost
when inplenmenting the Plan 5 separation schene and is the
key to a comunity decision when determ ning whether or not
and at what level to inplenent the preferred managenent
option for a troublesome solid waste. The reduction in
health risks value is calculated by nultiplying the
separation efficiency achieved for the cost by the health
risk at a specific probability fromthe health risks curve.
For exanple, according to Figure 15 Plan 5 has a 25%
separation efficiency at a | ow cost and according to Figure
14 there is 95% probability that the health risk is |ess
than 40 lifetinme cancer cases. Thus, the health risk
reduction when inplenenting Plan 5 at a low cost is 95%
likely to be less than 0.25 tines 40 or 10 |ifetime cancer
cases. Several points fromthe health risk curve are used

to denonstrate the range of likely health risk reduction for
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Figure 16.  Risk reduction (RR) in cancer cases as a result of inplenenting separation
Plan 5.  Separation efficiency values for Plan 5 are nultiplied by probable cancer cases
predicted at the 70% 80% 90% and 95% points fromFigure 14 to give the RR
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| ow, noderate and high cost.

Concl usi ons

For the case study eval uated, managing solid, waste
containing BFR's in North Carolina's New Hanover county, the
initial results suggest there is a potential health risk
fromfood exposure to BPDDYF's as a result of incinerating
of BFR's. However, it is recomrended that further study is
carried out particularly in regards to the toxicity of
BPDD/ F' s before inplenenting any expensive separation
schene. The method of assigning toxicity equival ency
factors mentioned previously woul d be a good starting point
for a more detailed analysis of toxicity. [If the community
so desired an | ow cost separation scheme such as Plan 5
coul d be inpl enented.

One of the difficulties in developing a framework for
managi ng troubl esone MSWis the conplexity involved in
eval uating the exposure, health risk and costs. Strategic
pl anning and decision naking in the face of uncertainty have
al ways presented a serious challenge to decision nakers.

The present scale of uncertainty in naking nany decisions is
unprecedented (26). Ineffective methods of dealing with
uncertainty can lead to serious mstakes with costly
consequences.

This paper attenpts to provide a decision framework

that explicitly spells out what assunptions are nade for
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uncertain paraneters and effectively deal with uncertainty.
The framework presented primarily focusses upon |andfilling
and incineration, but lends itself to consideration of all
MSW nmanagenment options and in this way can be utilized by
coronunities who have a conprehensive solid waste managenent
approach. The framework can be utilized by several parties
involved in the decision making process. It is hoped that
an established nethod for incorporating subjective elenents
into a decision will enable those wth differing opinions to
communi cate in a manner that |eads to progress in reaching a
decision, and that the public will be able to scrutinize
deci sions reached as well| as participate in the decision

maki ng process.
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