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Chapter 3

A Systems Analysis of Superfund

INTRODUCTION

In the Superfund program so far, more at-
tention has been paid to short-term costs and
budgets than to total program costs and pro-
gram durations which can cover decades. A
Superfund program designed from a short-term
perspective may not be consistent with the
need for long-term programs to permanently
deal with the problems posed by thousands of
uncontrolled hazardous waste sites. Without
adequate planning, the result may be a cleanup
program that extends beyond several decades,
presenting uncertain and possibly serious
health and environmental risks.

This chapter examines how future financial
needs of the Superfund program may be as-
sessed and what program strategy can meet
these needs. A simple simulation model is pre-
sented which illustrates how cleanup costs,
present and future, might be taken into ac-
count. The past performance of the program
is considered, the uncertainty of historical
costs is recognized, and alternative strategies
are compared. The results indicate there will
be trade-offs between program cost and the
time required to mitigate the threats posed by
large numbers of uncontrolled hazardous
waste sites.

Finally, a two-part cleanup strategy is iden-
tified that shows promise as a sound, long-term
approach to the problem, especially in the face
of many uncertainties.

Current Estimates of Future Superfund Needs

Recent estimates of future financial needs of
the Superfund program confirm the need for
an expanded fund. The studies summarized in
table 3-I estimate that the cost to clean up the
Nation’s uncontrolled hazardous waste sites
will be substantially greater than the current
fund of $1.6 billion. Their estimates range from

$6 billion to $92 billion, with all but one cal-
culating the Federal share of these costs at $5
billion to $26 billion. Only the Department of
Commerce (DOC) study predicts that the cur-
rent Superfund of $1.6 billion can meet require-
ments for cleanup. However, DOC assumed
that only 546 sites would be eligible for the
Fund; this estimate is already out-of-date since
over 200 new sites have been proposed for list-
ing on the current 538 site National Priority
List (NPL).

Several sources of uncertainty are responsi-
ble for the wide range of estimates in table 3-
1; the most important are the number of sites
requiring cleanup and the costs of cleanup.
Estimates for the total number of sites to be
cleaned ranged from 1,400 to over 7,000. While
this may appear large enough to encompass
true lower and upper bounds, there is evidence
to the contrary. OTA finds that a more appro-
priate estimate is 10,000 sites (see chapter 5),
without including several categories of candi-
dates for Superfund sites, e.g., as many as
75,000 mining wastes sites and 100,000 cur-
rently leaking underground storage tanks, pro-
jected to increase to 350,000 within the next
5 years.1

Similarly, estimates of cleanup costs vary a
great deal, from $1 million to $30 million per
site. Also, most of the predictions of total
cleanup cost assumed that the worst sites, those
requiring the most costly response, were cap-
tured in the current estimates of the numbers
of sites. This may not be so. For example, DOC
estimated that those sites not already on the
NPL will cost much less to clean up than NPL
sites ($3.2 million per site v. $9.7 million per

1 Donald J’, Fcliciano,  “Leaking Underground Storage Tanks:
,~ ~Jot(~nti:~]  ~~n\rironnlenta]  I’rot)lcIll! “ [ T,S, [Jihrary of Congress.
(;ongrcssional  Resrxir(:h  %r~’i(:c. lam I  I, 1984.
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Table 3-1 .—Current Estimates for Cleaning up Uncontrolled Hazardous Waste Sites

Department of
EPA (1 984)’ EPA (1983)2 GA03 Commerce 4

Number of sites requiring cleanup:
1,500-2,500 1,400-2,200 1,270-2,546 546 NPL

23-56°/0 require 23-56°/0 require 1,250 non-NPL
groundwater response groundwater response 41 municipal

Total average cleanup costs per site (million):
$6.7 -$13.3

Total costs
$10.0 -$33.3

Total costs
$7.6-$22.7 a

$6-$12 including $2.25-$6.75 constr. $9.7 NPL
groundwater response $5.25-$15.75 constr. $3.2 non-NPL

including groundwater $30 municipal
response
$1 .5-other costs

(unadjusted) (billion):
$10.3 -$20.6 $5.6 -$33.8 $10.5

to Fund (billion):
$8.4 -$16b $5.3-$26C ($1.5 surplus)-

$1.5 f

Projected years to clean sites:
NA 14 for 1800 sites NA 10-15

NOTES
—

 
ASTSWMO 5

7,113 (43
States surveyed)
1,500 most
serious

$1-$6
$6 serious sites

$14.6 -$42.7

NA

16-23 if
constrained by
personnel
28-90 if
constrained
financially

National Audubon
CMA6 Society

1,000 (27 States 2,200-7,000
surveyed) 3,681 (potential) 38-56°/0 require

$4-$7 studies, removal,
and containment
$17-$30 studies, removal,
containment, and
groundwater response

NA

$4.5e

NA

groundwater response

$8 including O&M
$17 including ground-
water response

$8-$92

NA

17-26 for 2,200 sites
53-84 for 7,000 sites

aA~~ume~ 40 t. 60 percent  of ~lte~ cleaned  by prln~lpal  Re~p~n~lble  pafile~  (pRp~), Federal  ~~~t  share  l.s go percent,  c~~t recovery IS 47 percent for removals  and 30 percent for remed!al  actlon$, 85 perCent

Interest earned quarterly on prev!ous  year’s balance. and 65 percent I nflat!on  on removal actions, assumed 190 per year at $75 million  per year
bpRp lead actions deducted
cAssumes  RpRs clean 29 to 44 perCent Of Sites
dAnnual  O&M costs are $3 I ,500,  $20,900, and $117,600 for NPL, non-NPL,  and munlclpal  Site.$ respectlve~y
estatement  of E c Holmer,  on behalf  of the Chemical  Manufacturers Assoclatlon,  June 13, 1984 (This est, mate assumes no groufldwater cleanup ,l+lso  might  Include  estimate that only  10 perceflt  are orphan SlteS )
fA~sumes  45 t. 55 percent  cost  recovev,  1 t. 15 percent  of slte~  cleaned  by pRps,  6,5 percent annual  Construction Inflatlon,  5 percent annual general Inflation,  and 85 percent annual  lntereSt  on cash balances
9LoW estimates reflect $12  bllllon per year budget;  high estimates are for $15  bll)lon  per year budget

SOURCES
(1) U S Environmental Protection Agency, “Extent of the Hazardous Release Problem and Future Funding Needs, CERCLA SectIon  301(a)(l)(c) Study, ” December 1964
(2) U S Environmental ProtectIon Agency, Superfund Task Force Prellmlnary  Assessment, December 1983
(3) U S General Accounting Office,  EPA’s Preliminary Estimates of Future Hazardous Waste Cleanup Costs  Are Uncerfaln,  GAO/RCED-64-152, May 7, 1964
(4) U S Department of Commerce “Estimated Costs and Expenditures for Cleanup of the NatIon’s Uncontrolled Hazardous Waste Sites” (draft), Feb 22 1984
(5) Association of State and Terrltonal  Solld  Waste Management Of flclals,  “State Cleanup Programs for Hazardous Substance Sites and Spills,” Dec 21, 1964
(6) Arthur D Little, Inc , Report to the Chemical Manufacturers” Assoclatlon, “An Analysls  of the Number of lnactlve  Hazardous Waste Sites That WIII  Use Superfund,”  July 1983
(7) National Audubon Society, Testimony of Leslle  Dach before the House Subcommittee on Commerce, Transportation and Touws.m,  Mar 1, 1984
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site), However, the Environmental Protection 1.
Agency’s (EPA] recently released list of pro-
posed NPL sites contains contaminated aqui-
fers on the island of Oahu. Although this is only 2.
one very expensive site, it suggests that other
large contaminated aquifers might be addressed
by Superfund in the future.

All the studies share one common assump- 3,

tion in their cost estimates, however—a com-
plete effectiveness of cleanup technology. This
leads to some critical questions:

Should the effectiveness of cleanup tech-
nologies be considered in evaluating clean-
up costs and program planning?
Is the assumption that these technologies
are completely effective, warranted, and,
if not, how should cost predictions be
changed?
How certain are the “givens” of these pre-
dictions, namely continued use of histori-
cal cleanup technologies in the future
program?

UNCERTAINTY AND THE NEED TO EVALUATE
THE SUPERFUND PROGRAM

The Superfund program was established in
response to an emergency situation of uncer-
tain proportions. Both the threats and the meas-
ures to control hazardous waste sites were un-
certain, but Congress decided that action was
imperative. Little attention to uncontrolled
toxic waste sites existed at the State level.
Precedents existed for legislating and develop-
ing regulatory programs in difficult areas. In-
deed, the preamble to the Resource Conserva-
tion and Recovery Act (RCRA) states that “the
courts have repeatedly sanctioned . . , other
EPA statutes where, as here, the Agency is im-
plementing a complex program in an area
‘fraught with scientific uncertainty where Con-
gress has directed EPA to act quickly and de-
cisively despite the lack of exact data’. ”2

To resolve the many uncertainties, Congress
mandated several information-gathering tasks
in the Superfund legislation, such as:

●

●

●

the designation of additional hazardous
substances; s

the development of notification proce-
dures for hazardous substance spills;4

the identification of all possible hazardous
waste sites;5

245 Federal Register 33088,
WE RCLA, Section 102(a),
41 birf., Section 103(a),
51bid.

● the collection of information about hazard-
ous substances at those sites for prelimi-
nary assessments;6

Ž the establishment of the Agency for Toxic
Substances and Disease Registry to estab-
lish and maintain: a) a national registry of
serious diseases and illnesses and a nation-
al registry of persons exposed to toxic sub-
stances, b) an inventory of information of
health effects of toxic substances, c) listing
of areas closed to public or restricted in
use because of contamination, and d) pro-
grams to study the relationships between
exposure to toxic substances and illness; p
and

● reports and studies on the experience with
the implementation of the Superfund pro-
gram, including one to project “any future
funding need remaining after the expira-
tion of authority” and another to deter-
mine “the extent to which the Act and
Fund are effective . . .“8

The uncertainties and complexities con-
nected with releases of hazardous substances
are also reflected in the National Contingency
Plan (NCP), which outlines the regulatory
mechanisms for Federal response to these re-

blbid., Se~ti~n IOA(e].
71 bid., Section  10A(i].
81bid.,  Section sol(a)(l),
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leases. Throughout the preamble to the modi-
fied NCP, including the comments section,
there is explicit mention of the need for flex-
ibility in program design.9 In part, the need for
flexibility reflects the site-specific nature of the
release and appropriate response. But flexibil-
ity was also built into the NCP “to incorporate
our expanding knowledge and experience in
developing remedies.”l0

In conclusion, there were both legislative and
regulatory motivations to address uncertainty.
In particular, Congress mandated EPA to eval-
uate effectiveness and project future financing
requirements, and EPA, in the NCP, acknowl-
edged the need to continue to develop and im-
prove its program, Evaluating the effectiveness
of cleanup approaches is a key step in meeting
these congressional mandates.

Alternative Approaches to Projecting
Superfund Needs

Projecting future funding needs of the Super-
fund program can be approached in two ways.
A descriptive approach was used in making the
estimates summarized in table 3-I. This ap-
proach assumes that the program will, for the
most part, continue to operate as it has histori-
cally, using the same methods for selecting
sites for remediation and implementing the
same cleanup technologies. An average cost of
cleanup is derived from historical data, per-
haps subject to various rates of inflation. Next,
the expected number of sites requiring reme-
diation is estimated, again relying largely on
examinations of past and current information,
The percentage of sites requiring response in
the past is applied to an updated universe of
potential sites. A range of values may be as-
sumed for these parameters, to reflect sampling
errors or the inherent problems of projection,
Future funding needs are determined by mul-
tiplying the estimate for average cleanup cost
and the number of sites to be cleaned.

An alternative method of prediction is pre-
scriptive, incorporating new information as
well as historical experience, It proposes and
evaluates a number of cleanup strategies, not

947 Federal Register 31180-31202.
1047  Federal  Register 31182.

limited to those used in the past. Each strat-
egy is then compared to the others on the basis
of evaluation criteria and a preferable strategy
is selected, The cost of the preferred strategy
provides projections for fund requirements, as
mandated by the Comprehensive Environmen-
tal Response, Compensation, and Liability Act
(CERCLA).

The best way to evaluate the usefulness of
the descriptive method, which is based on past
practices, is to look at the historical perform-
ance of the Superfund program. If the program
has been operating at an acceptable level of ef-
ficiency and effectiveness, if uncertainties in
cost are adequately accounted for, and/or if no
other alternatives exist, then the descriptive
method is acceptable. The analysis below in-
dicates that none of these conditions exists.

Historical Performance of the
Superfund Program

As of September 30, 1984, the Emergency
and Remedial Response Information System
(ERRIS), the inventory of uncontrolled hazard-
ous substance sites from which NPL sites are
selected, contained 18,900 sites. EPA antici-
pates that the list will grow to between 22,000
and 25,000 sites.11 Preliminary assessments had
been conducted at 10,700 sites and site inspec-
tions completed at 3,600 sites.l2 Of the 1,700
sites scored with EPA’s Hazard Ranking Sys-
tem, 538 have been selected for the National
Priority List and an additional 238 sites have
been proposed for listing.13

The first 2½ years of the Superfund program
progressed slowly, but the pace has accelerated
since May 1983. At the end of fiscal year 1982,
57 removal actions at both NPL and non-NPL
sites had been initiated; after 2 more years, a
total of 422 had been started. Of this total, only
17 were planned removal actions.14

IY LJ. s. IZrlVlrOnrnenta] Protection Agency, “Extent of the Haz-
ardous Release problem  and Future Funding Needs, CERCLA
Section 301(a)(l)(C) Study” (Washington, DC: Office of Solid
Waste and Emergency Response, December 1984).

‘z Ibid.
‘s Ibid.
14u .S. Environmental Protection Agency, “The Effectiveness

of the Superfund  Program, CERCLA Section 301(a) (l)(A] Study”
(Washington, DC: Office of Emergency and Remedial Response,
December 1984). These statistics include CERCLA-financed,  en-
forcement-lead, and responsible party actions.



The remedial aspects of the program, which
pertain to long-term cleanups, are occurring
more slowly. By the end of fiscal year 1982 only
about 60 remedial investigation and feasibility
studies (RI/FS) had been initiated; but by the
end of fiscal year 1984, 315 RI/FSs had been
started. l5 Remedial design has begun on 56
sites. Six sites have been designated as clean.
Of the remedial cleanup actions currently
underway or approved, most responses have
been removal of hazardous materials for off-
site disposal, or onsite containment, or both.
Table 3-2 summarizes remedial actions taken
for 24 sites.l6

The institutional framework for responding
to uncontrolled sites is in place. Despite ini-
tial problems, the program is beginning to oper-
ate more swiftly and smoothly. Many more
sites have moved into the RI/FS and design
study stages, As more studies are completed,
more sites will move into the construction
phase. However, only 30 percent of the 538
sites now on the NPL are receiving remedial
cleanup attention.

It is also necessary to understand what is be-
ing done, and what the implications of current
actions are for the future. Most of the cleanup
actions approved so far involve removal and/or
excavation, followed by offsite disposal. Al-
though the facilities where Superfund wastes
are taken are regulated under RCRA, these reg-
ulations do not assure detection and preven-
tion of groundwater contamination. There is

Table 3-2.—Summary of Remedial Cleanup
Actions Approved

Cleanup actions approved Number of decisions.
Removal/offsite disposal

—

with or without source control . 14
Removal/offsite disposal with some

incineration . . . . . 1
Alternative water supply . . . . . . . . . 3
Alternative water supply with

treatment . . . . . . . . . . . . . . . . . . . . . . . . . . 2
Treatment (1 aeration; 1 air-stripping). . . . 2
Source control and onsite treatment . . . . 2
SOURCE U S Environmental ProtectIon Agency, “The Effect weness  of the Super

fund program, CERCLA  SectIon 301(a) (1)(A) December 1984

Ch. 3—A Systems Analysis of Superfund ● 65

a strong likelihood that a number of RCRA fa-
cilities may become Superfund sites, some
might even be able to qualify as Superfund sites
now, and some already have.

This issue is examined in more depth in
chapter 5 and leads to the conclusions that
removal followed by disposal is not an effec-
tive or efficient cleanup option, environmen-
tally or economically, unless removed wastes
are destroyed, detoxified, treated, or stabilized
in some fashion prior to redisposal.

Without the measures just specified, offsite
removal will probably only relocate the hazard
and transfer the risk. Furthermore, offsite re-
moval usually leaves some (often considerable)
residual surface waste in the form of contami-
nated soil that can threaten groundwater. Off-
site removal does not address problems of
groundwater already contaminated at the site.
While partial cleanups have been common,
source control and containment have also been
used after removal to address groundwater
problems, While the short-term costs of these
remedial methods often compare favorably
with other options, their long-term effective-
ness can be greatly limited by site conditions,
such as hydrogeology, rainfall, and geomor-
phology. l7

Another response to groundwater contami-
nation is to provide an alternative drinking
water supply. (Note that water for other uses,
such as bathing, often is not supplied even
though health effects may be significant.)
Sometimes this response is appropriate, for ex-
ample when the alternate water is easily acces-
sible and not too costly and when the affected
population is not large. However, with ground-
water now providing 50 percent of the Nation’s
drinking water, this can be a viable long-term
alternative for only a limited number of sites.
It is not an alternative for large populations.
There is a limit to how many aquifers can be
foresaken.

The groundwater problem is receiving atten-
tion; EPA has recently established an Office of

1 TTh~;  ~xper]ence  at the Stri ngfe]]ow Acid Pits i]] ustrates  many
of the problems that can arise with continued use of cr)nta i n-
ment  [see chapter 1],
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Groundwater and developed a groundwater
protection strategy. l8 The EPA has also ac-
knowledged that groundwater contamination
at Superfund sites has not yet been extensively
addressed. When it is addressed, it will greatly
increase the cost of the program,

The performance of cleanup actions during
the last 4 years of the Superfund program do
not support the use of the descriptive method
for predicting future costs. The approved ac-
tions are weighted heavily in favor of least-cost
options that are available now. While they are
often called proven, the long-term effectiveness
of these options is highly uncertain, and they
may be ineffective even in the short term. The
total costs of cleanup using these technologies
are not accurately represented by the sum of
their construction costs and first year operat-
ing and maintenance costs, On the contrary,
these options are likely to prove costly in the
long term. Additional remedial measures at the
original sites or at other redisposal sites may
be required as a consequence of the original
cleanup technology decisions. In a sense an
environmental deficit is created for future gen-
erations.

The final consideration is whether new, more
efficient technologies exist or can be devel-
oped. The descriptive prediction method, rely-
ing on historical cleanup decisions, assumes
little technological change or improvement.
OTA has found that there are substantial op-
portunities to develop permanent, cost-effec-
tive cleanup technologies (see chapter 6). Many
innovative cleanup technologies, ranging from
methods of biological and chemical treatment
to thermal destruction show great promise, but
their development and demonstration are ham-
pered by several institutional problems, includ-
ing the fact that the Superfund program has
not recognized their potential long-term cost
effectiveness.

Thus, when the state of knowledge is con-
sidered, coupled with the experiences of the

l~FOr In Ore information see U ,S, Congress, Office Of ‘reChml-
o~y Assessment, Protecting the Nation (lroundwater From
Contamination, OTA-O-233  (Washington, DC: U.S. Government
f)rinting  Office, October 1984).

program and the potential for new technolo-
gies, it is clear that projections of the costs of
the Superfund program must be based on:

Ž a comparison of alternative strategies; and
● future development, demonstration, and

use of innovative, permanent cleanup tech-
nologies,

The desirability of defining a preferred long-
term strategy becomes greater as evidence ac-
cumulates that many more sites may need
cleanup. The long-term costs of traditional
cleanup technologies, possibly acceptable with
a relatively small number of sites, grows bur-
densome as the number of sites rises–with the
number going as high as 2,000, 10,000, or more,
Policy and planning decisions based mostly on
low short-term costs may hamper program
progress, if site after site deteriorates and must
be recleaned, and as still more sites are discov-
ered, Under such conditions, the total cost and
time required to fulfill the Superfund mandate
may become unacceptable to society,

The need to reevaluate and perhaps define
a new program strategy is not a new concept.
It was suggested by William Hedeman, EPA’s
Superfund chief:

And it seems to me that the more fundamen-
tal question that has to be asked is whether
or not the program and the structure and stat-
utory base that has been established thus far
to deal with this problem is really the most
sensible way to go. Whether indeed we don’t
have as much of a national problem in the area
of abandoned hazardous waste as we had in
the 1930s and 40s in terms of flood control,
or as we had in the 1970s with contaminated
air and contaminated water? And we haven’t
inadvertently set into motion a system with
a problem that is so convoluted and complex
and difficult to manage that it could collapse
of its own weight rather than accomplishing
the results that were ever intended?19

1g” A Conversation With Superfund  Chief Bill Hedeman,  ” The
Enkrironrnenta! Forum, August 1983.
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A SYSTEMS ANALYSIS APPROACH TO DEFINE
A LONG-TERM STRATEGIC PLAN

Has the current Superfund program “inad-
vertently set into motion a system with a prob-
lem that is so convoluted and complex and dif-
ficult to manage that it could collapse of its
own weight rather than accomplishing the re-
sults that were . . . intended?” The critical step
toward developing a better program strategy
is to realize that, in fact, the Superfund pro-
gram, with its response mechanisms for threats
posed by uncontrolled hazardous waste sites,
is a complex system,

The Superfund system can be viewed as a
series of interacting issues, conditions, and
decisions. The mechanics of the system are de-

picted in figure 3-1. The primary inputs are
listed in the box labeled issues/conditions.
These include the potential number of Super-
fund sites, public demands and perceptions
about the threats posed by these sites, and the
technologies available to deal with them. All
of these components affect Federal policy de-
cisions.

Superfund policy decisions at the Federal
level define an upper limit on the resources to
manage the problem, provide the framework
for management, and set the goals of the pro-
gram, Furthermore, Federal policy dictates
what sites are eligible for consideration. For

Figure 3.1 .—Superfund System

Issues/
conditions

Ž Potential number
of sites

— Current
ERRIS sites

— Active
Subtitle C
facilities

— Closed and
active
Subtitle D

● Existing
technologies

● Existing
qualified
personnel

● Health and
environmental
effects data
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SOURCE: Off Ice of Technology Assessment



68 • Superfund Strategy

instance, EPA has decided that sites with only
environmental problems, which do not pose
threats to human health, do not now qualify
for Superfund attention, The Hazard Ranking
System has no component to account for nat-
ural resource damages that do not affect hu-
man health directly. Even though Congress did
not establish this policy, it did limit resources
for the program.

In addition, non-Superfund policy decisions
may influence the Superfund program, For ex-
ample, policy changes in the RCRA program
for hazardous and solid waste land disposal fa-
cilities may alter the frequency at which new
Superfund sites enter the pool, depending on
improvements in prevention, detection, and
correction of leaks and groundwater contam-
ination. Federal policy also affects how the fi-
nancial requirements placed on the States might
affect the cleanup of facilities. Many sites may
fall into the 50 percent State matching share
category.

Broad Federal policies are eventually trans-
lated into a program strategy via program man-
agement policies. Management decisions on
ranking criteria and methodology determine
which sites are included on the NPL. Program
management policies also govern the allocation
of resources to eligible sites and define which
cleanup technologies are employed. These de-
cisions are extremely complex because they,
too, entail many interdependencies and inter-
actions. For example, cleanup technology deci-
sions are dependent not only on what technol-
ogies are available and at what cost, but also
on the availability of funds and qualified per-
sonnel, the nature of cleanup goals, and the
threats posed by uncontrolled hazardous waste
sites. Management decisions by EPA define the
scope and form the strategy, even if uninten-
tionally, of the cleanup program.

The resultant program strategy may in turn
lead to secondary, long-term consequences that
also affect the system, The remedial actions
alter the risks associated with the remediated
sites but, if they are not wholly effective, they
may impose future costs and risks. Decisions
to remove and dispose of waste offsite may

pose threats at other sites, which, in turn, may
result in further demands on Superfund re-
sources. Thus, current program decisions af-
fect future system inputs and needs. The his-
torical emphasis in the Superfund program has
been on detailed site-by-site analyses, with lit-
tle, if any, analysis of intersite effects. This is
one reason why responses have usually en-
tailed offsite disposal. But cleanup on a site-
by-site basis is not necessarily an effective na-
tional cleanup. Considering each uncontrolled
site independently may also lead to inconsis-
tency; sites posing similar risks in different
locations may be dealt with differently. More-
over, the long-term effects of all the interac-
tions may not be obvious unless viewed sys-
tematically.

The complexity of the Superfund program
suggests that projections of needs or changes
of the program strategy should be tackled in
a systems framework, using the discipline of
systems analysis, With the interdependencies
and interactions defined, program strategies can
be evaluated more objectively and thoroughly,

Definition of Goals

An obvious Superfund objective is to mini-
mize the cost of cleaning up uncontrolled sites.
This goal raises an interesting question,
namely, costs to whom? Focusing only on the
costs to the Fund can lead to distortions. For
instance, long-term operating and maintenance
(O&M) costs are the States’ responsibility. Con-
cern with only the costs to the Fund, therefore,
might emphasize cleanup technologies with
lower capital costs even if the total cleanup
costs will ultimately be very high (and higher
than other options) because of high operating
and maintenance costs. Although the current
methodology used in feasibility studies for se-
lecting remedial action does deal with O&M
costs, three points should be made. First, fund-
ing estimates currently include only the initial
year of O&M costs regardless of estimates
made in the feasibility studies. Second, the fea-
sibility studies often choose optimistic esti-
mates despite limited experience with the O&M
costs of the remedial technology options, Fur-
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thermore, limited experience with the applica-
tion of the current technology options to haz-
ardous waste problems coupled with undue
concern about short-term costs might lead to
technology decisions that fail to accomplish a
long-term, permanent remedy,

Thus, to prevent distortions, all expendi-
tures—from the Fund, from the States, and
from responsible parties—must be included in
the estimate of total long-term costs. This ap-
proach is highly flexible. In considering alter-
native or additional goals, the costs to specific
parties can be derived, assumed, or compared
after preferred solutions to the problem are
generated, and the results can affect the cri-
teria for the next iteration on the solutions.

If minimizing cleanup costs were the only
goal, the solution would be to do nothing at
zero cost. The goal that forces the program to
operate is maximizing effectiveness in protect-
ing human health and the environment. In the
CERCLA 301(a)(l)(A) study, effectiveness is re-
lated to the “Government’s ability to respond
to and mitigate the effects of releases of haz-
ardous substances, ” This implies that effective-
ness is the avoidance or mitigation of risks to
health and the environment. This is the
congressional mandate.

One CERCLA provision specifies that reme-
dial actions are to be chosen that:

. . . provide for that cost-effective response
which provides a balance between the need
for protection of public health and welfare
and the environment at the facility under con-
sideration and the availability of amounts
from the Fund .. .20

According to this provision, cleanup actions
are supposed to be cost effective and, at the
same time, the Fund is to be allocated in a bal-
anced fashion nationwide. The cost effective-
ness criterion could be viewed as total program
cost effectiveness as well as site-specific cost
effectiveness. However, if affected by real or
perceived budget limitations, choosing what
appears to be the most cost-effective way of

q: EK[,  A, Sc(:t  ion 104(r.](4)

dealing with each site individually could re-
duce the cost effectiveness of the national sys-
tem. The analysis in this chapter addresses the
problem of how to simulataneously achieve site
and national cost effectiveness.

The fund-balancing requirement raises a
complex issue of equity, costs, and effective-
ness. Furthermore, without a reliable measure
of effectiveness, there is no way to determine
whether a particular Superfund strategy is cost
effective, nor can adherence to the fund-bal-
ancing provision be evaluated (see chapter 4).

Another goal that has received limited atten-
tion is minimizing the time required to com-
plete the program. This goal is reflected in the
idea of a mandatory cleanup schedule. The
longer a site remains uncontrolled, the greater
the risk may be. The risks may be the same
each year and simply accumulate or they might
increase over time as leaching progresses and
as contaminants migrate further into the envi-
ronment.

Whether or not total program length is a valid
measure for risk, the public perceives it as
such. For this reason, a Superfund program
that emphasizes permanent cleanup actions
might still pose problems if it left sites, and
their affected communities, waiting for clean-
up for extended lengths of time (e. g., beyond
50 years). Program length defines the planning
horizon for the program and, therefore, the
period over which the costs and benefits of
each program strategy should be evaluated.
The effects of excluding longer term costs in
the planning horizon may be dramatic, as shown
later in this chapter,

Such goals—proper accounting of costs over
time, effective cleanup, and timeliness—can be
used to evaluate different Superfund program
strategies and choose among them. Because
Federal and program management policies de-
termine the cleanup strategy, the evaluation
process can elucidate how these policies affect
the performance of the strategy. Understand-
ing the system dynamics can help to define
how Federal policy and program management
policy might change to improve program per-
formance.
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Simulation: A Systems Analysis Method for
Comparing Two Strategies and Incorporating

Long-Term Uncertainty

Systems analysis can be used for simula-
tion—a model that mimics events occurring in
the real system. In the context of the Superfund
program, the primary event is a cleanup action.
A wide range of policy and management deci-
sions may alter the numbers, types, and rates
of occurrence of the responses. These decisions
can be tested using simulation for their effects
on the performance of the system, In the dis-
cussion that follows, the objective is to evaluate
the effects of the uncertainty in costs on pro-
gram duration after a first site response and
on total program costs under different program
cleanup strategies.

Future Costs and an Impermanence Factor

The importance of examining the effects of
uncertain and unforeseen future costs associ-
ated with a site cleanup cannot be overstated.
As has been shown, effects of uncertainty about
long-term costs of cleanup technologies have
not been considered to any great extent, despite
evidence that the technologies typically em-
ployed today may incur total costs significantly
in excess of their short-term costs. Program
planning based on short-term costs may result
not only in an unexpectedly costly program,
but in one that lasts over a very long time. It
is particularly important to evaluate the effects
of uncertainty on long-term cleanup costs be-
fore more money is spent on costly remedial
cleanups.

An “impermanence factor” is defined to re-
flect the uncertainty of near-term cost estimates
for response. Additional future costs, above the
near-term costs of “impermanent” actions,
may be incurred due to the need for additional
actions, or operating and maintenance costs,
or compensation for health and environmental
damage. How the impermanence factor is in-
tegrated into the model differs according to the
cleanup strategy chosen.

Program Cleanup Strategies

Two extreme cleanup strategies are exam-
ined. These interim and permanent strategies
are useful as boundary conditions, clarifying
the importance of certain cleanup strategies
toward which the actual Superfund program
could move. A third strategy, a variation of the
permanent strategy and representative of the
two-part plan described in chapters 1 and 2 is
also analyzed.

In the interim strategy, successive interim ac-
tions, which are not permanent, are taken. Fu-
ture costs are incurred and are a function of
the impermanence factor and the cost of inter-
im cleanup, In the basic permanent strategy,
initial actions (with technologies and costs the
same as the interim actions of the interim strat-
egy) are undertaken for the first 15 years of the
program. Like the interim responses, initial ac-
tions are impermanent, but no site receives a
second impermanent action. After 15 years,
cost-effective permanent technologies are as-
sumed available; permanent cleanups are then
performed on all sites, both those never re-
sponded to and those requiring a second ac-
tion because of a previous impermanent action.
Explicit in this strategy is the concept of con-
certed but limited initial actions with plans for
]ong-term permanent cleanup. Future costs in
this strategy are a function of the imperma-
nence factor (from the early responses) and the
costs of permanent cleanups.

Under the two-part cleanup strategy, less
costly, impermanent initial actions are per-
formed (only once) on all NPL sites until per-
manent cleanups are cost effective and avail-
able. As in the basic permanent strategy, after
the 15-year development period, permanent ac-
tions are mandatory. In this variation, a larger
number of initial actions are taken, but they are
less extensive, less expensive actions, thus pre-
serving funds for developing and implement-
ing permanent cleanup plans. This strategy is
discussed later; the model description will
focus on the two primary strategies.
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Model Description

In OTA’s simulation model actions are under-
taken annually; a particular class of actions—
interim or initial—incurs future costs depend-
ing on the degree of impermanence and the dis-
tribution of costs over time.

The usefulness of the model lies not in pro-
jecting actual Superfund program costs or
Superfund program duration, but rather in un-
derstanding the dynamics of the system under
uncertainty. The model tells us what might
happen. To correctly interpret the results of the
model, the elements that characterize the sys-
tem must be understood. In this modeling ex-
ercise, these elements fall into two categories:
1) system definitions and assumptions, and 2)
uncertain elements to be tested.

The values of system definitions and assump-
tions are specified and are not varied. This is
done because their behaviors and values are
known with relative certainty, or the uncertain-
ty inherent in them is not suspected to influ-
ence the aspects of the system being tested, or
the effects of the uncertainty can be easily in-
tuited. Table 3-3 summarizes the system defini-
tions and assumptions of the model. The sys-
tem definitions, such as how the budget is
allocated among the different sites, relate to the
system as a whole. The assumptions about pa-
rameters relate to specific cleanup actions.

The first definition given in table 3-3 is the
number of uncontrolled sites eligible for the
Federal fund; this figure changes as the NPL
is revised periodically. Parameters such as
cleanup costs and appropriate cleanup technol-
ogy differed enough to warrant dividing the
sites into two categories: those with only sur-
face contamination and those with both sur-
face and groundwater contamination. This
breakdown, and the costs for each class of site,
correspond to early estimates by EPA.21 The
cleanup costs, $6 million for a surface cleanup
and $12 million including groundwater reme-
dial action, include only the short-term costs
of those remedial technology actions currently

z 1 [].s, EnY, iro nrn~nta]  ~]rote~tion  Agency, ,$uperfund ‘~as~
~“orce Pre/irninarJ Assessment, I)w,. 8, 1983.

Table 3.3.—System Definitions and Assumptions
(not varied in model)

System definitions:
● 546 sites currently (initially) eligible for Superfund money
• Two categories of sites:

—Sites with only surface contamination
—Sites requiring groundwater response and surface

response
● 20°/0 of sites eligible for Fund use require groundwater

responsea

. Each annual budget is distributed between surface and
groundwater responses so that the same percentage of
sites of each type are responded to annually

Assumptions about parameters to be held constant:
. Average interim action costs (estimates of currently used

technologies) b (for interim strategy and initial action of
the basic permanent strategy):
–$6 million/site for surface response only
—$1 2 million/site including groundwater response

• Average initial action costs (for two-part strategy only):
–$1 million/site for surface response only
—$3 million/site including groundwater response

● Time required to complete actions:
—3 years: Interim surface response
—6 years: Interim groundwater response
—3 years: Permanent surface cleanup
—10 years: Permanent groundwater cleanup

a 56 percent of the N PL sites exhlblted  groundwater  contamination but only  23

percent were estimated  to require  treatment (U S Environmental Protect Ion
Agency, .%perfund  Task Force Pre//mlnary  Assessment, Dec 8, 1984) Ground
water releases have been recorded at 75 percent of the N PL sites For NPL s!tes
where releases have not yet occurred 90 percent had potential ground water
release scores over 15 and 70 percent had scores over 30 out of 45 These data
suggest that this  IS a very conservative estimate

bAn average  cleanup  cost of about $9 m!lllon  was given tn the 301(a)(l)(C) study
Thts figure was for all types of cleanup actions (over 13 types) not accounting
for States’ shares, recovery and voluntary cleanup This  est!mate  corresponds
to a 50 percent rate of sites requlnng  groundwater  cleanup

SOURCE Off Ice of Technology Assessment

used. These costs, therefore, are the average
costs of interim responses. The model conserv-
atively estimates that 20 percent of the sites
would require groundwater response, although
more than three-quarters of NPL sites have
groundwater problems,

A method of allocating a fixed annual budget
(or total, unadjusted costs to all parties) to the
sites is also defined. The annual budgets are
distributed to surface and groundwater responses
so that the same percentage of each type of site
is addressed. This allocation method may be
overly optimistic with regards to the attention
that groundwater has received historically.22

ZZA statist  i[; a] analysls perforrne~  on those s I t(;  s for ~~’h I (:h
monies mere obligated prior to mid-l  983 revealed that sites with
higher levels of groundwater  contamination, as reflected b~’ their
HRS scores, bore a negative relationship with Fund-finan[:ed
actions, See Haro]d  C. Barnett, “The Allocation of Superfund,
198(1-1 983, ” f)epartment  of Economics, [Jniversitj  of Rhode
Island.
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Only two NPL sites now have an active reme-
dial program for contaminated groundwater.

Finally, because the program length is an
evaluation criterion, certain assumptions about
time are made. It has been estimated that the
average remedial response takes 3 years to
complete. 23 Since surface responses provide
most of the experience, this estimate is in-
creased to 6 years for groundwater actions.
These estimates are for interim actions. Since
no permanent cleanup has been implemented,
its duration is speculative. It is assumed that
permanent surface cleanups take 3 years to
complete, and permanent cleanups of ground-
water contamination take 10 years.

For those elements of the system that are ill-
defined, different options are tested for their
effects on the system. A simulation scenario
is defined by choosing one option for each ele-
ment. These choices are summarized in table
3-4.

Because this model could not consider site-
specific data on risk and fund balancing, only
total program cost and total program length are
examined in any detail. Undiscounted total
costs are used, but later an analysis of discount-
ing is presented, While some of the following
findings are deductive, others refer directly to
particular results from the scenarios tested.
Complete scenario results are given in the ap-
pendix to this chapter, along with a more de-
tailed examination of the model.

The Interim Strategy

The primary element of uncertainty to be
tested is the cleanup strategy, The interim strat-
egy assumes no permanent cleanup technology
is used; thus all cleanups are interim actions
and their short-term costs do not represent the
total costs of dealing with the site or the wastes.
Use of interim responses implies the need for
involved operation and maintenance (O&M),
the costs of which have not been included in
the short-term costs, The possibility of subse-
quent and repetitive remedial actions involv-
ing additional future costs and additional O&M
costs also are not included, Interim actions in-—

““~~t~nt  of the Ha~ar~ous  Release Problem ~n(i Future Funcf  -
in~ ~twls, ~ IZ RC1.A Se~ti~n SO l(a)(l  )(C) Study, ’ op. cit.

Table 3-4.—Summary of Simulation Scenarios
(choose one from each element of uncertainty)’

Element of uncertainty: Options

Cleanup strategy:
Ž Interim strategy— Interim actions result in repeated

future costs.
● Permanent strategy—An interim action during the first

15 years results in a future cost, which is a permanent
cleanup. Permanent cleanups start after 15 years and
result in no future costs themselves.

● Two-part strategy —Less costly initial response only (not
more than once per site) over first 15 years. Afterwards,
if required, a permanent cleanup with no future costs.

Future costs of impermanent cleanup actions:
Impermanence factor varied between O and 1.

Average permanent cleanup costs:
1.$24 M—surface cleanup

$60 M—groundwater cleanup
2.$12 M—surface cleanup

$30 M–groundwater cleanup
Time distribution of future cleanup actions:

U. Future actions occur uniformly over 30 years after an
interim action.

E. Future actions occur ear/y, i.e., 5 years after an interim
action.

L. Future actions occur late, i.e., 30 years after an interim
action,

Budget:
A. Initial period (5 yr) budget is $1.6B; growth @ 100°/0 each

successive period.
B. Initial period (5 yr) budget is $1.6B; growth @ 10°/0 each

successive period.
C. Initial period (5 yr) budget is $9B; growth @ 30°/0 each

successive period.
D. Each period (5 yr) budget is $9B.
S. Initial period (5 yr) budget is $5B; growth @ 100°/0 for

each of next 3 periods then @ 20°/0 for each successive
period.

Number of new sites per year for the first 15 years:
0 . 0
F. 100
M. 200
G. 200 for years 1-5; 800 for years 6-10; and 1,000 for years

11-15.
aFor ~Xa~Ple, scenario  IUAF has the following values option 1 for averwe Per’
manent cleanup costs, option U for time distribution of future cleanup actions,
option A for budget, and option F for the number of new s!tes per year The
scenarto  is run for both strategies, the Interim and Permanent, and the lmper.
manence factor IS varied in both strategies between zero and one

SOURCE. Of ftce  of Technology Assessment

elude offsite disposal of wastes and contami-
nated materials, and traditional onsite control
and containment techniques.

To capture future costs, the impermanence
factor is used. This factor is itself uncertain,
so values for the factor between O and 1 are
tested in different scenarios. The imperma-
nence factor averages the future costs of all in-
terim actions over the whole system. (Note that
the future costs of interim actions may vary



widely among the individual responses, but
this model can deal only with averages.) An il-
lustration of how an average impermanence
factor might be derived from various cleanup
actions is given in table 3-5.

The average impermanence factor can be in-
terpreted in a number of ways. To illustrate one
interpretation, suppose each initial interim sur-
face response, costing $6 million, has an im-
permanence factor of 50 percent (0.50). Then
the second action required for each interim ac-

tion will cost only $3 million per site. But this
second action will also be interim, and there-
fore will result in a third response, at half the
cost of the second, and so on. The result is a
decreasing geometric series with a finite sum.
That is, each interim action requires another
interim action, whose cost is related to the cost

of the previous action by the impermanence
factor. In other words, the sites slowly ap-
proach cleanliness, or the repeated cleanup
process finally becomes effective.

The second way to interpret the imperma-
nence factor is that an interim action only has
a probability of requiring another interim ac-
tion. If required, the future action will have the
same unit response cost. An impermanence
factor of 50 percent (0.50], in this case, would
mean that half of all interim actions require an
additional interim action, In other words, out
of 100 initial interim actions performed at a

T y p e

P a r t i a l  r e m o v a l

P a r t i a l  r e m o v a l

Table 3-5.— Illustration of How an

Cleanup actions
Percent

(off site disposal) 10

(offsite disposal) plus
o n s i t e  c o n t a i n m e n t 40

Onsite containment . . . . . 20
Onsite containment/treatment . . . 20
Alternative water supply or relocation

o f  r e s i d e n t s 10

aRernal rider of s{tes have a zero Impermanence factor

SOURCE Off Ice of Technology Assessment
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cost of $6 million per site, 50 interim actions
will be required at the same unit cost, These
in turn will result in 25 interim actions and
so forth. (As before, cleanup of the system of
sites slowly becomes effective. ) More compli-
cated interpretations that explicitly incorporate
long-term operating and maintenance costs
could also be constructed. However, the model
may underestimate such costs since they are
represented as decreasing with time for imper-
manence factors less than 1.

Another uncertainty is the timing of future
costs. Because the program ends when the ex-
penditures stop, it is necessary to investigate
a number of alternatives. One option is that the
future costs of an interim action occur uni-
formly over 30 years after completing the ac-
tion. The other options are that the future costs
occur every 5 years or every 30 years, choices
which represent optimistic and pessimistic
estimates of the time over which interim re-
sponses are effective. (Note that interim actions
are performed over time, so that the entire pro-
gram lasts substantially beyond 30 years.)

The Permanent Strategy

For the permanent cleanup strategy, the
model assumes that permanent remedial tech-
nologies for all types of site problems will be
available in 15 years. (Some are available now. )

Average Impermance Factor of 0.5 Might Arise

Sites incurring
future costs Contribution

to average
Potential source of Impermanence impermanence

future cost Percent a factor factor

Future action at disposal 50
site
Future action onsite

Future action at disposal 30
site
Future action onsite
High O&M costs
Future action onsite 75
High O&M costs 50

Future action onsite 20

Average

2.0 010

1,5 0.18

1,0 0.15
0.5 0.05

1.0 0.02

mpermanence factor 0.50
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Technologies that might fall into this class are
discussed in chapter 6. Under this strategy, per-
manent cleanups become not only available but
mandatory after 15 years. During the first 15
years only initial actions where an imperma-
nence factor is applicable are used, but no fu-
ture impermanent actions may follow, only fu-
ture permanent actions. The number of initial
actions depends on funding during the first 15
years. Therefore, the effect of different budget
levels is tested. When the permanent cleanups
become available, they are used on sites that
have never been treated as well as sites that re-
ceived initial responses. The 15-year period
simulates the time needed to develop and dem-
onstrate more cost-effective permanent clean-
up technologies, as well as other efforts to im-
prove institutional capabilities (see chapters 1
and 2).

Models and Reality

Systems models have been used in a variety
of disciplines to aid in planning and decision-
making. Some models are dependent on natu-
ral phenomena that are easily quantifiable; this
facilitates the analysis of model results. Other
models cannot be easily verified because they
depend on difficult-to-measure phenomena,
such as behavior. The strategies modeled in
this analysis are of the latter type. Other models
could have been chosen. Some might define the
concept of impermanence differently; others
might have modeled impermanence in a more

complex way. To effectively use models, it is
important to understand their assumptions and
limitations.

A basic assumption of the interim strategy
is that there is no learning from experience.
This assumption leads to drastic results, As the
system’s average impermanence factor ap-
proaches the value 1, total program costs and
duration approach infinity, The model does not
represent reality at average impermanence fac-
tors of 1 or greater; in reality, program costs
cannot approach infinity. The program costs
may become very large, but in reality decisions
will be made to stop the program—any pro-
gram—from approaching infinity. The interim
strategy does, however, represent a boundary
condition for what the future could be. The
lack of an explicit long-term strategic plan for
the uncontrolled site problem, and the contin-
ued emphasis on remedial actions with sub-
stantial unforeseen future costs suggest that the
interim strategy approximates current reality.
The purpose of the modeling exercise is to
compare a strategy that emphasizes seemingly
more expensive cleanups that have low or high-
ly predictable future costs (modeled here as
zero) with one that follows the historical path.
Even without such a plan, the cleanup program
will evolve and improve, but how long will the
process take and what will be the costs? The
interim strategy gives insights into these ques-
tions by addressing the costs of not learning
fast enough from experience,

USE OF MODEL AND FINDINGS

OTA has used its model to perform an anal-
ysis of Superfund, not to attempt to design a
program. Thus, it is only meant to be illustra-
tive. Other models could be devised. Follow-
ing are examples of how OTA’s model can be
used as an aid to decisionmaking and the find-
ings that it generates in terms of program costs
and duration, Various scenarios under both the
interim and permanent strategies are com-
pared and a variation of a permanent strategy

(representing the two-part strategy proposed in
chapters 1 and 2) is illustrated. 24

Question: Is it possible that after taking an
interim cleanup action, each additional future
interim cleanup action will cost as much or
more? That is, can a given class of interim

Z4Deta1]ed  information on a]] components of ~rrA’s  model, the
mathematical formulations, and how the results were generated
can he found in the appendix to this chapter,
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cleanup technologies have an impermanence
factor of 1 or greater? What would happen in
the long term under an interim cleanup strat-
egy if this were true?

Findings: The experience of the Superfund
program to date, although limited, suggests that
it is possible that second interim actions can
cost as much or more than the first interim re-
sponses. 25

If only interim cleanup technologies are
available and if each additional interim action

costs as much or more than the first, the total
undiscounted program cost will be infinite and
the program will continue indefinitely (unless
terminated). It is unlikely that this would be the
case for all sites, but repeated, expensive, in-
effective cleanup at even a few sites could have
serious consequences for the program.

Another possibility, however unlikely, should
also be mentioned: an interim technology
might accomplish little besides dispersing the
contamination, This might be appropriate at
some sites. Eventually, with extensive disper-
sion, hazardous concentrations might become
low enough to be regarded as acceptable or the
toxic substances might degrade. If this oc-
curred, an interim cleanup strategy with an im-
permanence factor of 1 or greater might result
in finite program cleanup costs and length.
However, attempts at isolating hazardous wastes
would have to be abandoned and society would
have to accept the health risks that were pres-
ent before very low concentrations of hazard-
ous substances were attained, Furthermore,
dispersion might increase exposure.

—
~jr’or I nst a 11{ [~ ~t s! r I ngff;l ]oit’ a n ] nter i m remedial action Y$’a ~, ,,

tak\~Il  to prc~[:nt ()~erfl{)w of (,onta m inated  liquid into the com -
munlt~ of (;I(;II  ~Iron, ‘1’hf:  action  increased the capacit}  of the
\ itt: f I’(I m ah[)u t ~ million to 8.2 mill lon ~allons,  Howr;\rer, this

Ia \() ‘‘I nc: r(~asml  t hc (1 r i \ 1 ng ~)oten!  ial for (:o nta m] na nts in the re-
~ I (i (I a I \l LIdg[?+  a n (1 po II(I  a 11 II ~’ iu m to leach i n to the u nderlyi  n H
grou ndwat  cr. F’urth(~rm{Jre,  the addition of lime and kiln dust
to nl:utralizc  matcrial~  at the site in(:reased  the irnlumc of con-
ta}n inat[?d soil. F’or thc~[;  an(l [)thcr reason~,  further cleanup at
Str]ngfellt)w  WII1 (Ix(.{!c(i the (,(~~t~  of the first interim action,
((;f:orgf>  ] ‘1’rt:zf~h, “ [;n~in[~f~rlng  (;asc  Stud}  of the Strin~fcllow
Slll)[’rf(][l{l  Sit f~\, ” I ( ]nt ra(:t[jr \t tIfl~ prcpa  rod for the office of
‘1’[J( hn[)logt  .~i~f~tsmcnt, Al]gu>t 1984, ]

Question: Will an interim cleanup strategy
always lead to infinite program costs and
length?

Findings: As long as the average imperma-
nence factor is less than 1, the total cost and
duration of the program will be finite because
additional future costs will decrease over time.
Consider a case when the impermanence fac-
tors for both interim surface and interim
groundwater cleanup are 5 percent (0.05). The
first interim surface cleanups cost $6 million
per site. Under the assumption that future ac-
tions are required, 5 years after each interim
action, the second cleanups average $300,000
per site. Ten years after the first action, the ad-
ditional costs will be$15,OOO per site, and after
15 years, only $750 per site. So after 15 years,

for all practical purposes, a permanent cleanup
will have been achieved by a series of four in-
terim cleanups at a total cost of slightly over
$6,300,000 per site. Similarly, the long-term un-
discounted average cost per groundwater clean-
up would be about $12,600,000.

These two costs can be thought of as the per
site interim cleanup costs adjusted for future
costs. Just as the cost of cleanup for one site
is finite, the total cleanup costs for all sites re-
quiring remedial action are also finite. The time
it will take to complete the program also will
be finite but will be determined by several fac-
tors, which will be explored later. Furthermore,
depending on the costs of permanent cleanups
and preferences on program length, an interim
cleanup strategy might be the preferred strategy.

Question: Based on evaluation criteria of total
program cost (to all sources, not just Superfund)
and program length, under what conditions
would the interim cleanup strategy be prefera-
ble to the permanent cleanup strategy?

Findings: Many of the assumptions listed in
table 3-3 may affect the values of these two eval-
uation criteria. But it is primarily the average
costs of an interim cleanup technology class
and permanent cleanup technology class, and
the impermanence factor (signifying the level
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of future costs) that determine total program
cost and length. For example:

●

●

●

●

Under some conditions the interim
cleanup strategy is clearly preferable: when
future costs of interim cleanups are very
low (i.e., impermanence factors are very
low), and the cost of permanent cleanups
is high compared to the cost of interim
cleanup. If health and environmental risks
do not exist or are small, it makes sense
not to spend money to develop and use
permanent cleanup technologies because
the interim strategy costs less and the pro-
gram progresses about as quickly.
Under other conditions, the permanent
strategy is preferable, Even when the costs
of interim cleanups adjusted for future
costs are equal to the costs of permanent
technologies, the interim strategy pro-
gresses more slowly than the permanent
strategy, Because greater health and envi-
ronmental risks may be incurred with the
longer program, the permanent strategy is
preferred.
When the adjusted interim cleanup costs
are higher than the costs of permanent
cleanups, program costs under the interim
strategy skyrocket and the program pro-
gresses much more slowly. Total long-term
costs and risks would be minimized by de-
voting resources to the development and
use of permanent cleanup technologies.
If the adjusted costs of interim cleanups
are moderately lower than those of perma-
nent cleanups, there will be trade-offs be-
tween program cost and duration; the per-
manent strategy will cost more but pro-
gress more rapidly, Strategy decisions
would have to be made based on other cri-
teria, most importantly the reduction or
avoidance of risk, which would favor the
permanent strategy.

Figures 3-2a and 3-2b illustrate how the im-
permanence factor influences program clean-
up costs and the time to initiate 90 percent of

the work26 under
Scenario 1UAF.
specific at ions.)

each strategy, according to
(See table 3-4 for scenario

With an impermanence factor of 15 percent
(0,15), the program length under each strategy
is the same. However, at this impermanence
factor the total program cost under the interim
strategy is about $18 billion, considerably less
than about $32 billion under the permanent
strategy, Under Scenario 1UAF, then, for im-
permanence factors less than or equal to the
relatively low value of about 0.15, the interim
cleanup strategy is preferable in terms of total
program cost and program length.

In contrast, in Scenario 1UAF, when the im-
permanence factor reaches 0.76, the total costs
of both strategies are equal, but the interim
strategy leads to a much longer—probably un-
acceptably longer—program, Cleanup takes
several decades with the permanent cleanup
strategy, but well over 100 years with the in-
terim strategy, For impermanence factors
above 0,76, the interim cleanup strategy costs
rise rapidly; the cost, as well as the program
duration become highly unfavorable.

In the range of impermanence factors be-
tween 0.15 and 0.76, choices must be made be-
tween program cleanup cost and program
length, For example, at 0.5 the permanent strat-
egy costs $50.8 billion; under the interim strat-
egy it is only $29.5 billion. The program length
under the interim strategy is, however, 8 3
years, about double that of the permanent strat-
egy (41 years), The trade-off between program
duration and cost is $507 million for each year
the program is shortened. If it were worth $507

million per year to eliminate the risks in the
entire system (an average of only several hun-

~eF~r  imp~rmanen(;  e factors less than 1.(), the interi rn strat-
egy represents a decay process. Thus, a progress percentile must
be used to measure program duration. The progress percentile
of 90 percent, used in the findings, is the number of years after
the start of the program to initiate 90 percent of all the cleanup
actions ultimately required. Results for progress percentiles are
found in the appendix,



Ch. 3—A Systems Analysis of Superfund ● 7 7

Figure 3-2a.— Program Length v. Impermanence Factor
Scenario 1UAF
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dred thousand dollars per site per year), then
the permanent strategy would be preferred.
Knowing the risk consequences of interim
cleanups is important to an intelligent program
selection.

In general, as the impermanence factor rises,
the cost advantage of the interim strategy (dol-
lars saved for each additional program year)
shrinks (see table 3-6). If 50 years is judged, for
example, to be the longest program the public
is likely to accept, then in Scenario 1UAF the
permanent strategy is always preferred for im-
permanence factors greater than 0.3.

Knowledge about actual future costs is vital
to understanding the relative benefits of the dif-
ferent strategies. As it becomes clearer that cer-
tain cleanup technologies are impermanent
(e.g., containment and land disposal), then the
economic and environmental advantages of de-
veloping and using permanent cleanups be-
come clearer. Only with low impermanence
factors is the interim strategy advantageous.

Question: Since the costs of permanent tech-
nologies are quite speculative, how would
program strategy preferences change if the
average costs of the permanent technologies
changed?

Findings: If the costs of permanent cleanups
were to decrease, as might happen over time
with experience or improvement, the perma-
nent cleanup strategy is preferred to the in-
terim cleanup strategy over a wider range of
impermanence factors. The impermanence
factor at which the costs of both strategies is
equal drops, narrowing the trade-off range. In

Scenario 2UAF, the cost of a permanent sur-
face cleanup averages $12 million (versus $24
million per site as in Scenario 1UAF) and the
cost of a permanent groundwater cleanup is
$30 million (versus $60 million). The results of
Scenario 2UAF are given in figures 3-3a and
3-3b. The point where costs are equal drops to
slightly below 0.53, compared to 0.76 in Sce-
nario 1UAF (see figures 3-2a and 3-2 b). Addi-
tionally, where trade-offs occur (impermanence
factors between 0.1 and 0.53), the penalty for
choosing the permanent strategy, higher pro-
gram cost, is reduced.

This static analysis of two different sets of
permanent costs can be extrapolated to under-
stand the effects of permanent cleanup costs
decreasing as the program gains experience
(i.e., the “learning curve” effect). As cost-effec-
tive permanent technologies are used more,
program costs and duration both decrease.

The opposite may occur. If the cost of the
permanent cleanups were higher than antici-
pated, the interim strategy would be preferred
over a broader range of impermanence factors
and the differences in the costs of the two pro-
grams over the trade-off range would be larger.

Certainly as the costs of permanent cleanups
decline, the permanent strategy becomes more
appealing. If, however, permanent cleanups
costs are underestimated, there is a risk of in-
correctly choosing the permanent strategy.

Question: How does the budget affect cleanup
strategy decisions and the evaluation criteria
values under each strategy?

Table 3-6.–Scenario 1UAF

Average impermanence factor

0.1 0.3 0.5 0.6 0.7 0.8 0.9
Interim strategy:
Program cost (in billions) . . . . . . . . . . $16.4 $21.0 $29.5 $36.8 $49.1 $73.7 $147.3
Program durationa (years). . . . . . . . . . 17 49 83 113 >140 >140 >140
Permanent strategy:
Program cost (in billions) . . . . . . . . . $31.4 $41.1 $50.8 $55.6 $60.5 $65.3 $70.2
Program durationa (years). . . . . . . . . . 21 44 44 45
Trade-off b ($ B/year) . . . . . . . . . . . . . . $1.256 $0.507 $0.269 <$0.119
aMeasured  by the time to start 90 percent Of the cleanup  work
bonly applied  [n range where tradeoffs occur

SOURCE Off Ice of Technology Assessment
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Figure 3-3a. —Program Length v. Impermanence Factor
Scenario 2UAF
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Figure 3-3b .—Program Cost v. Impermanence Factor
Scenario 2UAF
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Findings: The size of the budget (for all rev-
enue sources, not just Superfund) devoted to
cleanup activity influences cleanup strategy
decisions differently,” depending on the level
of the future costs of impermanent cleanups.
Inadequate budgets can bias selection toward
the interim strategy and increase long-term
risks from cleanups.

If the adjusted costs of interim cleanups are
equal to or greater than the permanent cleanup
costs, then the less spent on interim cleanups
when permanent technologies are being devel-
oped, the greater the program savings.

First, consider the permanent strategy. Dur-
ing the first 15 years, only initial actions are
undertaken. A higher budget during the early
years of the program permits more initial ac-
tions and therefore results in greater total costs,
The program costs under the permanent clean-
up strategy with two different budget levels are
compared in figure 3-4. Over the range of im-

zTN~te that even though the budget continues to grow (for all
options but D) through the duration of the program, after time,
not all the available budget is used. Since future actions are taken
only as required, as they taper off, less and less money is re-
quired.

permanence factors where the permanent strat-
egy has the lower cost, program costs are great-
er for the larger budget scenario (Scenario
1UCF) than for the more limited budget sce-
nario (Scenario 1UAF). While this suggests that
no initial actions be taken if future costs are
very high, recall that there are no explicit risk
criteria in this model. It may be necessary to
take some interim actions to mitigate risk when
no permanent cleanup technology is available,
or to consider other options, such as relocation
of residents.

Now compare the interim strategy and the
permanent strategy, If the adjusted costs of in-
terim cleanups are less than those of perma-
nent cleanups, more confidence is needed about
low levels of future cost before a larger budget
is devoted to interim cleanups. This makes
sense: it is desirable to be more certain about
the effectiveness of a particular cleanup strat-
egy before more money is invested in it. The
effect of increasing the annual budget is dem-
onstrated by comparing Scenarios 1UAF (low
budget) and 1UCF (high budget) in figures
3-2a and 2b and 3-5a and 5b.  As the budget is
increased, the interim cleanup strategy leads

Figure 3-4.— Program Cost v. Impermanence Factor
Permanent Strategy (Scenario 1UAF & 1UCF)
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Figure 3-5a.— Program Length v. Impermanence Factor
Scenario 1UCF
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to a shorter program over a narrower range of
impermanence factors: up to 0.15 for the low
budget scenario versus up to 0.10 for the high
budget scenario. The downward shift occurs
because the program duration is reduced under
both strategies as the budget increases.

Thus, an increased annual budget can affect
cleanup strategy decisions. Similarly, reducing
the annual budget also can affect the strategy
decisions. In particular, a lower annual budget
(e.g., lower spending by Superfund and respon-
sible parties) makes the interim cleanup strat-
egy appear attractive over a wider range of fu-
ture cost levels.

Spending less on unproven technologies is
a logical way to conduct cleanups where many
uncertainties exist. However, this approach to
strategy selection does not eliminate the uncer-
tainty of future costs or risks resulting from
program delay and inaction—it only minimizes
potentially ineffective expenditures. It does not
assure that the real future costs be reasonable
or that the interim strategy is preferable. Fur-
thermore, limiting this type of spending may
hamper the cleanup program. Therefore, pres-
sures to limit expenditures on cleanup together
with uncertainty resolution or alternative plan-
ning would be preferable. One answer is to use
the two-part strategy, as discussed below.

Question: Will a substantial increase in the
number of sites affect cleanup strategy de-
cisions?

Findings: As chapter 5 points out the num-
ber of sites that will require cleanup is uncer-
tain. An increase in the number of sites will
obviously increase program costs and duration;
in addition, increasing the number of sites to
be cleaned up exaggerates some of the above
findings, Most notably, increasing the number
of sites without a comparable increase in the
budget has the same effect as a more con-
strained budget. The consequence is that the
interim cleanup strategy is preferred, with
more uncertainty in future costs (i.e., over a
wider range of impermanence factors).

The program length under the interim clean-
up strategy is more sensitive to the time dis-
tribution of the required future actions than to

budget constraints. The converse is true of pro-
gram duration under the permanent cleanup
strategy; program length will be extended pri-
marily due to budget constraints. Therefore, an
interim cleanup strategy can be made to appear
more attractive than the permanent strategy by
not providing enough money fast enough.

Question: How would discounting future
costs affect cleanup strategy decisions?

Findings: Discounting places more weight on
near-term costs and less on long-term costs. For
both the interim and permanent cleanup strat-
egies, as the impermanence factor increases,
long-term costs become greater and are stretched
over longer periods of time. Therefore, as im-
permanence increases, discounting reduces the
program cost. Under the interim cleanup strat-
egy, impermanent actions continue through the
course of the program; however, under the per-
manent strategy, future costs result only from
impermanent actions taken in the first 15 years.
For this reason, the interim strategy has greater
costs occurring later in the program. Thus, pro-
gram cleanup costs under the interim strategy
are more sensitive to discounting than are pro-
gram costs under the permanent strategy.

Low and moderate discount rates affect strat-
egy decisions by increasing the trade-off range
between the two strategies, The application of
a 2 percent per year discount rate to Scenario
1ECO is illustrated in figure 3-6. The trade-off
range is extended because the impermanence
factor at which the present value of both the
program costs is equal is shifted higher (from
0.76 to over 0.85). Even though the range of im-
permanence factors over which the permanent
strategy costs less is shortened, the program
duration remains high so long that choosing
the interim strategy is difficult to justify,

As higher discount rates are applied, a deci-
sionmaker becomes indifferent to the two strat-
egies in terms of cost and prefers the perma-
nent strategy because of its shorter length. At
a 10 percent per year discount rate, both strat-
egies become almost insensitive to future cost
levels. Figure 3-7 illustrates a 10 percent dis-
count rate applied to Scenario 1ECO. Because
the two cleanup strategies are similar over the
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Figure 3-6. —Program Costs v. Impermanence
Undiscounted and discounted costs (Scenario 1ECO)
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first 15 years, at very high discount rates the
present value of both program costs do not dif-
fer by much. Costs incurred beyond year 15
contribute little to the present value cleanup
costs of either program. At high discount rates,
the permanent strategy is preferred because it
provides a much shorter program,

This application of discounting is limited to
program evaluation, It helps make long-term
strategic decisions. With this model, the stra-
tegic decisions made with discounted future
costs generally are the same as those with un-
discounted costs; preference for the interim
strategy occurs only with certain and low fu-
ture costs. No useful information for year-by-
year financial planning is generated. Further-
more, to accurately identify the total costs of
the cleanup program, other factors such as in-
flation and interest earned on cash balances,
would have to be considered.

—  Perm D = O ‘ -- Perm D = 2° o

Permanent Permanent
strategy strategy
undiscounted discounted

at 2%

A Two-Part Strategy

What are the implications of these compari-
sons between interim versus permanent clean-
up strategies for a variation of the permanent
strategy with initial responses at all NPL sites
(representing the two-part strategy described
in chapters 1 and 2)?

Under the two-part strategy, technologies
similar to those defined as interim technologies
would be used for lower cost initial responses
than those considered in the basic permanent
strategy, Initial responses are not designed to
be effective for long periods. The purpose of
this cheaper, more limited response is to pre-
vent sites from getting worse, and to control
near-term releases of hazardous substances
into the environment and, hence, exposures to
them. Low-cost initial responses are one part
of interim, impermanent approaches now be-
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ing described as cleanups. Low-cost initial re-
sponses could include pumping to contain
plumes of contamination in aquifers, covers to
keep out water, excavation and temporary stor-
age of wastes and contaminated soil above
ground (greatly reducing the use of below ground
barriers), and environmental monitoring. In
contrast to the current immediate removals,
more money would be spent and removal of
wastes to operating land disposal sites would
be avoided.

A strategy of low-cost initial responses would
achieve rapid risk reduction at many sites,
thereby responding in an equitable manner to
public demands for protection and visible prog-
ress. OTA’s modeling, however, suggests that
the costs of initial responses should be low

— Perm D = O --- Perm D = 10°/0
Permanent Permanent
strategy strategy
undiscounted discounted

at 10%

(about 10 percent of permanent cleanup costs),
and that they should be followed not by other
impermanent responses, but rather by a per-
manently effective response. In this strategy
the conservative assumption is made that 90
percent of all sites will need a permanent
cleanup; that is, 10 percent of the initial re-
sponses will subsequently be found to be suf-
ficient.

In this variation of the permanent strategy
the costs of initial responses are: $1 million per
site for surface response and $3 million per site
to initially respond to groundwater contamina-
tion, Additionally, to examine the effect of
many more sites, after all sites are discovered,
10,546 sites are to be cleaned and a higher
budget is allocated. (Table 3-4 defines Scenario
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1USG.) This variation was compared with the
interim cleanup strategy under the same sce-
nario.

The results are illustrated in figures 3-8a and
3-8b. They show that at an assumed imperma-
nence factor of 0.9, the total program cost of
the two-part strategy is about $310 billion. At
an impermanence factor of about 0.73 in the
interim strategy, the two strategies have the
same program cost ($310 billion).

The two-part strategy is preferable to the in-
terim strategy on the grounds of program dura-
tion, except for impermanence factors under
about 0.25. If the impermanence of the interim
responses is greater than 0.73, then the two-
part strategy is preferred both in terms of total
cost and program duration. When total pro-
gram costs are the same for both strategies, the
interim strategy results in an unacceptably long
program (longer than 100 years).

Strategy decisions between the two-part strat-
egy and the interim strategy are interestingly
altered if high discount rates are used. With
very high discount rates, the present value of
program cleanup costs under either strategy

become insensitive to the impermanence of the
cleanup response. The costs incurred in the
earliest years of the program determine the
(present value) program cost. However, since
initial actions are less costly than interim ac-
tions, with high discount rates the two-part
strategy will result in lower discounted pro-
gram costs, in addition to shorter programs,
than the interim cleanup strategy. If there is
sufficient justification for a high discount rate,
then the two-part strategy with low-cost initial
responses is preferable over all levels of imper-
manence.

In summary, the two-part strategy used ini-
tial (and emergency] responses as a first pri-
ority for allocating program resources, with re-
maining funds spent on permanent cleanups
at sites that have been “isolated, ” “decontrolled,”
or “stabilized.” Exactly how funds would be al-
located (the order of actions and cleanups)
under this third strategy considering budget,
qualified personnel, and technology constraints
is an extremely difficult problem. Its solution
depends on the resolution of the cleanup goals
issue (see chapter 4) and a systematic approach
to the problem that illuminates trade-offs.

CONCLUSIONS: PROGRAM PLANNING UNDER UNCERTAINTY

The results of the simulation exercise indi-
cate that cleanup costs and program duration
show a high degree of sensitivity to a number
of uncertain factors. The potential effects of
planning without considering these uncertain-
ties also can be derived from the simulation
findings. The probability of adverse effects of
uncertainties could be limited in a carefully
planned program, Table 3-7 presents the sources
of uncertainties in the Superfund program as
identified by OTA, the dangers posed by plan-
ning without considering them, and offers op-
tions to mitigate their adverse effects.

Effectiveness and the Future Cost of Cleanups

A primary element of uncertainty is the ef-
fectiveness of the cleanup responses and their
future costs. OTA’s findings indicate that it is
desirable to develop, demonstrate, and use per-
manent cleanups if the effectiveness of the in-
terim cleanup and its future costs are uncer-
tain. The interim cleanup strategy is preferred
only if future costs are known to be small, This
is because the interim strategy results in an ex-
tremely long program (despite an advantage in
total cleanup cost) for a wide range of interim
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Figure 3-8b.—Program Cost v. Impermanence Factor
Scenario 1USG
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Table 3-7.—Program Planning With Uncertainty

Dangers of planning
without consideration of uncertainty

Effectiveness and future cost of cleanups:
Inadequate funds and program infrastructure;

● Cleanup delays
. Increasing risks and cleanup costs

Inefficient resource expenditures and cleanup choices:
● Cleanup is not cost effective in the long term
● Risks are aggravated rather than mitigated

Loss of public confidence

Number of sites requiring response:
Inadequate funds and program infrastructure;

● Cleanup delays
. Increasing risks and cleanup costs

Inefficient resource allocation:
● Worst sites are not addressed

—Risks and cleanup costs increase
—Cleanup delays

● Less hazardous sites are “over-cleaned”
Loss of public confidence

Health and environmental effects:
Inefficient resource allocation:

● Worst sites are not addressed
—Risks and cleanup costs increase
—Cleanup delays

● Less hazardous sites are ‘‘over-cleaned”
. Ineffective technologies continue to be used

Loss of public confidence

Non-Federal money:
Inadequate funds and program infrastructure:

● Cleanup delays
• Increasing risks and cleanup costs

Inefficient resource expenditures and cleanup choices
● Cleanup is not cost effective in long term
● Risks are aggravated rather than mitigated

Discount rate:
Inadequate funds:

● Cleanup delays
. Increasing risks and cleanup costs

Inefficient resource expenditures and cleanup choices:
Ž Cost effective responses not chosen
. Risks are transferred,

SOURCE Off Ice of Technology Assessment

cleanup future costs. A mistake in estimating
future costs of interim cleanups carries the
penalty of a drastic, unanticipated, lengthen-
ing of the program—and of a period of perhaps
high risk–under the interim strategy. For high-
er levels of future cost, the interim strategy re-
sults in both unacceptably high cleanup costs
and program duration.

A program designed without consideration
of cleanup response effectiveness and future
costs is likely to result in a lack of money and
inadequate program infrastructure. Even if
more money is expeditiously provided, it is

Options to hedqe against adverse effects

●

●

●

●

●

Incorporate future costs and cleanup effectiveness in
cleanup strategy decisions
Limit costly impermanent cleanups
Develop long-term strategic plan for developing and
using permanent cleanups

Consider all likely sources of sites; and potential for
sites to enter program over long term
Develop long-term strategic plan based on revised
estimates

Ž “Recontrol” responses at maximum number of sites
. Resolve cleanup goals sequentially as improved

information is available
● Develop detailed strategic plan for long-term

permanent cleanups

● Use conservative estimates; refine estimates with
experience

• Exclude discount rate or use conservative discount
rate; test sensitivity of cleanup strategy decisions
to rates

unlikely that the program infrastructure, or in-
stitutional delivery system, will be able to grow
rapidly enough for timely responses. Indeed,
a contributing factor to the slow startup of the
1980 program was simply the time required for
organization and staffing. Further delays in the
cleanup program may result in site deteriora-
tion and increasing risks. In turn, the costs of
cleanup may escalate, impose greater financial
burdens and delays; a crisis situation could en-
sue, In EPA’s words, the program could be
“overwhelmed. ” In addition, delays in cleanup
and the use of ineffective cleanups may con-
tribute to loss of public confidence.
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To deal with uncertainty about cleanup ef-
fectiveness and future costs, more realistic esti-
mates can be used. For instance, life-time or
life-cycle O&M costs could be included in
cleanup cost estimates. The implications of in-
corporating realistic O&M costs can be signif-
icant, EPA has estimated average annual O&M
costs at $400,000 per site, The average Federal
cleanup cost per site, less the first year O&M,
is about $7.5 million, This is comparable to the
average cleanup costs used in the model which
shows that if O&M costs are the only future
costs of interim cleanup, and are incurred over
only 5 years, then the corresponding imperma-
nence factor is about 0.27. Thus, the inclusion
of realistic O&M costs can reduce the margin
for error.

Number of Sites

The number of sites that will ultimately re-
quire cleanup is another source of uncertainty
which, if not adequately taken into account,
could seriously impact the cleanup program.
Insufficient money and an underdeveloped
program infrastructure could result from over-
ly optimistic (under) estimates of the number
of sites to clean, The program grows too slowly
for effective response and further delays result
in site deterioration and increasing risks, in-
creasing costs, further delays, and loss of pub-
lic confidence.

Health and Environment Effects

Although health and environmental issues
could not be incorporated into OTA’s simple
model, high uncertainties of their effects exist
and their importance is felt in making trade-
offs, If health and environmental effects are not
better understood, and cleanup goals better
defined, any program will potentially misallo-
cate resources. Without effective cleanup goals
it is difficult to judge the effectiveness of clean-
ups, A rush to “cleanup” sites by, for exam-
ple, mandating cleanup schedules, before goals
are established could result in too many initial
resources being devoted to: 1) the use of inef-
fective technologies; and 2) the less hazardous
sites, depriving worse sites of attention.

One reliable way to plan with uncertainties
in a dynamic system is to resolve the cleanup
goal issue sequentially, incorporating new in-
formation as it becomes available, while tak-
ing more limited initial responses, and “recon-
troling” a maximum number of sites. At the
same time, other initiatives should focus on
planning for more extensive, permanent clean-
ups that will be needed at some sites, and
which can be accomplished gradually.

Non-Federal Money

How much of cleanup costs will be provided
by potentially responsible parties (PRPs), in-
come from cost recovery, and States’ shares?
EPA estimates it will recover 47 percent for
removals and 30 percent for remedial actions
(see table 3-1).

The limited experiences of the program sug-
gest that lower contributions will be received.
As of September 30, 1984, cost recoveries have
totaled $6.6 million, less than 1 percent of total
obligations and disbursements toward hazard-
ous substance response.28 One cause of these
high estimates is the assumption that rates of
recovery will be comparable to those for early
removals conducted under the Clean Water Act.

Direct cleanup actions by responsible parties
are projected by EPA at 40 to 60 percent, Sim-
ilarly, estimates from GAO range from 29 to
44 percent for RP lead activities (see table 3-1).
The uncertainty of both these estimates may
be heightened by the much larger numbers of
sites and sums of money that could be involved.
Additionally, it might be expected that it will
become more difficult to identify some respon-
sible parties as the program progresses and
older, abandoned sites are identified, While
many sites in the larger estimate maybe small-
er, industrial surface impoundments, which
may have associated with them lower remedial
costs and fewer (often single), identifiable re-
sponsible parties, others may be large munici-

Z8U. S. Environmental protection Agency, “Hazardous SUb-
stance Response Trust Fund Receipts, Obligations, and Dis-
bursements, CERCLA Sections 301(a)(l)(B) and (D)” [Washing-
ton, DC: Office of Solid Waste and Emergency Response,
December 1984).



pal landfills. This broader, more costly aspect
of the program may stress the States’ willing-
ness to provide their matching shares of con-
struction costs.

Discount Rate

The differences between present and future
values of cleanup expenditures and risks result
from uncertainty over future values of money,
inflation, and risks. Cleanup costs and risks
may occur over a period of decades. Discount-
ing is used in program evaluations and plan-
ning to adjust the costs and risks to present
value. The discount rate, an expression of the
time value of money, should reflect how society
values current versus future consumption.

To illustrate how costs and risks might be val-
ued differently over time, consider a decision-
maker faced with the choice of a program that
costs $5 billion now and $5 billion over the next
20 years and a program that costs $10 billion
now. The choice might be simplified if it could
be shown that the $10 billion program reduces
risk more over the next 20 years and if a relia-
ble dollar number could be calculated for the
risk reduction. However, in reality, the differ-
ence in risk reduction associated with program
options is rarely simple.

Controversy arises over the choice of discount
rates for public investrnents.29 One school of
thought holds that society should have a longer
planning horizon than individuals, which means
that public discount rates should be lower than
private rates, Furthermore, since future gen-
erations have no way to express their prefer-
ences, an unimaginative society may err on the
side of too high discount rates, from the point

-— —
z~~~[)r  ~)rli,~lte  s~c;tor jnkestrnents, the discount rate is apJ]lied

t{) kno~tn  in~estmeni  costs and anticipated benefits, both of
wrhi(:h (:an u~ually be (.a]culated  easil~’ in dollars. The appro-
j)riate  dit(:ount  rate is usuallj’  the corporate internal rate of re-
turn on capital or the rate of return on alternative in~’estment
(J~)pf)  rtll n it if:s.
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of view of their descendants. Many would argue
that this is happening now.

OTA makes no attempt here to resolve these
issues. However, discounting often has utility,
and the selection will influence the allocation
of resources, the level of social welfare, and
cleanup strategy. If the discount rate is too high
the Superfund program may be underplanned.

Means to Address Uncertainties

The potential risks arising from uncertainty
can be mitigated in several ways. Clearly, re-
solving the uncertainties would be the most ef-
ficient approach, Resources can be devoted to
learning how many sites will require cleanup,
understanding health and environmental risks,
developing cleanup goals, and deciding on a
realistic, achievable level of non-Federal con-
tributions. However, the cleanup program can
not wait for total and perfect knowledge. Rath-
er, the program plan should be sequentially re-
fined as new information is available.

The effectiveness of currently used cleanup
technologies and the extreme sensitivity of pro-
gram duration and cost to these uncertainties
suggest that efforts are needed to develop per-
manent cleanup technologies. Limited initial
responses in the near-term make economic and
environmental sense only if they are part of a
long-term, flexible strategic plan whose goal is
permanent cleanup. Otherwise, public confi-
dence will not be obtained.

There are intrinsic conflicts between maxi-
mizing the number of limited initial responses,
and their effectiveness over time, and keeping
their costs low to save enough money for ex-
pensive permanent cleanups. In addition, there
will be competition for money and people for
research, demonstration, and use of permanent
technologies, and enforcement. Furthermore,
a method to allocate and schedule cleanups
efficiently must be part of a long-term strate-
gic plan,

38-745 0 - 85 - 4
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APPENDIX A

This appendix provides detailed information on
the mathematical formulations and assumptions
used in OTA’s model discussed in chapter  3.

Undiscounted Program Cost
Definitions of Cleanup Strategies

If costs are not discounted, total program costs
can be derived without the use of simulation. Three
strategies are defined and discussed in terms of
costs and cost comparisons.

Interim Cleanup Strategy

The total undiscounted program costs adjusted
for future costs, TCI, under the interim cleanup
strategy can be expressed mathematically as:

T CI = CIX + iCIX + i2C IX + i3C IX + i4C IX + . . . (1,1)

where:
C I = average near-term cost of an interim action.
X = number of  s i tes  to clean up.
i = average system impermanence factor  of  interim

actions.
In  equation (1.1), the first term is total near-term

costs of interim actions. The remaining terms, which
cons t i t u t e  a  geome t r i c  s e r i e s ,  r ep re sen t  t o t a l  f u tu r e
costs  of  al l  future act ions.  (It s h o u l d  b e  n o t e d  t h a t
if  O&M costs  are included in i ,  they may be under-
s t a t e d  i f  i  <  1 ,  s i n c e  t h e  t e r m s  d e c r e a s e , )  F o r  a l l
i  <  1 ,  t h i s  s e r i e s  c o n v e r g e s ,  s o  t h a t :

T CI = CIX/(l -i) (1.2)

T h u s ,  t h e  a v e r a g e  a d j u s t e d  c o s t  p e r  s i t e  u n d e r  t h e
i n t e r i m  s t r a t e g y  i s :

A v g ( T C I) 
= C I/(1-i) (1.3)

Equation (1.2)  elucidates the use of  the imperma-
nence  f ac to r  i n  t he  i n t e r im  s t r a t egy .  Rea r r ang ing

t e r m s  r e v e a l s :
T CI = CIX + iTCI (1.3a)

The total  cost  of  the interim strategy is  composed
o f  t h e  t o t a l  n e a r - t e r m  c o s t ,  CIX,  p lus  to t a l  fu tu re
c o s t s ,  i T CI.  I n  t h e  m o d e l ,  h o w e v e r ,  e q u a t i o n  ( 1 , 2 )
w a s  o n l y  u s e d  a s  a  t o o l  f o r  t e r m i n a t i n g  s c e n a r i o s
t h a t  e x c e e d e d  c o m p u t e r  m e m o r y .  A c t u a l  c o s t  c a l -
culat ions were made on the basis  of  equation (1.1) .
C l e a r l y ,  n o  s c e n a r i o  w i t h  a  s y s t e m  i m p e r m a n e n c e
factor  equal  to or  greater  than 1 was run since,  on

the basis of either equations (1.1) or (1.2), total cost
w i l l  be  i n f i n i t e .

Basic Permanent Cleanup Strategy

The total undiscounted program costs adjusted
f o r  f u t u r e  c o s t s ,  T CI,  u n d e r  t h e  p e r m a n e n t  c l e a n u p
s t r a t e g y  c a n  b e  e x p r e s s e d  m a t h e m a t i c a l l y  a s :

T CP = CIYX + CpiYX + CP(1 - Y)X (1.4)

w h e r e :

C P = average cost  of  a  permanent  act ion
Y = percent of all sites addressed by an initial action

during the first 15 years of the program. This per-
centage will be dependent on funding availabil-
ity during the 15 years.

T h e  f i r s t  t e r m  i n  e q u a t i o n  ( 1 . 4 )  r e p r e s e n t s  n e a r -
t e r m  c o s t s  o f  t h e  i m p e r m a n e n t  i n t e r i m  a c t i o n s  t a k -
en in the first 15 years. In the basic permanent
cleanup strategy, the interim actions are the same
as the interim actions under the interim strategy:
the technologies are the same, the costs are the
same, and the impermanence factor is the same.
The second term is the future costs of initial actions
relating to the need for second but permanent ac-
tions. This term may misestimate total costs since
permanent cleanup costs after an initial action may
be more or less than costs of permanent cleanups
at sites that have had no response, The last term
is the costs of permanent cleanup at sites that have
no response. The average cost per site under the
permanent cleanup strategy is:

(1.5]

Two-Part Strategy

The two-part strategy is a variation of the perma-
nent strategy and differs from the basic permanent
strategy in that the initial responses are not neces-
sarily the same as those of the interim strategy, The
unit cost is less for an initial response than for an
interim response. Therefore, the impermanence
factors may be different for initial responses and
interim responses. The total cost of the variation
of the permanent strategy, TCPV, may be ex-
pressed as:

T Cpv = C I VYX + Cp ivYX + CP(l - Y)X (1 .6)

where:
c

IV 
= average near-term cost of an initial action.

iV
—— impermanence factor for  ini t ial  act ions.



New Sites

In all of the strategies, new sites are discovered
during the first 15 years of the program. These sites
may be responded to in the following year. Slight
deviations from the above cost formulae occur as
a result of sites entering the system in the 15th year.
In the basic permanent strategy and the two-part
strategy, these sites only receive permanent
cleanups.

Cost Comparisons of the Interim and
Basic Permanent Strategies

Since the interim actions considered in the inter-
im and basic permanent strategies are identical,
equations (1. 1) and (1.4) can be equated and solved
for in terms of i. The impermanence factor at which
either total program costs or average program costs
are equal under either strategy, i*, is called the crit-
ical impermanence and is expressed as:

,*1 = 1 - CI/CP (1.7)

At this impermanence factor, we are indifferent
to the cleanup strategies, on a cost basis. For all i
< i*, the interim strategy is preferred if only cost
is considered and duration [discussed below) is ig-
nored. For all i > i*, the permanent strategy is un-
ambiguously preferred.

Cost Comparisons of the Interim and
Two-Part Permanent Strategies

The difference between the interim actions of the
interim strategy and the initial actions of the two-
part permanent strategy demand a different cost
comparison method than that stated above. Given
equations (1. 1) and (1.6), a total cost for the two-part
s t r a t e g y  c a n  b e  b a s e d  o n  a  s p e c i f i c  v a l u e  f o r  iV .

T h e  i m p e r m a n e n c e  f a c t o r  f o r  t h e  i n t e r i m  s t r a t e g y ,
i ,  c a n  t h e n  b e  d e t e r m i n e d  a n d  r e s u l t s  i n  t h e  s a m e
to t a l  co s t .  I f  t he  impe rmanence  f ac to r  f o r  i n t e r im
a c t i o n s  i s  a b o v e  t h i s  l e v e l ,  t h e n  t h e  t w o - p a r t  p e r -
m a n e n t  s t r a t e g y  i s  u n a m b i g u o u s l y  p r e f e r r e d .

Program Duration With Uncertain
Technology Effectiveness

While undiscounted program costs can be de-
rived mathematically, simulation must be employed
to determine program duration under each strat-
egy and to determine the effects of discounting,
which is time dependent, on cleanup strategy deci-
sions. A simulation model, programmed using LOTUS
1-2-3, was developed to mimic cleanup actions, the
impermanence of those actions, and additional ac-
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The
following discussions are focused on the interim
and basic permanent strategies. While the discus-
sions are related to the two-part permanent strate-
gy, modifications in analysis would have to be
made.

Impermanence Factor

In the model, two impermanence factors were
used: i(sc), the impermanence factor for interim
surface actions, and i(gw), the impermanence fac-
tor for interim groundwater actions. This break-
down is consistent with previous calculations since
these two cleanup types are assumed to be inde-
pendent of one another. The independence assump-
tion may compound the conservative estimate of
the percent of sites requiring groundwater response
(20 percent) since it does not permit sites with sur-
face contamination to deteriorate in a way that
causes groundwater contamination. In fact, surface
contamination often leads to ground water contam-
ination. If, however, the impermanence factor for
surface contaminated sites is high, it may capture
the future costs associated with deterioration. Total
program costs under the interim strategy can be ex-
pressed as:
T CI  =  C I s c  -  Yg w) X / ( l  -  i ( s c ) )

+  C I g w
( Yg wX)/(l - i(gw)) (3.1)

where:
c

I s c
average near-term cost  of  an interim surface
action.

c Igw = average near-term cost of an interim groundwa-
ter action.

Y gw = percentage of all sites requiring groundwater re-
sponse.

Similarly, total program costs under the perma-
nent strategy are:
T CP = C Isc Y(l-Y gw )X + CIgw YX gwX

+ CPSC(l-YYgw)(i(sc)Y + (1-Y))X
+ C p g wY g w (i(gw)Y + (1-Y))X (3.2)

where:
c Psc = average cost of a permanent surface action.
c Pg-

. average cost of a permanent groundwater action.
w Separability of costs relating to surface actions
and groundwater actions permits the derivation of
individual critical impermanence factors, i*(sc)
and i *(gw), the impermanence factors where costs
associated with surface actions and groundwater
actions, respectively, are equal under either strat-
egy. These are:

i*(sc) = 1 - CIsc/CPsc (3.3a]

i*(gw) = 1 - C Igw/CPgw (3.3b)
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The composite or average impermanence factor
can be determined from equations (3.3a and b). For
example, the average critical impermanence fac-
tor, i*, can also be expressed as:

i*= i*(sc)(l - YgW) + i*(gw)Ygw (3.4)

The simulation was verified using equations (3.3a,b,
and 3.4). These results are discussed and were also
used to ascertain program durations when the un-
discounted program costs of both strategies were
equal.

Base Case Simulation

To model the system, various system definitions
and assumptions about model parameters are re-
quired. These model definitions (presented in table
3-3) represent conservative estimates of their real
world analogs.

To calibrate the model, a base case is generated
where the uncertain estimates are defined to closely
match current real world estimates. Although it is
incorrect to use the term interim cleanup strategy
if the impermanence factor is zero, simulation of
this case provides a base case and comparison with
current EPA estimates of program costs and length.
The zero impermanence assumption appears to be
consistent with EPA’s exclusion of future costs
from cost estimates for currently used technologies.
Budget options A and C were the lowest budgets
that gave base case program durations similar to
EPA estimates (see table A-l).

Uncertain Assumptions and Model Sensitivity

To determine program durations under each strat-
egy, it is necessary to make assumptions about the
impermanence of interim actions, the number of

sites that will require cleanup, the annual budget
devoted to cleanup actions, how the budget is allo-
cated among sites, when future costs are incurred,
average costs of permanent technologies, and dis-
count rates. The performance of each strategy was
tested under different scenarios defined in table
3-4. The goal of this exercise is to clarify a cleanup
strategy toward which the Superfund program could
move if there is uncertainty about the permanence
of currently used technologies. If the model is over-
ly sensitive to some assumptions (namely, when the
future costs occur, the annual budget, the costs of
permanent technologies and discount rates), then
few if any general unqualified statements can be
made about cleanup strategy decisions under un-
certainty, If, however, the results remain generally
the same while each element of uncertainty is var-
ied, then the model can provide meaningful con-
clusions about cleanup strategy decisionmaking.
First, the methods of incorporating these assump-
tions into the model are discussed; the sensitivity
of the model to these assumptions follows.

Assumptions About Timing

While the assumptions about how long it takes
to perform an interim cleanup are founded in ex-
periential data, little data exists on which to base
assumptions about how long after an impermanent
action future costs are incurred, That future costs
do, indeed, result from impermanent actions has
not been recognized much less quantified. The sen-
sitivity of the model to assumptions about the tim-
ing of future costs was tested, Three options were
used: 1) early occurrences (every 5 years), 2) late
occurrences (every 30 years), and 3) occurrences
uniform over 30 years. In the early option, there

Table A-1 .—Comparison of Simulation Base Case With Current Estimatesa

EPA (1984) EPA (1983) Base case
Total costs (billion) . . . . . . . . . . . . . . . . . . . . . . . . . $7.6 -$22.7
Projected time to clean sites . . . . . . . . . . . . . . . . NA
Number of sites. . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,500-2,500
Total average cleanup cost per site , . . . . . . . . . . $8.84’

Percent of sites requiring
groundwater response . . . . . . . . . . . . . . . . . . . . NA

Average length of response . . . . . . . . . . . . . . . . . NA

$10.3 -$20.6
14 years for 1,800 sites
1,400-2,200
$6 M
$12 M including groundwater

response

23-560/o
3 yearsd

$14.7
16-17 yearsb

2,046
$6 M
$12 M including groundwater

response

20%
3 years
6 years including

groundwater response
a For sources and additional information see table 3.1 of this chapter
bRange  corresponds  to Budget Options A and C
cDoes  not Include  tnltlal  remed!al  measures
du  s Environmental  ProtectIon Agency, “CERCLA  301(a)(l)(c) Study, ” draft, December 1984

SOURCE As noted



would be rapid response and early information on
the level of impermanence. The late option corre-
sponds to the 30-year period required under RCRA
for post-closure care of disposal facilities. The uni-
form distribution reflects that sites and cleanups
will vary.

Some Examples of Timing

The mathematical formulation follows, but sev-
eral simple, nonmathematical examples are given
first.

(I) Assume the interim strategy, surface cleanups
only, with an impermanence factor of 0.5, and the
5-year timing option. Then, of every 100 primary
cleanups started in year 1 of the program, there will
be 50 secondary cleanups at the same cost as the
primaries (or 100 secondaries at half the cost of the
primaries) started in year 9 of the program, and 25
tertiaries at the same cost as the primaries (or 100
tertiaries at one-quarter the cost of the primaries)
started in year 17 of the program. The secondaries
are started in the ninth year of the program, rather
than the sixth, because they are started 5 years after
the completion of the primaries, and it takes 3 years
to perform a surface cleanup.

(II) Assume the interim strategy, surface clean-
ups only, impermanence factor of 0.5, and the uni-
form timing option. Then, 120 primary cleanups
started in year 1 of the program will be followed
by three sets consisting of: a) 10; b) 20; and c) 30
secondaries at the same cost as the primaries (or:
a) 20; b) 40; c) 60 secondaries at half the cost of the
primaries) which will be started in years 9, 19, and
34 of the program. That is, the “uniform” distribu-
tion is not continuously uniform, but is clumped
i n three bunches. (This choice was made for ease
of computing; a more accurate representation of a
discrete uniform distribution using more and small-
er intervals could have been used with a faster com-
puter. ) Note also, that tertiary and higher order ac-
tions following early secondary cleanups overlap
with later secondary cleanups of the same primary
set.

(III) Assume the permanent strategy, with surface
cleanups only, and impermanence factor of 0.5 and
the uniform timing option. This means that, if 120
initial responses are started in year 1 of the pro-
gram, 10 require a future action in year 9, 20 in year
19, and 30 in year 34; these 60 sites are slated for
permanent cleanup. The sites that require addition-
al action in year 9 cannot be addressed until year
15 or later; they go into a pool of sites that will re-
ceive permanent cleanup in the future.
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How the Model Handles Timing, Mathematically

Future costs are incorporated into the model by
pooling future action requirements. Let Fsc (t) and
Fgw(t) denote the costs of future actions that be-
come necessary at time t due to previous interim
surface and groundwater actions, respectively. Let
X sc(t) and Xgw(t) indicate the number of interim
surface and groundwater actions started in year
t. For future costs incurred on the early schedule,
the undiscounted costs of actions that enter the pool
for future action in year t are related to previous
actions so that:

(4.1a)

(4,11))

The 8-year lag in future costs for interim surface
actions reflects the 3 years required to complete the
action and the 5 years after that before which future
actions are required. Similarly the 11-year lag for
interim ground water actions includes 6 years to
complete the action.

If the future actions are required after 30 years,
the lags become 33 years for interim surface re-
sponse and 36 years for interim groundwater re-
sponse, so that:

(4.2a)

(4.2b)

For future actions that are required on a 30-year
uniform schedule, the time distribution is repre-
sented discretely in the model, with costs incurred
5, 15, and 30 years after completion of the interim
actions. The undiscounted costs of actions required
in year t are related to previous actions as:

As before, the lags of 3 and 6 years reflect com-
pletion time for interim surface and groundwater
response, respectively,

In all of the cases above, the future costs of an
interim action are a function of the number of ac-
tions taken, the costs of those actions, and their im-
permanence.

In the permanent strategy, impermanence of the
initial actions results in permanent response. Let

actions taken in year t due to previous imperma-
nent actions, The future costs associated with the
initial actions can be represented mathematically’
in a way similar to equations (4.1a-4.3b), depend-
ing on the time distribution of future actions. For
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example, if future actions are required under the
early time distribution, they are:

Psc(t) = i(sc)CPscX sC(t -8 (4.4a)

P g W(t) = i(gw)CP g W X g W(t -11 (4.4b)

In this case, costs resulting from impermanent
actions are a function of the number of imperma-
nent actions taken, the impermanence of those ac-
tions, and the costs of permanent cleanup.

Comments on Timing

The assumptions about the time distribution of
future actions may directly determine the program
duration, although it is typically these assumptions
together with budget assumptions that do so. If the
budget is large enough, and grows quickly enough,
then the bulk of the cleanup efforts can be achieved
earlier in the program. However, the results of im-
permanent actions linger. For instance, if there
were no budget constraints, under the permanent
strategy all initial responses would be taken in the
first year. The latest future groundwater actions
that would result from these impermanent actions
would be dealt with in the 37th year (6 years to com-
plete the action and 30 years until additional ac-
tion is required), The shortest program attained in
the modeling effort for the permanent strategy was
26 years. This reflected the last initial groundwater
cleanups starting in the 15th year. Six years is re-
quired to complete the initial response, then future
actions can be started 5 years later, under the early
time distribution of future action occurrence. Of
course, with expensive enough permanent clean-
ups, high enough impermanence factors, and/or a
low enough budget, the program would be longer,
as there would not be enough money to do all per-
manent cleanups in the year they came due.

Any of the time lags before future actions are
taken may be lengthened because of the budget con-
straints. Because the model incorporates no meas-
ure of risk, future actions may be deferred without
penalty, Therefore, in this model, no distinction is
made in allocating the budget between sites requir-
ing first time response and sites requiring addition-
al response. (The only exception is for permanent
responses under the permanent strategy during the
first 15 years; they are not permitted,)

Budget Allocation

Each annual budget is allocated so that the fund
is distributed in a deterministic way among surface
and groundwater responses, primary and follow-
on responses, Consider first the interim strategy,

If SSC(t) indicates the number of sites that have
never been addressed requiring surface response
in year t, and Sgw(t) is similarly defined for sites
requiring groundwater response, then an alloca-
tion percentage, Yt, is defined for an annual
budget in year t, B(t), as follows:

The percentage is similar during the first 15 years
of the permanent strategy except there are no terms
for future costs. Instead, the future costs enter the
model when permanent cleanups are pursued, after
the 15th year. The percentage then becomes:

The effect of this allocation is response to sites
with surface and groundwater contamination in the
same proportion as their occurrence. If the imper-
manence factors for interim and initial actions for
surface and groundwater contamination are the
same, this proportion is maintained through the
simulation; that is, the initial 80 percent surface to
20 percent groundwater occurrence assumed in the
model stays constant as the program runs. (Note
that groundwater responses are more expensive
than surface response by a factor of 3 in most
simulations; therefore if the ratio of occurrence is
80:20, the budget is split as 0.57 :0.43, the ratio of
cost.) If, however, the impermanence factors are
different the proportion will change. For example,
if the groundwater responses have higher imper-
manence, more attention and money will be de-
voted to groundwater response as the program pro-
gresses.

One outcome of this allocation method is that no
preference is given to primary actions under either
strategy. It is possible, therefore, that with a low
enough budget and high enough impermanence
factor, nearly all funds could be devoted to second-
ary and higher order interim actions in the interim
strategy and secondary but permanent actions in
the permanent strategy. This is particularly strik-
ing if future actions are required on the early time
distribution schedule, While the real-world impli-
cations of this are unappealing, i.e., sites are not
addressed and deteriorate, this poses few problems
in terms of affecting the performance of the strate-
gies in the simulation. The correct amount of mon-
ey is spent and it is the length of time these expend-
itures continue that determines program length,

Measuring Program Duration

To evaluate the strategies in terms of program
length and examine the effects of different time
distributions of future cost occurrences, a method
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required. Pro-
gram duration could be measured in terms of the
last year where expenditures are made for an ac-
tion. Since responses extend over time, this way of
measuring duration would shorten program length
by at most 10 years, the time required to complete
the longest response—the permanent groundwater
cleanup.

By definition the interim cleanup strategy for i
< 1 represents a decay process, meaning that fewer
and fewer interim actions are taken over time. It
would be misleading to measure program duration
by the time needed to initiate the final single ac-
tion (or fraction, thereof, since real variables were
used). By the same token, it would be equally mis-
leading to only consider the time required to initi-
ate all first interim actions since these might con-
stitute only a very small fraction of the total
program under the interim strategy.

To resolve this dilemma, program progress was
measured in terms of the year at which different
percentages of all expected cleanups were under-
taken. The percentiles are 30, 50, 70, 90, 95, and
100 percent. Assuming that the model did delineate
between primary and future actions, a simple inter-
pretation of progress percentiles can be given. For
instance, under the interim cleanup strategy, if i(sc)
.= i(gw) = 0.7, the 30 percent program progress
might mean (depending on the timing of future ac-
tions) that at most all first interim cleanups were
completed, and no future actions had started. For
i(sc) = i(gw) > 0.7, the 30 percent program progress
mark would have to include additional future ac-
tions. In general, the minimum program progress
level required to cleanup all sites with an interim
action exactly once, under the interim strategy is:

X(%) = 100(1 - i) (6. 1)

The inverse relationship may bias strategy deci-
sions toward the interim strategy for low imperma-
nce factors if low program progress percentiles are
used to measure duration. For example, if a 30 per-
cent program progress level is used for i = 0.1
under the interim strategy, this represents no more
than the first cleanup of only one-third of the sites.
For this reason, the 90 percent program progress
level, which could represent first cleanup of all sites
if the i = 0.1 (the lowest impermanence factor
tested], was used to measure program progress.

Model Sensitivity

Each strategy was simulated for impermanence
factors where total costs were supposed to be equal
for the two strategies. Varying budgets (options A,
B, C, and D) were run to verify that cleanup actions
were modeled properly and that correct program
costs were generated, and to derive corresponding
program durations. Results are given in table A-2.
All program costs were equal at the critical imper-
manence factors, i*(sc) = 0.75 and i*(gw) = 0,8,
thereby verifying this aspect of the model,

Despite the mathematical justification for meas-
uring program duration in terms of the 90 percent
program progress level, to arrive at a verifiable con-
clusion each strategy was compared in terms of
program duration at all program progress levels.
(See tables A-3a and A-3b for simulation results at
different impermanence factor levels.) At the criti-
cal impermanence factors for permanent cost op-
tion 1, where program costs of the two strategies
are equal, the interim strategy performs poorly in
terms of program duration even at the 30 percent
program progress level (refer to tables A-4a and
A-4 b).

Table A-2.—Simulation of Cleanup Program Progress
Ranges of Years in Which Required Cleanups are Initiated’

Total Program Cost $63.6 Billion

Selected percentages of sites ‘ ‘

3 0 % 50 % 70 “/0 90 “/0 95 ‘J/o 100 “/0
— - .

1. Initial Budget-= $1.6 B; i(sc) = 0.75; i(gw) = 0.8
Cleanup strategy:

Interim ... ... 19-48 31-90 48-140+ 84-140+ 110-140 + 140 +
P e r m a n e n t  . . . 12-19 16-47 22-65 26-79 26-82 27-85

II. Initial Budget = $9.0 B; i(sc) = 0.75; i(gw) = 0.8
Cleanup strategy:

Interim . . . . . . . . . . . 14-37 25-75 42-140+ 79-140+ 104-140+ 140 +
Permanent . . . . . . . 7 14 19-40 24-53 25-56 26-59

aflange  de f(n(t!ons
I Shortest programs correspond to scenario  1 EAF longest programs to scenario ILBF
II Shortest programs correspond to scenario  1 ECF longest programs to scenario 1 LDF

SOURCE Off Ice of Technology Assessment
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Table A-4a.—Summary of Simulation Results
With Budget Options A and Ba

Program Duration Ranges for i = 0.1 to 0.9b

(in years)
.

Permanent strategy lntenm  strategy
Time distribution option: cost range cost range

Program progress $31.4 $70 2BC $16.4 $147 3BC
Unifor~ (U;:
1 0 0  0/0 51 101 140 +
9 5 ‘ ~ o 28 47 38 140 +
9 0  ’10  . , 21 45 17 140+
7 0 “ o 15 27 16 140 +
50 “’0 13 18 13 140 +
30°10 : : : : : : : 10 13 11 81
Early (E):
1 0 0 0 / ’ 0 26 28 41 140 +
95° 0 : : 21 27 22 140 +
90 0/0 21 26 17 140+
7 0 ° 1 0 15 23 16 105
50 “/0 ., 13 17 13 64
3 0 0 / o  . 10 13 11 37
Late (L):
100 ‘/0 51 119 140 +
9 5  0/0 42 48 47 140 +
900/’. 21 47 17 140 +
7 0 0 10 15 41 16 140 +
50 0/0 13 18 13 140 +
300/0 : : : : : 10 13 11 111

apermanent cleanup costs option 1 and new sites option  F
bshort  ~rogram5  Correspond  to budget oPtlon  A and I O 1 Long programs cor

respond to budget opt!on  B and I O 9
CLOW cost corresponds to budget option A and I O 1 High cost corresponds

to budget option B and I O 9

SOURCE Office  of Technology Assessment

Since under either strategy, for i < i*, the interim
strategy is preferred on the basis of cost. But pro-
gram durations under the interim strategy so great-
ly exceed those of the permanent strategy at the crit-
ical impermanence factor that trade-offs between
program cost and duration are expected. Therefore,
the hypothesis for cleanup strategy decisionmak-
ing based on two evaluation criteria at this point
is: Regardless of when future costs occur and how
we choose to measure program progress:

1. The permanent strategy is preferred unequiv-
ocally for i > i * because it is both cheaper and
shorter.

2. For i < i*, there are trade-offs between pro-
gram cost and length.

3. At some level of impermanence, the interim
strategy is preferred both in terms of program
cost and duration.

To be sure the method of measuring program
progress or assumptions about the time distribution
of future costs do not disprove this hypothesis, sen-
sitivity analysis is performed.

All program progress levels for each strategy
were calculated while varying values of i = (O. 1,
0.3, 0.5, 0.6, 0.7, 0.8, and 0.9). To properly ascer-
tain the shortest and longest program duration, the

Table A-4b.—Summary of Simulation Results
With Budget Options C and Da

Program Duration Ranges for i = 0.1 to 0.9b

(in years)

Permanent  s t ra tegy Interlrn st rategy
Time distribution option: cost r a n g e cos t  range

Program progress $23.2 $71 8BC $16.4 $147  3BC

Uniform (U);
1000/0 ., 51 98 140 +
950/0 ., ... : 29 45 35 140 +
9 0 0/ 0  . , 16 41 16 140 +
700/o . . 12 25 12 140 +
500/o : 7 15 7 140 +

300/o ., 3 7 3 76

Early (E):
100”/’0 . 26 27 39 140 +
95 0/, ., 17 26 16 140 +
90°/’c 16 25 15 140 +
700/o : : ., 12 21 11 100
50”1O 7 15 7 59
3O”1O : : : 3 7 3 32

Late (L):
1 0 0  0/’0 51 115 140 +
9 5 0 ’ , 38 47 41 140 +
9 0 0 / o 16 45 16 140 +
70”10 12 37 12 140 +
500/0 : : : : : : : 7 15 7 140 +
300/0 ... 3 7 3 105

a permanent  cleanup  costs option 2 and new sites option F
bshort  programs  correspond to budget oPtlon  C and I O 1 Long programs cor.

respond to budget option D and I O 9
c LOW cost corresponds to budget option C and I O 1 High  cost corresponds

to budget option D and I O 9

SOURCE Off Ice of Technology Assessment

time distributions of future costs and budgets were
also varied. The shortest program under each strat-
egy is achieved for the high growth rate budget op-
tions, A and C, and for the early future cost time
distribution. The longest program under each strat-
egy occurred for the low growth budget option B
and D and for the late future cost t i me distribution.
This information is given in tables A-5 and A-6.

Examination of these tables shows that the hy-
pothesis is supported, since parts 1 and 3 are true,
and 2 is intuitive. Regardless of when future costs
occur and our measurement of program duration,
the permanent strategy is preferred for i > i*.
Again regardless of these assumptions, the interim
strategy is preferred only at low impermanence val-
ues and/or if program duration is measured at
biased low program progress levels.

Solving the Allocation and Scheduling
Programs: Systems Modeling

as a Management Tool

While simulation models enable comparison be-
tween strategies, they require that the strategies
first be defined. The simulation so far defined only



98 ● Superfund Strategy

two extreme and inflexible strategies. It is not likely,
in a real program, that choice would be reduced
to a very expensive permanent solution on the one
hand or an ineffective impermanent solution,
which is not even cheap, on the other, More likely,
different levels of cleanup would be warranted at
sites according to their different levels of health
risks and environmental threats. There appears to
be a trend emerging at EPA where cleanup would
be approached in stages. The notion of “operable
units” has been put forth in draft versions of the
revised NC,. Essentially, the remedial response
system will be approached in terms of phased-in
cleanup, which for most sites will separate surface
from subsurface cleanups (this is not necessarily
technically sound). Cleanup will assume the form
of a three-stage process.1 This approach could be
somewhat consistent with the “hedge-against-un-
certainty” strategy defined earlier,

With cleanups structured into three-stage proc-
esses, a cleanup strategy could define or provide
guidance for long-term allocation and scheduling
policies, i.e., the tactics of the program. Decisions
must be made about which sites are cleaned to what
level and when each stage of cleanup is imple-
mented. These are difficult management policy de-
cisions for a number of reasons.

First, the crucial element for evaluating schedul-
ing and allocation tactics is a measure of risk and/or
cleanup goals. Such measures or goals could: 1) de-
fine the urgency and level of cleanup on a site-spe-
cific basis; 2) aid in designating sites requiring dif-
ferent levels of cleanup; 3) provide information for
assessing cost effectiveness on an intersite basis,
which could be used to measure the equity of clean-
up schedules and allocations over all sites; and 4)
maintain consistency within the cleanup strategy.

Second, it is necessary to relate various cleanup
actions to levels of risk reduction or avoidance.
Without defining such relationships, it is not pos-
sible to evaluate the site-specific cost effectiveness
of cleanup options, In evaluating the cost effective-
ness of the cleanup options it may be necessary to
not only consider immediate risks but potential
risks as well. A particular option may not appear
very cost effective when considering only the near-
term risks but may be extremely cost effective in
light of longer term risks,

This complication touches on the third difficulty,
that of evaluating cleanup action cost effectiveness
on an intersite basis, The problems arise due to the
interrelationship between allocation and schedul-

ing. Limitations on budget, the availability of per-
manent cleanup technology, or the degree to which
program infrastructure is developed will likely de-
lay some remedial actions or some stages of reme-
dial action. While initial responses may retard the
deterioration of a site, some sites will continue to
degrade. For this reason, scheduling and allocation
of the Superfund among sites are deeply linked
with projected or potential risks and costs of reme-
dial measures. Trade-offs are likely between more
extensive actions and initial responses in the near
term, and between permanent cleanup actions at
different sites in the long term,

The fourth management problem to address is the
enormous number of possible allocation and sched-
uling sequences. There will be many possible clean-
up action-risk reduction relationships, all of which
may have different levels of cost effectiveness de-
pending on when the actions are undertaken. The
possibility of 2,000 to 10,000 sites and three stages
of response represents well over a trillion possible
sequences, Even though some will be patent non-
sense and experience can eliminate others, a meth-
od for evaluating allocation schedules will be
indispensable to efficient and equitable fund dis-
tribution, especially in a program of such magni-
tude and subject to intense public scrutiny.

Simulation could provide valuable comparative
information among schedules if measurements of
risk and the interrelationships of allocation and
scheduling were reflected in the model. However,
to arrive at preferred schedules, simulation meth-
ods would require defining them all and exhaus-
tively testing them; this would most likely be com-
putationally infeasible. Thus, simulation may not
be the most useful tool for deciding management
policies at the tactical level.

Fortunately, there are systems techniques that
offer greater flexibility than simulation. Such tech-
niques might include linear and nonlinear program-
ming, dynamic programming, and decision analy-
sis methods, all in a multicriteria context given that
there would be more than one evaluation criterion.
One of the largest applications of such mathemati-
cal models is in financial and investment planning,
e.g., capital budgeting, cashflow analysis, portfolio
management, etc. z Mathematical models would not
require predefining tactics; the preferable tactics
would be the output solution,

Modeling the system might begin with site clas-
sification, a step that might also be time dependent.

—
ZF J Fabozzl  ~nd J. I’alcnte. “ h4athcnlati[  a] Programming rn Amer]-

(.a n ( :[)nlparli[~~.  A Sample SU rvey, fnterfa~ (,. s, iol 7, No  1, .N(I\ ember
1976, ])p, 9:1-98
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In addition to the classification scheme presented
in EPA’s ground water protection strategy, certain
States, e.g., New York, hate alread~  implemented
a site classification scheme as a method of allo-
cati  n,g cleanup actions. The effects of deferring
cleanup actions at particular site classes could be
reflected b}’ a deterioration coefficient. The clete-
riorat ion coefficient might transform deferred sites
from one classification to another. The variables in
the mode] could relate spec ifi(:  classes of sites and
clean up actions tl, at would also be time dependent.
Again it is the value of these ~ariables  in the model
solution that would pro~ide  the tactics.

These ~ariables  might represent ho~t’ many ac-
tions using a specific technolog]  ~~’ere  ap~)lied to
how’ man~ sites of a particular (:lass  in a giien  ~ear.
Remedial  actions would also alter the site classifica-
t ion. This problem might be formulated to m inirnize
program cost and duration subject to a (;leanup goal
(constraint. The level of cleanup might be increased
to rcfle(;t the effects of increasing margins of safetj’,
a n d SO1 LI t i o ns (: ou Id be compared on t h e basis o f
.s~rstem cost effe(:tiveness.  The solution-the distri-
bution of remedial technologies o~rer sites as a func-
tion of time-could also be used as a management
tool. This (:ould  be (lone h~r more (:losel~ exa min-
i ng sit f]-spec  ific data to determi nc ~trh ich sites
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would actually undergo clea nu]) using that type of
technology.

While it may appear to be an ambitious under-
taking, efforts are being taken already to incorpor-
ate limited but useful health information into deci-
sionmaking.  EPA is formalizing its risk assessment
guidelines and attempts are being made to appl~’
them to hazardous waste disposal site cleanup, Fur-
thermore, site-specific hazardous ~~aste  i nforma-
tion is accumulating as RI/FSs are completed. Other
data are becoming available as the }Iazard Rank-
ing System is applied to more and more sites. FOI.
e x a m p l e  t h e  El RS has been appl ied to  o~er 1 , 7 0 0
sites.  ~ ‘rhe next step is to de~’elol)  a n d formal i Ze a
r i s k  m a n a g e m e n t  s t r a t e g y  t h a t  wroul(]  ac(; ount for
intersite cost-effecti~’e  trade-offs o~’er t i me. More
extensive and systematic use of the information
a~’ ai 1 abl e now a n d i n t h e fu t L1 re is desirable. I)e\’ el-
oping a strategy for the partial s}rstem that (:oul(i
be refined as health and eniironrn[:nt al effe(;ts  data
are enhanced is also appro~)ri ate. ‘1’o (: a]]t u re the
d}rnarnics of the s~rstem, a s}rstems  a])~)roa(:h  could
be considered.
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