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Prioritization of projects within the U.S. Department of Energy’s (DOE) Weapons Complex Clean-up Program, exemplified with data
from the Oak Ridge National Laboratory, is quite sensitive to overall goals. Non-linear programming analysis of three alternative goals
— mortgage reduction, terminal-period risk minimization, and current-period risk minimization — shows substantial differences in waste

treated, risk reduced, and cost over a ten-year period.
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1. Introduction

The U.S. Department of Energy’s (DOE) environmental
program is one of the largest in the world, with over 130
sites across 30 states and territories. Within its environ-
mental management program, DOE currently is spending
some $5.5 billion per year cleaning up facilities and restor-
ing land contaminated during the nuclear weapons produc-
tion of the Cold War era. The effort is governed by U.S.
environmental laws as enforced by various agencies with
overlapping jurisdictions, funded by a less-than-enthusiastic
U.S. Congress, and urged to higher levels of clean-up and
greater expenditures by an array of parties, ranging from
contractors and federal employees to state and local offi-
cials, all of whom have employment interests.

The program has emerged relatively quickly, and its di-
mensions and complexity are overwhelming. The engineer-
ing origins of both the problems and the proposed solutions
have encouraged a bottom—up approach to thinking about
the structure of the clean-up effort, but the cost and time
implications of that conceptualization have not fared well
in the post-Cold War U.S. federal budget politics. This
paper looks closely at the cost, risk, and activity structure
of the DOE clean-up program at one of the Department’s
sites, the Oak Ridge National Laboratory, and examines the
implications of pursuing each of three alternative goals for
the overall, national clean-up program. In the first part of
this introduction, we offer some background on the emer-
gence of this program, and in the second we preview the
remainder of the paper.

© Baltzer Science Publishers BV

1.1. The evolution of the U.S. Department of Energy’s
Weapons Complex Clean-up Program

DOE’s Weapons Complex Clean-up Program was set
in motion by a lawsuit instituted by the Legal Environ-
mental Assistance Foundation (Legal Environmental As-
sistance Foundation v. Hodel, 586 F. Supp. 1163 (E.D.,
TN, 1984)), which made DOE subject to the provisions
of the Resource Conservation and Recovery Act, dictating
extensive cleanup. DOE created its Office of Environmen-
tal Management (DOE/EM) in 1989. In 1995, after sev-
eral years of study, DOE/EM published its initial clean-up
plan [8], which suggested a $230-360 billion effort over
75 years based on engineering analyses of waste groups
and technologies. A subsequent baseline cost estimate of
$227 billion was published a year later, with the difference
attributed to assumptions about increased productivity, re-
duced scope, modification of compliance agreements and
cost reductions from DOE privatization [11]. The lengthy
approach to this environmental management program was
radically revised by the so-called “Ten-Year Plan” intro-
duced by Assistant Secretary of Energy Alvin Alm in July,
published in December, of 1996 [10]. On the belief that a
75-year plan was too long to be credible, Alm’s idea was
to map out what could be accomplished within a ten-year
period of concerted effort and budgetary support of the U.S.
Congress, of around $170-200 billion, converting what was
originally an engineering problem of finding and executing
technological solutions to environmental problems into an
economic problem in which ends far outstripped means and
time available.

Within the Ten-Year Plan and its successor, the National
2006 Plan [12,13], prioritization of individual projects
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within the program became a critical issue, but while broad
policy guidance was provided by DOE Headquarters, the
details of prioritization were left to individual DOE field
offices [10, pp. 29-30]. The prioritization guidelines in-
cluded eliminating the most urgent risks, reducing “mort-
gage” costs to free up funds for further risk reduction, and
maintaining a safe working environment for clean-up per-
sonnel as three of the highest considerations in a longer
list. “Mortgage reduction” in particular remained an attrac-
tive, if somewhat imprecise, goal which was interpreted
as paying to c¢liminate some waste groups early to avoid
continuing storage, surveillance, and monitoring costs on
them. The departmental and public discussion of the clean-
up goals and prioritization did not crystallize the overall
problem as one of maximizing efficiency in environmental
risk-reduction, and the cost and risk-reduction implications
of the alternative goals and related priorities remained un-
explored.

1.2. Roadmap to the study

This study examines DOE’s ten-year, weapons-complex
clean-up program as an optimization problem in which pro-
gram managers try to either maximize or minimize the
“amount” of the goal they can accomplish in ten years with
a given annual budget, by moving waste out of storage,
treating it, and moving it to final disposal.! We study the
influence of three alternative goals, two of which have been
widely discussed but not formalized as official goals, the
other of which, we believe, is new. The new goal we call
“minimize terminal-period risk”, which means that we want
to finish the ten-year period with as little risk as is possible
to carry over to the post-clean-up period.? We define this
risk more fully in the text below. The two familiar goals
are “minimize mortgage cost” (or “maximize mortgage-cost
reduction”) and minimize all risks during all ten operational
periods.

We rely on production functions to characterize the costs
of storage, treatment, and disposal. These functions define

I Tucker et al. [7] and Toland et al. [6] also approach prioritization of en-
vironmental management options with mathematical programming, the
latter also focusing on DOE’s nuclear waste clean-up program. Toland
et al. analyze the least-cost technological approach for remediating a
single waste group at a single site (Operational Unit #1 at DOE’s Fer-
nald Plant, Ohio, whereas we compare three alternative programmatic
motivations for managing an entire site’s waste groups on the assump-
tion that technical choices reflected in site management plans already
have been optimized.

2 We realize that DOE has no intention of simply “walking away” from
its environmental management responsibilities at the end of the 2006
Plan, but a reasonable interpretation of the skeletal structure of the Plan
is that Congress and the taxpayers can be expected to have limited pa-
tience for an unlimited clean-up plan, so the closest reconciliation of
the environmental and political realities is to make an extraordinary
effort to get as much of the clean-up done in a relatively short period
(hence the ten-year period), then move into a long-term management
strategy more heavily oriented to surveillance and monitoring than to
moving and burning dirt. The planning strategy embodied in our analy-
sis emphasizes this structural feature of the 2006 Plan.

how much of each activity can be accomplished with spe-
cific quantities of labor and materials (the inputs to the
production functions). Since the inputs have given prices
(e.g., the going wage/salary structure for labor), these func-
tions tell how much activity can be completed for a given
budget. We also use production functions to characterize
the relationship between wastes and risks in each of the
three states and to describe how the application of inputs
can be used to contain the risk from any given quantity of
waste.

Data from the Oak Ridge 2006 Plan for the Oak Ridge
X-10 facility (Oak Ridge National Laboratory (ORNL))
operationalize the model — i.e., solve the model numeri-
cally for each of the goals.> A solution for each scenario
gives the time path over the ten-year operational period
of waste (by type: Low-Level Waste (LLW), Mixed Low-
Level Waste (MLLW), TRansUranics (TRU)) in storage,
in treatment, and in disposal, the time paths of risks and
expenditures, the terminal-period risk, and the cost per pe-
riod of maintaining remaining wastes after the end of the
ten-year effort.

Section 2 describes the structures of the models used
to assess the different clean-up goals. Section 3 describes
how the data from Oak Ridge are used to develop numeri-
cal values to be used for the various symbols of the model
equations. Section 4 narrates the stories the optimization
models reveal when we solve for the optimal waste manage-
ment plan for each of the three goals. Section 5 summarizes
and compares the results of these stories.

2, The optimization model of the ten-year clean-up
effort

Section 2.1 outlines the structure of the problems: the
initial situation, the choices available, the “manager’s” con-
straints, and the general objectives. The technical narration
of the model begins with the cost structure of the mod-
els in section 2.2, Section 2.3 describes the three alter-
native goals as separate objective functions. Each of the
analyses relies on the same cost structure and investigates
how the different goals induce different choices regarding
the magnitudes of the instrument variables. The objective
functions involve either risks or costs. The instrument vari-
ables are the quantities of MLLW, LLW, and TRU waste to
be “treated” in each of the ten years of the operating pe-
riod. The constraints always include a budget, sometimes
allowable unit risks on waste groups during different oper-
ations, and sometimes lowest possible values of instrument
variables.

3 The appendix discusses the initial form of these data, originally reported
in the 2006 Plan for the DOE/Oak Ridge Complex, and the operations
required to conform them to the conceptual structure of the optimization
models. The appendix to Jones et al. [3] describes these data in full
detail, to the project level, but the appendix to this paper offers a
sufficient summary to permit the reader to see how the analytical results
of our optimization modeling have emerged from the data that are being
used to guide the Oak Ridge operationalization of the 2006 Plan.
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2.1. The structure of the optimal clean-up problems

The initial situation. At time zero, there are 305 million
cubic meters of MLLW, 60 billion cubic meters of LLW, and
42 million cubic meters of TRU waste under containment
(“in storage” in the terminology of the model) at ORNL.
Altogether, these wastes generate 216 thousand dimension-
less units of risk as measured by the RDS/MEM (Risk Data
Sheet/Management Evaluation Matrix) methodology. This
is the full array of wastes eligible for treatment during the
2006 Plan.*

The choices. The “manager” behind the model’s optimal
program has three principal choices to make for each of
ten time periods: the volumes of MLLW, LLW, and TRU
waste 0 move from “storage” to treatment® and then to
“disposal”.® This optimal plan is determined in period
zero and is implemented on schedule throughout the ten
operational years. To implement these choices, the man-
ager assigns certain amounts of a composite input which
we call “labor” as a shorthand to various direct and sup-
porting activities. The three states in which quantities of
each waste may reside are tied together such that choices
about treatment volumes imply choices about volumes re-
maining in “storage” and “disposal” at the end of the pe-
riod in which the treatment occurs. Since maintaining the
wastes in storage and disposal also requires resources in
the form of the “labor” input, the quantities in storage and
disposal put some limits on how much “labor” is avail-
able to conduct treatment in each period. Cost functions,
developed from production functions, allow the manager
to calculate how much “labor” will be required to deal
with each waste type in each state. We do not impose a
stochastic element on these cost-accomplishment relation-
ships.

Constraints. While in some sense the manager’s princi-
pal attention is directed toward treatment, management of
the risk associated with each waste type in cach state also
requires application of the “labor” resource. As we spec-
ify the activity—cost relationships, the manager can identify
separately the “labor” required to manage a particular vol-
ume of each waste type in each of the three states and that

4Identifying this array of wastes as all there is to be treated abstracts,
of course, from the continual trickle or stream of new finds that come
to the attention of managers. There is no inventory of such to-be-
discovered, uncontained wastes, but clearly the dangers posed by some
of these new discoveries may, in practice, pre-empt undertaking some
pre-defined projects identified at the beginning of a ten-year planning
period. We do not attempt to capture this additional dimension of
complexity of DOE’s environmental management task.

3 There is, at present, no “treatment” for TRU waste. This state, applied
to TRU, should be interpreted as preparing for shipment to the Waste
Isolation Pilot Plant (WIPP) and shipment.

6 “Disposal” covers a number of temporary or final destinations of treated
wastes. We do not intend to imply any sort of free release of treated
wastes, but rather some post-treatment disposition that will involve
some surveillance, monitoring, and maintenance for an extended period,
but at lower cost per unit volume per time period than prior to treatment.

required to manage, or contain, the risk associated with the
same waste type-volume-state combination. Cost functions
derived from production functions also govern the relation-
ship between waste volumes and “labor” required to con-
tain risk to a particular level in each state. Thus, when
the manager calculates an optimal treatment plan, he or she
has to factor in how much “labor” will be required to keep
the risks to desired levels for all wastes, states, and time
periods for exactly that treatment schedule.

Because most risks are not subject to direct goals in two
of the three plans, the manager would have little incentive,
within the structure of the model framework, to worry about
containing risk to any particular level. However, a myriad
of orders, regulations, and laws govern many dimensions
of allowable risks of various types, and we capture this
feature of the legal environment with risk constraints. The
risk per unit volume of each waste type, in each state and
time period, cannot exceed a specified level. Except when
an explicit minimization objective focuses on one or more
of these sources of risk, these constraints are binding in the
sense that the manager always lets the actual level of risk
float up to its constraint level, although nothing except more
pressing interests (financial exigencies) elsewhere makes
him do this.

Budget and spending rules. The manager knows with cer-
tainty that $203 million will be available for each time pe-
riod in the ten-year plan. The price of a unit of “labor” also
is known, so the quantity of those resources purchased can
be calculated directly. The manager cannot shift funds be-
tween periods; “use ‘em or lose ‘em” and “no borrowing”
are the rules. We work with “real” costs in 1997 prices,
i.e., abstracting from possible inflation.’

The goals. The first goal we call terminal-period risk min-
imization. In this problem, the manager’s goal is to choose
a ten-year treatment profile for the three waste types that
leaves the site with the least continuing risk to be managed
during the indefinite, ensuing period of stewardship. The
constraints on risk during each treatment period restricts
the manager’s ability to trade off more risk in earlier peri-
ods for lower risks in the terminal period. We offer more
details about the continuing, or “terminal-period” risk in
the subsection. The second goal we offer our manager we
call “minimize current-period risks in all periods”. This
amounts to devoting whatever resources are needed to min-

7 We also do not discount costs during the active ten-year portion of the
clean-up program, although in the mortgage minimization program we
do discount continuing stewardship costs in the post-clean-up period.
There are two reasons for this choice to not discount: (1) discounting
costs without defining a dollar-denominated benefit against which to
compare discounted costs would result in simply pushing active treat-
ment as far into the future as possible to “reduce costs”, which we
believe is nonsensical; (2) both Congress and DOE officials work with
undiscounted budget figures when conducting their planning, and pre-
senting them with discounted estimates of what funds they will have to
raise (the one from the taxpayers, the other from the Congress) would
be more perplexing than informative.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissionyyww.manaraa.com



4 D.W. Jones et al. / Nuclear weapons clean-up at Ouk Ridge

imize risks for all three waste types in storage, treatment
(if any is conducted), and disposal (if any waste ever gets
there) in each of the ten time periods. In this case, the
risk constraints will not bind. It might seem likely that no
treatment would ever get accomplished under such a goal,
but for two factors: we use a minimum, non-zero treatment
constraint in each time period for each waste type; and the
structure of cost allocation between volume management
and risk management for each waste type (in cach state)
exhausts all risk-reduction opportunities before the budget
is exhausted. The final goal is mortgage minimization:
treatment of such volumes of wastes during the ten-year
operational period so to minimize the present discounted
value of all costs: treatment costs during the ten-year plan
period, plus storage and disposal costs during the first ten-
years and well into the extended future. The risk constraints
pose real limitations on minimizing this objective function,
as risk per se is not “valued” according to this goal. Mort-
gage reduction has experienced many expressions in the
DOE complex in the past several years, but any of them
that are economically rational must be equivalent to this
simple definition.

2.2. Technical description: Cost structure of the model

Every action the manager can take in this analysis costs
him something, whether that is moving waste briskly out of
storage, into treatment, then on to disposal, or just sitting
and watching the waste in storage for ten years. The actions
are the bases of the costs and are described with production
functions.

We structure each activity in the model as a production
process. Intuitively, more treatment of waste is produced
by a larger quantity of the “labor” input. Possibly less in-
tuitively but using the same logic, risk is “produced” by
larger quantities of waste in any state, but it can be re-
duced (or contained) by applying “labor”. Similarly with
storage and disposal. Since each production function uses
some units of the composite “labor” input, and we know
how much a unit of the “labor” input costs, knowledge of
a production function gives us complete knowledge of a
cost function [16, pp. 28-34]. For this reason, we begin
the description of the cost structure of the model with the
production functions for each of the activities.

2.2.1. Production functions for the “states” through which
waste can be moved
The production functions describe the amount of the
variable, composite input k£ required to maintain a given
volume of a particular waste group in any particular state,
where the three states are, in sequential order, storage (.5),
treatment (T), and disposal (D).® The production function

8 For the relationships between physical calculations for engineering
processes and the construction of economic production functions for
those same processes, see [1,4], [5, chapter 2].

for the volume of waste of type ¢ ( = LLW, MLLW, TRU)
stored in time ¢ (subscript .S indicates storage) is given by

Sie = Aiskss,

which can be inverted to solve for the amount of the vari-
able input k required to store that volume of waste of type i,
in time ¢:

kits = (Sit/Aig)/ s

The amount of waste of type ¢ that can be treated in pe-
riod ¢ is determined by the amount of the variable input k&
devoted to treatment, and it is also affected by the volume
in storage in the previous period. This latter part of the re-
lationship captures the well-known effect that it is “easier”
to take a given volume of waste out of storage and treat it
when there is still a considerable amount in storage; sub-
sequent amounts get more difficult to retrieve.” Thus, this
formulation of treatment also includes retrieval. As with the
quantity of the composite input k required for storage, the
quantity of k required for treatment (subscript 7' indicates
treatment) can be determined by inverting the production
function, although we do not show that solution:

BiT
w(t—1)"

Ty = ATkt

The volume of waste of type ¢ in disposal (subscript

D indicates disposal) also requires some quantity of the

composite input k&, and as with the quantity of & devoted

to the volume of waste in storage and treatment, the 7'

equation can be inverted to solve for the number of units
of k required to mind the volume of waste in disposal:

@i D
itD -

Dy = Aip

2.2.2. Production functions for risk
Maintaining risks associated with a given waste type in
any particular state also requires the use of the compos-
ite input k. The theory underlying the risk “production”
equations focuses on the risk per unit volume of waste.
The total risk associated with a particular volume of waste
would increase as the volume increases, but a theory of
that total risk also needs to specify how the risk per unit
of waste is affected by applying the composite input to risk
containment. The model of risk containment holds that risk
per unit volume of a particular type of waste, in a particu-
lar state (storage, treatment or disposal), can be held down
or reduced by applying more units of & to a given volume

9 Waste retrieval operations are normally multi-stage operations, con-
ducted in batch processes. Typically, smaller quantities of material are
taken out in subsequent stages, with the unit removal cost rising accord-
ingly. Additionally, as the stock of a single waste group is drawn down
out of, say, an underground storage tank, the mixing characteristics of
the waste material — liquid, slurry, and sludge — will change, requiring
more costly techniques for removal. In some storage formats, ease of
access of equipment to the material may decrease as the quantity of
material gets smaller. Each of these effects contributes to the inverse
relationship between removal cost and remaining quantity of waste in
storage. A smoothly increasing cost function is an approximation to
what may in fact typically be step functions with many steps.
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of waste. As the total volume of the waste increases, it
gets more difficult to maintain the risk per unit volume at
a given level; to do so would require applying some more
units of k. Note that the negative exponent o on the k
in the risk equations indicates that more units of k reduce
risk per unit volume. The risk production equations shown
below incorporate the model of risk per unit volume but
show the relationship between total risk for an entire stock
of waste of type ¢, the number of units of k£ used to con-
tain it, and the total volume of the stock of waste. (The
equation for risk per unit of waste has an exponent of 3
on the volume variable (S, 7', or D), while the equation
for total risk has an exponent of 3 + 1: the risk per unit
volume equation has on the left-hand side the total risk,
R, divided by the total volume (S, 7', or D); multiplying
both sides of the equation by the volume eliminates the vol-
ume variable from the left-hand side of the equation and
adds the 1 to the exponent of the volume variable on the
right-hand side.) The expression for total risk posed by the
volume of waste of type ¢ in storage at time ¢ is, where the
subscript R indicates constant terms and composite labor
devoted to managing risk (as contrasted to waste volume):

Rys =

The total risk posed by putting some part of the stored
waste through “treatment” is shown by

QRS 5st+1
’RskztRS S@t

Rur = Airrkyggf " TR,
Finally, the risk of treated waste held in disposal is

Ritp = Airpky P DiiReth,

In each of these cases, the total risk and the risk per
unit volume can be controlled by the choice of £, given
the volume of the waste in that state. Consequently, in any
period, the total risk of waste in all states is affected by the
volumes in each state and the risk choices made for each
state.

2.2.3. The relationships between waste in different states

In the initial period of the ten-year treatment program,
we set the volume of waste of each type in storage to Sy,
and the volumes going through treatment and in disposal
to zero: Ty = 0 and Dy = 0. In period 1, a particular
quantity of waste of type ¢ is removed from storage, treated,
and put into disposal:

Sio — 15 =S and Dy + 15 = Dy

Thus the choice of the volume of waste type ¢ to be
treated in time ¢ determines both the amount remaining
in storage and the amount in disposal. In general, these
relations are

Sit—1) =Tt =S¢ and  Dyg—1y + Ty = Dy

for every time period ¢.
These are the activity/production and cost relations and
the relationships between states. These relationships form

the building blocks of both goals to be maximized or min-
imized and the constraints under which those goals are to
be optimized. We turn next to the mathematical statements
of those goals.

2.3. Mathematical expression of the goals

Minimize terminal-period risk. Terminal-period risk min-
imization as a goal operates under the assumption — not
entirely accurate, but certainly a satisfactory motivation for
an analysis of waste management under the 2006 Plan —
that waste will be treated only for the ten-year duration of
this plan; after that, the waste volumes remaining in storage
and disposal in time period 10 will remain there indefinitely,
posing the same risk in each future period that they posed
in period 10.'° Consequently, the risk of the wastes in stor-
age and disposal in period 10 is of unique interest: it is
the risk that will continue “forever” at this site. The goal
of DOE’s EM program under this scenario is to minimize
this continuing risk. Thus the objective function for this
scenario is

mqullmlze Ru) = E E RzglO
(Tize) i j=8,D

The manager of the facility picks values of X for each
waste type and each time period (a total of 30 Ts) to min-
imize these terminal-period risks. Each X implies a value
of k required for volume management, but nothing so far
determines how many units of k£ will be allocated to risk
management. This minimization is conducted, therefore,
subject to constraints on the maximum allowable risk per
unit volume for each waste type:

Asje(Riso/Si0) = (R/V )iz

where V; represents the volume in state j — storage (.S),
treatment (77), or disposal (D): the allowable risk per unit
for cach waste type must stay below, or at least be no greater
than, \ times the level of unit risk in storage in the initial
period — period zero, not period 1. The values of A chosen
for these constraints can represent legal constraints or envi-
ronmental management policy decisions, or a combination
of both. With this constraint, the production equation for
the unit risk in each waste type, on the right-hand side of
the inequality, determines the number of units of k required
to maintain the required unit risk level in each period. The
values of A could change over time, falling values, for in-
stance, representing a mandate of continuously improving
safety. Without the constraint on risk, no units of & would
be allocated to risk in any activity except in storage and
disposal in period 10.

V1,7, t,

10 This is an abstraction, of course. Some risks will naturally decline
over time; others may or will increase, either from greater likelihood of
public encroachment or from deterioration of containment systems. To
highlight the risk reduction produced by the ten-year clean-up program,
we assume that the extent of risk reduction achieved within that period
remains constant thereafter.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissionyyww.manaraa.com



6 D.W. Jones et al. / Nuclear weapons clean-up at Ouk Ridge

Next, the manager must buy, rent, lease, or somehow
procure, the units of k£ with which to treat waste, manage
waste volumes in storage and disposal, and manage risk
in all states. Of course, the budget to support these ac-
quisitions is not unlimited, and the minimization is subject
additionally to a budget constraint in ¢ach period, By:

B> > Y prkiar Y,

i j=S7T.D a=V,R

in which the subscript a represents the type of activity —
either volume management or risk management. Thus, the
sum of the expenditures on units of & has to stay within the
budget for each period. There is no ability to trade budget
among time periods.

The equations for the objective function, the risk con-
straints, and the budget constraints represent the manager’s
optimization problem for minimizing terminal-period risk.
The production and risk equations presented earlier deter-
mine how many units of k are required to manage the vol-
umes and risks.

Minimize all risks in each period. In the second scenario,
the management goal is to minimize all risks in each and
every period. Since it is possible that no treatment at all will
be the risk-minimizing solution, we include a set of con-
straints that requires that at least a small volume of each
waste type be treated in every period, as well as a con-
straint that at least a small portion of the budget be spent in
each period.!'! Again, there is, of course, the budget con-
straint itself, without inter-period borrowing and lending.
The objective function for this goal is

T = 3o (353 o)

t

Minimize mortgage costs. The third scenario, maximizing
mortgage reduction, is a particular form of overall cost min-
imization. The manager wants to conduct a treatment plan
that will require the least amount of expenditure on storage,
treatment, and disposal during the ten-year, active treatment

Il As we indicated in the introductory exposition of the model in sec-
tion 2.3, some readers might find it odd that such a constraint would
be binding and others might find it odd if it were not, so we offer
some further guidance on how to interpret this constraint. First, the
cost structure we derive for risk management/containment activities is
not so expensive as to be able to absorb the entire budget without ex-
hausting the opportunities for reducing risks. Second, moving waste
from storage into treatment increases the risk per unit volume for each
waste type, so there is a sort of “hump” to be gotten over at the very
beginning of a ten-year program — the hump being the sharply higher
costs of managing risk during treatment than during either storage or
disposal. Third, the structure of treatment costs themselves has unit
cost rise the smaller the stock available to be drawn from to treat,
which we discuss further in the text below. Consequently, it would be
possible that no treatment be chosen at all, to minimize all sources of
risk in each time period individually in the absence of a constraint that
requires at least a small amount to be treated regardless what it does to
risk in the period. Since risk management by itself would not exhaust
the budget, the full budget would not be spent without at least some
treatment, possibly more than the constrained minimum.

period, and the discounted sum of tenth-period storage and
disposal costs on all the wastes over some extended plan-
ning horizon. Essentially, this definition of reducing mort-
gage costs is finding a treatment plan that will maximize the
difference between the costs of holding untreated waste in
storage and holding treated waste in disposal, net of treat-
ment costs. Treatment is the cost that must be incurred to
get the reduced cost of holding waste in disposal instead of
in storage — in a way, it is the price of buying lower future
costs. It will take some number of years after the end of
the ten-year treatment period for the reduced holding costs
on the treated waste to repay the cost of treatment. The
objective function for this scenario is
minimize M
{Xijat}

10
= ;ZZZC@M
=l i 3§ a
+ ZZZ Z Cijaro(1 + 977,
¢

=11 4 i a=S,D

where the Cjq¢ terms are costs of storage, disposal, and
treatment. Cjjqe, t > 10, represents the administrative and
operational costs of what is called stewardship in the cur-
rent DOE clean-up lexicon. In other words, the problem
is to maximize the unit cost savings of moving waste from
storage to disposal, net of treatment costs. The first term
in the expression above is the minimization of costs in the
ten-year treatment period, while the second term is the dis-
counted costs of storage and disposal, as they were in the
final period of the ten-year activity period, over some future
period required to recover the treatment costs. The second
term is just n times the storage and disposal risk incurred
in period 10 (risk in both storage and disposal is calculated
at the end of the operational period, after material has been
drawn down from storage and added to disposal), where
n is the number of years in the evaluation horizon, after
the completion of the ten-year treatment period. The trade-
off is between short-run cost savings in the first ten years
and long-run cost savings over some future period. Con-
straints on unit risk levels are necessary to get any units
of k applied to risk containment since no direct risk ob-
jectives exist in the goal. Again, of course, there is the
period-by-period budget constraint. The reader will have
noticed that we discount the second term, but not the first
term. As we hinted above in the informal introduction to
the stories of the model, it certainly would have been pos-
sible to discount both terms, but we have not discounted
costs over the ten-year operational period for convenience
of comparison to both DOE/OR budget plans and congres-
sional authorizations. The discounting over ten years —
i.e., looking from period zero, forward over the following
ten operational years — would not have altered any plan-
ning actions in the two risk-related goals, simply because
costs were not part of the goals. The current formulation
thus gives a slight bias toward overstatement of operational-
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Table 1
Coefficient values.

Parameter Storage Treatment Disposal
Volume Risk Volume Risk Volume Risk
manag. manag. manag. manag. manag. manag.

ATRU, state, activity 2.00E+7 7.33E—4 5.88E—2 72763 4.80E+5 1.08E—3

ALLW, state, activity 6.07E4+10 8.08E—8 1.05E—1 1.05E—6 4.82E+8 2.10E—7

AMLLW, state, activity 1.80E+8 2.02E—5 2.05E—1 8.60E—5 2.30E+8 2.32E-5

Qistate, activity 0.115 0.100 0.400 0.500 0.990 0.250

Bstate, activity n.a. 0.100 0.900 0.075 n.a. 0.030

period expenditures relative to future cost savings, but as
will be seen in the narrative of the results of this scenario,
this bias is minimal.

3. Parameterization

We discuss how we used the 2006 Plan data to para-
meterize the production functions in the first section below
and the characterization of “allowable” risks used in the
constraint functions in the second section. Table 1 reports
the parameter values used in the numerical investigations.

3.1. The production/cost functions

The 2006 Plan data do not offer all the information re-
quired to parameterize the production functions of the opti-
mization models, but the economic theory of production, as
embodied in the mathematical production functions them-
selves, supplements the information content of those data.
The production (cost) parameters for which numerical es-
timates are needed are the constant terms, the A;;, and
the output elasticities, the ay; and 3;; coefficients. The
A coefficients scale the magnitudes of the right-hand-side
variables (the inputs) to the left-hand-side variables (the
outputs). There are substantial differences in the orders
of magnitude among the composite labor variables (around
1,600 units in total, across all the uses, depending on the
budget), the risk variables (in the thousands to tens-of-
thousands range), and the waste volume variables (which
range from the millions to the billions).

The o and 3 coefficients form the heart of the cost infor-
mation because they identify the percent change induced in
the right-hand-side variable by a one-percent change in one
of the left-hand-side variables.'? Accordingly, we chose the
sums of the output elasticities (or the value of the single
output elasticity in the cases of production functions with

12 The sum of the o and {3 coefficients in any production function indicates
the degree of returns to scale in that activity. If their sum is exactly
1.0, the activity experiences constant returns to scale: a given percent
increase in each of the right-hand-side variables (the “inputs”) causes
exactly the same percent increase in the left-hand-side variable (the
“output”). A sum of o and J coefficients greater than 1.0 implies
increasing returns to scale, and a sum less than 1.0 decreasing returns
to scale. If there are more than two inputs, and accordingly there are
more coefficients than just o and 3, then the sum of all the coefficients
indicates the returns to scale. Similarly if there is only one input: the
value of, say, « alone indicates the returns to scale.

only one input) to characterize the degree of returns to scale
we believed to characterize the activities. The value of each
output elasticity is, under most circumstances, close to the
associated input’s share in the costs of the activity.'* For
example, with two inputs, output elasticities of 0.4 for in-
put 1 and 0.6 for input 2 indicate that 40% of both the unit
cost of the output and the total cost of all the units of output
are contributed by the cost of input 1 and 60% by input 2.

From the 2006 Plan data base we can extract informa-
tion on the costs expected to be associated with each waste
type and can express those costs on a per-unit-volume ba-
sis. Those data do not give precise information on the
costs in each separate state for each waste type, but at
that point, we can supplement the Plan data with experien-
tial engineering judgment on relative costs in each activ-
ity. We can anticipate that treatment (or “treatment”, in the
case of TRU) costs per unit volume, for each waste type
are greater than either storage or disposal costs, and also
that “disposal” costs are lower than “storage” costs (see [2]
for the exposure experience in shutting down a chemical
plant for maintenance, involving procedures we believe are
roughly comparable to those involved in treatment in the
DOE program); otherwise there would be little sense in the
mortgage-reduction plan of moving waste out of its cur-
rent state into some other state. The fact that the unit risk
posed by “untreated” waste exceeds the unit risk posed by
“treated” and “disposed” waste is prima facie evidence that
the unit cost of “disposal” is lower than the unit cost of
“storage” for each waste type. With the combination of the
information yielded directly from the Plan data and the ex-
periential engineering judgment on relative unit costs across
states, we can make credible estimates of the A, «, and 3
coefficients for each of the volume management production
functions.

To determine the corresponding parameter values for the
risk production functions, we first estimated the proportions
of total costs contributed by volume management and risk

13 This relationship holds precisely when the sum of the output elasticities
is 1.0. Naturally, when there is only one input and its output elasticity
is greater or less than 1.0, its cost share cannot exceed or fall short
of 1.0. In cases of non-constant returns to scale (either increasing or
decreasing), the cost share of each input is closely related to the ratio
of its input elasticity to the sum of all the input elasticities. Thus, the
single input with an output elasticity of, say, 0.9 has a cost share of 0.9
divided by 0.9, or exactly 1.0, which is exactly what intuition indicates
the cost share obviously should be, since there are not other inputs
contributing to costs!
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management. With this estimate, which we specified as a
90-10% split (90% to volume management, 10% to risk
management), we were able to back-calculate values for
each of the A, «, and 3 coefficients for all the produc-
tion functions, in the manner described in the following
paragraph. In the solutions to the optimization problems,
the 90-10% split of costs between volume and risk man-
agement does not impose a hard-and-fast allocation of the
composite labor inputs to the two types of activity, but it
places a tendency for the relative costs to remain in the
neighborhood of that ratio.'*

The values of the A, «, and 3 coefficients for the storage
production functions were determined as solutions to the
production equations for the period-zero values of stocks
and risks in storage, given the base budget and unit cost
of the composite variable. Since no wastes are in either
treatment or disposal in period zero, we used a slightly dif-
ferent strategy to back-calculate the coefficient values for
volume and risk management for each waste type in those
two states. For the volume production functions, we calcu-
lated the values of the constant terms using a hypothetical
10% of the initial stock in storage as a “typical” throughput
in any period; for the risk production functions in treatment
and disposal states, we used engineering judgment on rel-
ative risks per unit volume of each waste type, allowing
for differential worker exposure, environmental hazard, and
danger of the waste form across the three states to distrib-
ute unit risk per waste volume. That is, the risk production
functions were parameterized on the basis of risk per unit
volume of waste in each state.

3.2. The risk constraints

The values of the A\ coefficients, which were used in the
risk constraints to specify the maximum allowable unit risk
level in each state are, for storage, treatment, and disposal,
1.00, 2.00, and 0.30. They represent compliance with leg-
islation, regulations and DOE orders. These values were
the same for each waste type and remained constant over
the ten-year treatment period, although the cost of attaining
these risk levels differs across the three waste types. Thus,
the unit risk of material in storage could rise no higher than
it was in the initial period; the unit risk of each waste type
could rise to double its value in storage during treatment, re-

14 The consequences of this solution we adopted to fix the parameter
values reveal themselves in the solution to problem 2, the minimization
of all risks in each period: a smaller proportion of the total, ten-year
budget is spent than may appear intuitively reasonable to some readers,
because the 90-10% cost split causes an exhaustion of risk-reducing
opportunities with expenditure of considerably less than the full budget.
Intuitively, some readers might think that since the funds are there, no
reasonable site manager is going to fail to spend them all, regardless
what is accomplished with, say, the last twenty-five or thirty percent
of the budget. This is probably correct, but this kind of judgmental
decision is not captured in the optimization model: the optimization
problem a site manager would be solving in making such a decision
simply is not included in the objective functions we pose. We discuss
the consequences of relaxing this 90-10% cost split in section 4.2,
which presents the results of the minimize-all-risks problem.

flecting the greater exposure of workers to the material and
its more active handling; and, once disposed, the material
had to remain at 30% of its initial unit risk level in storage.

4. The stories of different goals: Narrative of the
results of the optimization models

The highlights of these results are the time paths of
MLLW, LLW, and TRU waste volumes treated over the
ten-year period, the time paths of risks over the same du-
ration, and the value of “terminal-period risk”, but many,
more fine-grained numbers are yielded by the analyses at
the same time, and we discuss these as they illuminate par-
ticular issues. Sections 4.1-4.3 report the stories yielded
by solution of the model using each of the objective func-
tions. Section 4.4 brings together and compares the optimal
environmental management programs yielded by the three
different goals. In each program, we begin with an annual
budget of $203 million per year and a price per unit, per
year, of the composite variable input & of $127 thousand.
The total risk of all three waste types in storage in period
zero is 216,000.

4.1. Program 1: Minimize terminal-period risk

The problem in this case is to find the treatment plan
that will yield the lowest sum of risks in storage and dis-
posal for all three waste types at the end of the tenth year.
Unless all units of one or more waste groups are treated
during the ten-year activity period, some units will remain
in storage at the end of the plan period while others, hav-
ing been treated, are in disposal. A budget of $2.03 billion
for the entire period is insufficient to treat all wastes, but
by the end of the ten years, 90.4% of the TRU, 76.7% of
the MLLW, and 66.7% of the LLW have been treated and
moved to disposal. The optimal treatment plan pulls out
TRU early, maximizing the amount treated in the second
period, and treating none in the tenth period. Relatively
large percentages of the initial stock of MLLW also are
treated in the earlier periods of the program, and as with
TRU, none is treated in period 10. The reason for zero
treatment of TRU and MLLW in period 10 is that their
treatment costs draw money away from risk containment
in storage and disposal, which are the focus of the opti-
mization. The more resources available to contain risk in
period 10, the lower will be the terminal-period (period 10)
risk. With LLW, on the other hand, with its vast volume
and low risk per unit, an optimal program consists of a uni-
form treatment of 6.67% of the initial-period stock in each
period, including period 10.

Figure 1 shows the reduction in storage costs permitting
the increase in treatment costs which lasts for the duration
of the planning period. The budget constraint is binding in
all periods except the last, when a small amount of budget
goes unused. The unit risk constraints bind in each period
on each waste type and in each state, as expected; i.e.,
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Figure 1. Expenditures for storage, treatment, and disposal ($1,000). Goal:
Minimize terminal period risk.
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Figure 2. Percentage of each waste type treated per period (base budget).
Goal: Minimize terminal period risk.

Table 2
Yearly treatment volumes, by waste type, terminal risk-
reduction goal.

Period  MLLW (%) LLW (%) TRU (%)
1 14.06 6.67 11.81
2 13.39 6.67 13.53
3 12.85 6.67 12.29
4 12.62 6.67 10.42
5 12.00 6.67 8.50
6 10.34 6.67 6.78
7 7.70 6.66 5.43
8 4.45 6.67 455
9 3.01 6.66 3.35
10 0.00 6.67 0.00
Total 90.44 66.66 76.65

without the risk constraints, no resources at all would be
devoted to containing risk (in which case, risks would have
gone to infinity). Figure 2 shows the percent of each waste
type’s initial stock that is treated in each period, and table 2
reports that information numerically.

Figures 3-5 show the progress of risks of each waste
group in storage, treatment, and disposal. Risks in stor-
age fall smoothly (figure 3), those in treatment rise sharply
and stay about the same level throughout the treatment pe-
riod (figure 4), and disposal risks rise as treated wastes
are placed into that state. However, disposal risks increase
by far less than storage risks fall, which is, of course, the
point of treatment. (If we have overstated the extent to

250,000
200,000
150,000
100,000

50,000 2

Years

—4— LLW ~#— MLLW —— TRU

Total Storage

Figure 3. Storage risk. Goal: Minimize terminal period risk.
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Figure 4. Treatment risk. Goal: Minimize terminal period risk.
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Total Disposal

Figure 5. Disposal risk. Goal: Minimize terminal period risk.

which storage costs fall when stored wastes are withdrawn
for treatment, a smaller volume of waste could be treated
than we have calculated, and terminal risks would remain
higher.)

The base budget under this goal permits reduction of risk
from its period-zero value of 216,000 to 99,000 (storage and
disposal risk only in period 10; excluding treatment risks for
LLW) in period 10. Increasing the budget by 50% in each
period permits terminal risks to be reduced to just under
86,000. Figure 6 and table 3 report the annual treatment
volumes accomplished with this 50% budget increment.

These two cases represent reductions of risks, by the
terminal period, of 54% and 60%, respectively. The 50%
increment in the budget purchases an incremental 6 percent-
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Figure 6. Percentage of each waste type treated per period (1.5 X budget).
Goal: Minimize terminal period risk.

Table 3
Treatment volumes with budget increased by 50%, termi-
nal risk-reduction goal.

Period MLLW (%) LLW (%) TRU (%)
1 14.63 6.67 18.18
2 13.95 6.67 16.54
3 13.41 6.67 13.79
4 13.17 6.67 11.07
5 12.54 6.67 8.66
6 10.86 6.67 6.66
7 8.21 6.66 5.09
8 4.99 6.67 4.02
9 3.55 6.66 2.89
10 0.00 6.67 2.50
Total 95.30 66.67 89.40

40,000
30,000
20,000
10,000

Years

s MLLW g LLW —a— TRU

Figure 7. Cost per unit volume of waste types in treatment ($/million
cubic meters). Goal: Minimize terminal period risk.

age points of terminal risk reduction. One of the principal
reasons for this difficulty in “completing” the clean-up is
that unit treatment costs rise as the volume of waste to be
moved out of storage and through treatment falls. Thus,
previous “successes” in treatment reduce the ability to con-
duct subsequent treatment. Figure 7 shows the progress of
unit treatment costs over the course of a ten-year program,
for the base budget of $2.03 billion. The unit cost of treat-
ment for TRU nearly quadruples between years 1 and 8§,
despite increasing returns to scale (decreasing unit cost)
of volume management in treatment. If a reader believes
that our calculations of unit treatment costs, as shown in
figure 7, are lower than treatment costs in fact are, the con-

410 250,000
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Figure 8. Progress of treatment and risk reduction for all waste types
(base budget). Goal: Minimize terminal period risk.
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Figure 9. Progress of treatment and risk reduction for all waste types
(1.5 X base budget). Goal: Minimize terminal period risk.

sequences of adjusting our cost structure accordingly are
straightforward: less waste will be treated, and terminal-
period risk will be reduced by less than we have simulated.

Figures 8 and 9 summarize the progress of treatment of
all waste types and cumulative reduction of risk in storage
and disposal, for the base and augmented budgets. In the
first few periods, the program under the augmented budget
treats a marginally larger total quantity of waste of all types,
but by periods 4 and 5, the volumes are virtually the same as
with the smaller budget. The cumulative risk for wastes in
storage and disposal continue to drop off gradually, reflect-
ing the smaller volumes of waste treated in the later periods.

Figure 10 shows how budget increases affect terminal
risk and waste volumes treated. The horizontal axis shows
increments of 10% of the base budget, up to 150% of the
base budget; the left vertical axis measures total risk of all
waste types in storage and disposal; and the right axis mea-
sures the percentages of the initial waste stocks treated. The
risk axis runs from a maximum to 225,000 to zero because
the total risk of wastes in storage before the ten-year treat-
ment period begins is 216,000, and the minimum possible
risk in this measuring system is zero. The base budget can
deliver a terminal risk of around 99,000, while a budget
50% larger can deliver a terminal risk of around 85,000.
The budget increments have no effect on the volume of
LLW treated, primarily because it contributes so little to
risk, which is the focus of the objective function (i.e., re-
ducing risk is the goal, not treating waste per se). But
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Figure 10. Impact of budget increases on terminal period risk and per-
centage of waste treated. Goal: Minimize terminal period risk.
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Figure 11. Percentage of each waste type treated per period. Goal: Min-
imize all period risk.

these increments increase the percent of TRU treated from
around 78% to just under 90% and the volume of MLLW
from around 91% to just over 95%, exactly because of their
larger contribution to risks.

4.2. Program 2: Minimize current-period risk

The goal of this program is to minimize all risks at all
points in time during the period of active clean-up: worker
safety, public health, and environmental risks. These risks,
for each waste group and for each state — storage, treatment,
and disposal — are held to the minimum achievable levels.
A major, systemic floor on the risk reduction that can be
achieved is the large proportion of the composite, variable
input that must go to volume management, as contrasted
to risk management. Nonetheless, this program achieves
much lower treatment proportions than does the terminal
risk minimization program: 41.1% each of the TRU and
MLLW and 76.7% of the LLW (somewhat more than un-
der terminal risk minimization) are treated over the ten
years. The goal of minimizing current-period risk rather
than terminal-period risk makes it optimal to treat more of
the less risky waste group, the LLW, because its treatment
risks are low, and the higher treatment risks associated with
TRU and MLLW can be avoided by treating the less risky
waste. These annual treatment volumes are shown in fig-
ure 11 and table 4.

This program also reduces terminal-period risks of
wastes in storage and disposal to 143,000, a reduction of

Table 4
Yearly treatment volumes, by waste type, current-period
risk minimization goal.

Period  MLLW (%) LLW (%) TRU (%)
1 1.00 7.14 1.00
2 2.00 10.00 2.00
3 3.00 10.00 3.00
4 4.00 9.09 4.00
5 5.00 9.09 5.00
6 5.00 7.69 5.00
7 7.14 7.14 7.14
8 5.00 6.25 5.00
9 5.00 5.56 5.00
10 4.00 476 4.00
Total 41.14 76.73 41.14
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Figure 12. Expenditures for storage, treatment, and disposal ($1,000).
Goal: Minimize all period risk.

nearly 34% from the initial level. The budget constraint
never binds in this program, although a far larger propor-
tion is spent than in the mortgage minimization program —
nearly 88% as contrasted with 52%, as we show below in
section 4.3.15 Figure 12 shows the time path of expendi-
tures for program 2, and figures 13—15 show the time path
of risks in each state. The time profile of treatment risk
(figure 14) is strikingly different from the corresponding
profiles for terminal-risk minimization and mortgage-cost
minimization (figures 4 and 21). Clear but less striking,
cross-goal differences appear in the time profiles of storage
and disposal risk (cf. figure 13 with figures 3 and 20, and
figure 15 with figures 5 and 22).

15 The constraints on minimum volumes of MLLW and TRU to be treated
in each period are binding, only the volume of LLW treated exceeding
the quantity specified in its treatment constraint, and that, in fact, by
a considerable amount. If one considered these minimum-treatment-
volume constraints to reflect the Site Treatment Plan and the over-
all management philosophy to be roughly consistent with the goal of
this objective function, the unofficial wisdom that little of consequence
would be done outside the Site Treatment Plan seems to have some
foundation, even if it is not entirely correct. Thus, despite the fact
that the budget constraint never binds in the solution to this program,
the “extra” dollars do not go to additional risk reduction because the
additional treatment that would involve would entail additional risk
that the objective function tells the manager to avoid. Even less of the
riskier wastes would be treated without the minimum-treatment-volume
constraints.
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Figure 13. Storage risk. Goal: Minimize all period risk.
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Figure 14. Treatment risk. Goal: Minimize all period risk.

Figure 16 traces the path of treatment costs for each of
the waste types, although only that for TRU is clearly iden-
tifiable on the scale of the graph. After period 1, the unit
treatment cost of TRU falls until period 4; it rises gradually
and continuously through period 6, and increases sharply
in period 7, when the volume of TRU treated rises from its
levels in periods 5 and 6. It falls back again in period 8§,
when the volume treated again falls back to near the level
of periods 5 and 6. The unit cost is only about a quar-
ter of what it is under the terminal-risk minimization goal
(figure 7). Figure 17 presents the reduction in risk proceed-
ing from total treatment volume in the current-period risk
minimization program.

It may surprise some readers that as much waste gets
treated in this scenario as we project, considering the pos-
sibly large costs of driving risks indefinitely lower. Recall,
however, that in parameterizing the model, we used the 90—
10% split of costs between volume management and risk
management, and that while this starting value of the com-
posite labor input for parameterization did not absolutely
constrain the results to a 90-10% allocation of costs (or,
equivalently, composite labor inputs) between volume and
risk management in the solutions, it did impose a tendency
for risk reduction to become asymptotic not far away from
this general cost-ratio vicinity. That is, the additional phys-
ical reductions in risk tend to get very small when the
amount of the composite labor input applied to the risk
management activities exceeds the range of 160-200 units.
If we re-parameterized the model to obtain values of the o

35,000
30,000 -
25,000 -
20,000 -
15,000 -
10,000 -
5,000 -
0

Years

—— LLW g MLLW —— TRU Total Disposal

Figure 15. Disposal risk. Goal: Minimize all period risk.
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Figure 16. Cost per unit volume of waste types in treatment ($/million
cubic meters). Goal: Minimize all period risk.

and g coefficients using start values of, say 500750 units
of the composite labor input, keeping risk per unit volume
at the maximum levels allowed by the constraint functions,
in each of the programs, would be much more expensive
than it is with the current specifications. In program 1,
the terminal-period risk minimization problem, less waste
could have been treated and the terminal-period risk would
have been much higher. In the current problem of mini-
mizing all risks in each period individually, the minimized
level of risks would have been substantially higher, and less
waste would have been treated.

4.3. Program 3: Maximize mortgage reduction

This problem is one of cost minimization, with a trade-
off between treatment costs during the ten years of possible
clean-up activity and an indefinite future period over which
taxpayers reap the benefit of lower Surveillance and Moni-
toring (S&M) costs on wastes that have been treated. This
cost saving is literally purchased with treatment costs, and
the optimal stopping condition on treatment is the equal-
ization of additional treatment costs and the additional dis-
counted present value of S&M cost savings.

The unit costs of treatment are quite high relative to unit
costs of storage for untreated waste, so this goal would have
DOE treat very little of these wastes. It is cheaper to keep
the vast majority of them in untreated storage indefinitely
than it is to pay the cost of treating them in return for
future cost savings. Consequently, only small proportions
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Figure 17. Progress of treatment and risk reduction for all waste types
(base budget). Goal: Minimize all period risk.

2%

15% +

10% +

5% +

0% -
6 1 2 3 4 5 6 7 8 9 10
—4—MLLW ~Z~LLW —A—TRU

Figure 18. Percentage of each waste type treated per period. Goal: Max-
imize mortgage reduction.

Table 5
Yearly treatment volumes, by waste type, mortgage reduc-
tion goal.
Period MLLW (%) LLW (%) TRU (%)

1 9.84 3.31 10.86

2 0.00 2.70 6.83

3 0.00 2.32 0.00

4 0.00 2.07 0.00

5 0.00 1.87 0.00

6 0.00 1.68 0.00

7 0.00 1.45 0.00

8 0.00 1.14 0.00

9 0.00 0.69 0.00

10 0.00 0.00 0.00

Total 9.84 17.22 17.69

of the initial stocks in storage are treated under a mortgage
reduction plan: 9.8% of TRU, 18.4% of MLLW, and 17.2%
of LLW. Using the GAO-recommended discount rate of 3%
for capital projects, the cost of treatment is recovered by
reduced storage costs in disposal in year 2013, the seventh
year after the end of the treatment period. Figure 18 and
table 5 show the annual treatment volumes.

As a consequence of the small amount of treatment and
the rapid reduction in storage costs with the withdrawal of
a small volume, the budget constraint is never binding (al-
though it comes close in the first period, with expenditures
of $201 million out of a budget of $203 million). By the

250,000
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100,000 -
50,000 -
0 & =y
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—g— Storage —#%— Treatment —a— Disposal Total

Figure 19. Expenditures for storage, treatment, and disposal ($1,000).
Goal: Maximize mortgage reduction.
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Figure 20. Storage risk. Goal: maximize mortgage reduction.

fourth period, slightly less than half of the budget is used,
and by the seventh period, less than one-third of the bud-
get is spent. Through the entire ten-year period, only 52%
of the planned budget is spent. This is the reason we said
above, in section 2.4, that we believed the magnitude of the
bias to expenditures versus cost savings created by not dis-
counting the ten-year operational expenses to be minimal.
Discounting would have led to more treatment, but only
by a small amount. Figure 19 shows the total expenditure
pattern for the ten-year period, by type of expenditure.

Another consequence of the small treatment volumes is
the relatively small reduction in risks achieved by the end
of the treatment phase. The tenth-period risk correspond-
ing to terminal risks in program 1 is 191,000, a reduc-
tion of 11.5% from the initial level. Figures 20-22 show
the progress of risks in each state. Risk drops modestly
in storage; spikes early, then falls to very low levels in
treatment; and spikes sharply early in disposal, then rises
very gradually, reflecting the small movement of wastes
through treatment and into disposal. Figure 23 shows a
fall in unit treatment costs for TRU from period 1 to pe-
riod 2, but those costs are zero after period 2 because
no TRU is treated. The peak unit cost is slightly higher
than under the minimize-all-period-risk goal (figure 16),
and appears substantially earlier, but otherwise has a much
lower level throughout the rest of the plan period, es-
sentially because so little is done with TRU under this
goal.
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40,000

Figure 24 depicts the progress of risk reduction in stor-
age and disposal, as it is reduced by volume treated over
the ten-year period. Under the mortgage reduction goal,
the rapid decrease in volumes of waste treated leaves risk
reduction line nearly flat, emphasizing that this is not a
risk-related goal.

30,000 -
20,000 -
10,000 -

0 4
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Years 5. Inter-program comparisons and conclusions

The three goals produce sharply divergent results regard-
ing cost, risk, and clean-up. Table 6 summarizes the values

—— LLW g MLLW —A— TRU Total Treatment

Figure 21. Treatment risk. Goal: Maximize mortgage reduction. of some of the variables of recurrent interest under these
alternative sets of motivations. Perhaps most striking is the

12,000 cost difference between the mortgage reduction and termi-
10,000 + nal risk minimization scenarios. The terminal risk goal is
8,000 L a genuine clean-up goal, and it is the most costly of the
6,000 + three goals. Also particularly interesting is the fact that the
4.000 L current-period risk minimization goal delivers less risk re-
’ duction over the course of the ten-year program than does
2,008 T the terminal risk minimization program. Clearly, current-

period risk minimization trades off risks to the current gen-

o 1 2 3 4 5 6 7 8 9 10 cpnion against risk to future generations, pushing the inci-

Years dence of risks off into the future.
The different overall goals impose strikingly different
—4— LLW —s— MLLW —— TRU Total Disposal unit treatment costs, which are particularly visible for TRU
in the diagrams for unit treatment cost. Under the goal of
Figure 22. Disposal risk. Goal: Maximize mortgage reduction. minimizing terminal-period risk, the unit cost of “treating”

TRU rises to just under $40 thousand per million cubic

12,000 meters, in period 8. Under the goal of reducing mortgage

10,000 costs to the greatest extent possible, the maximum treatment
8,000 cost for a million cubic meters of TRU is around $11 thou-
6,000

sand, in period 1, and under the goal of minimizing risks
in each period, the maximum cost of treating TRU is just
under $10 thousand per million cubic meters in period 7.
The reason for the treatment cost differences lies in the
production function for treatment. The specification of the
Years treatment volume function has increasing returns to scale in
treatment (i.e., the more treated at one time, the lower the
unit cost) but sharply decreasing returns to scale in manage-
Figure 23. Cost per unit volume of waste types in treatment ($/million ment of unit risk; additiona"y: treatment costs are affected

4,000

@ MLLW g LLW —— TRU

cubic meters). Goal: Maximize mortgage reduction. negatively by having a larger stock in storage to work with

at the beginning of the period. Combining these three ef-

250 250,000 fects yields a substantially larger cost of treating the later

191,787 units of TRU. In the goal of minimizing terminal-period

200y \i bttt pe | 20000 risks, 90% of the initial TRU stock is treated during the

2 1501 e 1s0000 fen-year peripd, \.Vhile.upde.:r the mortgage-cost-reduction

E -y —_ £ and each-period-risk-minimization goals, 41% and 9.8% of

= 100+ B T 100,000 the TRU stock is treated. Clearly, the much more extensive

050 | H‘ﬁ\a 000+ 50,000 treatment of the TRU in terminal-risk minimization is quite
costly.

0.00 I A ., The difficulty in pushing risk reduction much beyond

6 1 2 3 4 5 6 7 8 9 10 50% of its initial value points to a highly directed focus for

R&D. Without improved treatment technologies, budget in-
crements directed toward treating the last 10% of TRU and
Figure 24. Progress of treatment and risk reduction for all waste types ~MLLW stocks seem largely futile. Reduced treatment costs

(base budget). Goal: Maximize mortgage reduction. also could yield a larger role for treatment, and consequent

g Treatment Volume (Bilions of Cubic Meters) - Storage and Disposal Risk
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Table 6
Summary statistics on accomplishments under alternative goals.
Terminal risk Current-period risk Mortgage
minimization minimization reduction
Budget spent (%) 100 88 52
Terminal-period storage 99 143 192
and disposal risk (in
units of 1000)
Reduction in initial 55 34 12
risk (%)
TRU treated (%) 77 41 18
MLLW treated (%) 90 41 10
LLW treated (%) 67 77 17
Total waste treated (%) 67 77 17
Table 7

Costs of continuing stewardship if treatment were stopped at different times.

Time Terminal period risk Optimal mortgage Total risk minimization in
reduction reduction each period
0 2,908,125 2,908,125 2,908,125
1 1,637,135 2,063,096 2,368,292
2 841,779 1,557,367 1,570,746
3 516,102 1,347,518 1,100,552
4 380,424 1,192,640 793,278
5 327,800 1,074,904 571,743
6 313,812 984,959 456,426
7 317,599 917,816 368,398
8 329,069 870,997 345,424
9 342,682 845,008 338,576
10 353,589 845,008 341,252

risk reduction, in a mortgage reduction plan. If treatment
costs are in fact believed to be substantially higher, rela-
tive to storage costs, than they are parameterized here, and
if the fixed costs of storage are quite large, such that the
early reductions in storage volumes do not sharply reduce
storage costs, squeezing funds for treatment out of current
storage budgets could be quite difficult. This is a situation
that DOE personnel at field offices have noted. Such a
conjunction of cost characteristics would imply that a sim-
ple reduction in the parameterized values of treatment costs
used here might not result in substantially greater volumes
of waste getting treated.

Rearranging the information from the three programs
offers some additional insights into what the different ob-
jective functions are accomplishing. In table 7, we present
what we call the continuing stewardship costs if all treat-
ment were ceased in each period under consideration. For
example, in the first row of each of the three goal columns,
the Department of Energy would incur the present dis-
counted value of $2.91 billion in future storage costs if
it never proceeded with any treatment at all. Continuing
down the “Terminal period risk reduction” column to the
first period, we find that if treatment volumes were deter-
mined by this objective function for one period but there-
after were ceased altogether, the Department would face a
present discounted value of $1.64 billion of future storage
and disposal costs. Following this same goal but going
through mwo years of the ten-year treatment plan and then

stopping treatment forever would leave the Department with
a future bill of $842 million, in present discounted value,
for storage and disposal. Following these stewardship costs,
so defined, down each column, we find the peculiarity un-
der the goals of “Terminal period risk reduction” and “Total
risk minimization in each period” that stewardship costs do
not continue to fall throughout the entire ten-year treatment
plan. They reach a minimum in period 6 with “Termi-
nal period risk reduction” and in period 9 with “Total risk
minimization in each period.” They reach a minimum in
period 9 of the “Optimal mortgage reduction” program and
remain the same in the last period.

Because of the cost structure embedded in the produc-
tion functions for storage and production, at some point,
it becomes cheaper to leave waste in storage than to put
it in disposal: quantities have gone down in storage and
gone up in disposal to the points where increasing costs
are kicking in in the latter and reducing costs even further
in the former. The fact that this does not happen in the
mortgage-minimization program is attributable to the cost-
minimization in the objective function. That is another rea-
son the latter program stops treating waste in the last period.

In none of the goals examined here has there been
any role for the value of risk reduction. The expensive,
terminal-risk-reduction program might be worth its extra
costs in terms of the value of the additional risk reduction
it offers, but without explicit information on those values
incorporated into the plan, risks are simply reduced — or
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at least waste continues to be treated and placed in dis-
posal — until the budget runs out. If adequate information
were available on the costs of the initial risks and on the
value of their reduction, a logical risk management strategy
would be a cost-benefit approach in which incremental ex-
penditures were equated to the incremental values of risk
reduction. As the current plans are implemented by the
optimization programs modeled here, the units of the com-
posite variable input are allocated to risk management of
the different waste groups, and across states (storage, treat-
ment, and disposal), so as to equalize the incremental risk
containment derived from an increment to the composite
variable allocated to each waste group and state. This oc-
curs simply via the optimization. However, there is no such
clear, value rationale guiding the allocation of composite
inputs between risk management and volume management.
The default allocation rule used by the optimization model
simply equalizes the impacts on the value of the objective
function of additional units of the composite input in each
waste group and state. As we have noted, nothing in the
objective functions used here offers information on values
— just quantities: quantities of risks and quantities of dol-
lars. There is no information on which to draw that would
tell us how much, say, an % reduction in risk is worth.

Appendix: The DOE/Oak Ridge 2006-Plan data

We took cost, risk, and waste volume data from the
Oak Ridge 2006 Plan. We identified and collected these
data at the project level for 73 ORNL Remedial Ac-
tion (RA), Decontamination and Decommissioning (D&D),
and Waste Management (WM) projects involving Mixed
Low-Level Waste (MLLW), Low-Level Waste (LLW), and
TRansUranic (TRU) waste. Through a series of combining
and allocative operations on the raw, project-level data, we
arrived at initial-period stocks (volumes) of MLLW, LLW,
and TRU waste and the risk associated with the initial
stock of each waste type.'® The relative costs and risks
of working with each of the waste types we derived from a
combination of the project-level data and widely available
engineering knowledge.

We combined three data bases to create a unique and
integrated data base of cost, risk, and waste volumes. The
2006 Plan provided the cost information. Using informa-
tion contained in the spreadsheet of raw values from the

16 For “combining” operations, we collapsed “paper” projects such as a
Record of Decision (ROD) into the “dirt-moving” projects they sup-
ported, reducing the apparent number of “projectized” projects, but
keeping constant the total clean-up activities to be undertaken. For the
“allocative” operations, since these paper projects frequently had been
assigned sizeable risks, and the actual dirt-moving projects they sup-
ported, comparatively low risks, we distributed the risks assigned to the
paper projects in the 2006 Plan data to the corresponding dirt-moving
projects; similarly with the costs of the paper projects. Another alloca-
tive operation was the separation of different waste types in a single
project into our three waste categories. Corresponding to this distrib-
ution of waste types, we allocated the original project risk and cost in
proportion to the volume of each type of waste.

Management Evaluation Matrix (MEM) and the MEM qual-
itative values, current risk was determined. The Environ-
mental Management Enrichment Facility Program’s Waste
Generation Forecast Data Base provided waste volume in-
formation. We obtained cost, risk, and volume data from
U.S. DOE/Oak Ridge Operations Office [14] and Lockheed
Martin Energy Systems (LMES) sources responsible for the
development of the 2006 Plan. We reviewed the data for
consistency and completeness but did not attempt to iden-
tify root data sources and validate the estimates provided
to us. Rounding error is present in our raw data sources
and our computational approach. The bias of such error
is insignificant since we are dealing with differences in or-
ders of magnitude of no more than six while performing
computations with floating-point accuracy of 103!,

A.l. The cost data

The cost data relating to each project are budget projec-
tions of funds to be allocated to each project during the 2006
Plan, based on the DOE assumption of level funding for the
ten-year period, the ORNL share of which is $203 million
per year. These costs are in 1997 dollars; to the extent that
allowances have been made in these budget projections for
either real cost increases or decreases (i.¢., not simply price-
level change due to gradual inflation), these are expressed
in terms of constant 1997 dollars.

We retain the constant-dollar approach in our use of the
cost data. We generally (but not always) avoid discounting
costs in our analysis. For this decision we offer several rea-
sons. First, the 2006 Plan’s budgeting process itself deals
with undiscounted dollars because Congress allocates funds
in undiscounted dollars; translating back and forth between,
say $203 million in 2005 and its present discounted value
of roughly $185 million to refer to the same cost of the
same activities would accomplish little besides confusion.
Second, given the planning parameter of level funding in
real terms, discounting at OMB rates for only a ten-year
period does not leave much scope for rearrangement of ac-
tivities to achieve lower present values of costs. However,
in our analysis of the mortgage-reduction goal, which in-
volves spending money over the ten-year clean-up period to
save recurring costs over some longer period in the future,
we do discount the avoided future costs.

A.2. The risk data

The risk data in the 2006 Plans of each DOE field of-
fice are based on the methodology of the Activity Data
Sheet/Risk Data Sheet (ADS/RDS) and the Management
Evaluation Matrix (MEM) [9, Attachment 4], as modified
by the project baseline summary (PBS) process early in
1997 [10, Attachment C]. The risk scores generated with
this methodology are dimensionless numbers.!” While the

17 That is, they do not have the dimensions of, say, excess cancer deaths
thirty years hence, per unit of hazardous material.
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full, RDS/MEM procedure includes components for vari-
ous administrative risks (i.e., will we or will not we com-
plete the job?) and technological/financial risks (will the
proposed technology produce output which satisfies accep-
tance standards, or might we have to re-do part of all of
the waste, at additional cost?). We have included only the
portions of the risk scores attributed to worker safety, pub-
lic health, and environmental safety. The measurement of
risk with these tools has been the subject of some criticism,
which we discuss more fully in the appendix to [3]. The
risk data we use from Oak Ridge, plus the equivalent risk
data from the other DOE facilities are what DOE is us-
ing to prioritize risks and sequence project actions through-
out the entire Weapons Complex in the 2006 Plan. Rather
than use these data blindly, however, we have studied the
relative properties of our waste-specific risk scores to as-
sess their correspondence to widely recognized orders of
riskiness of the different waste types (e.g., TRU risk per
unit of TRU waste > MLLW risk per unit of MLLW >
LLW risk per unit of LLW waste) and their rough accor-
dance with somewhat more judgmental, quantitative ratios
of risks (e.g., TRU risk order-of-magnitude > LLW risk;
MLLW risk several times > LLW risks).

This data source provides only initial-period risk data.
One of the things the models do is reduce initial-period
risk by treating certain volumes of specific waste groups
each period and moving the treated material to some fi-
nal (or long-term temporary) disposition state and location.
The logical mechanisms of the RDS/MEM system which
generated these risk data for the initial period (i.e., for the
initial stocks of waste) do not continue to operate on the
risk data once they are put into the models; the models
provide their own logic regarding risk-reduction (or con-
tainment) per unit of effort (cost) in each of the three states
of the model (storage, treatment, disposal). Thus any de-
ficiencies in the construction of the initial-period risk data
that are not reflected in their relative orders of magnitude
do not continue to operate actively on these data while they
are used in the models developed here.

A.3. The volume data

The volume data are relatively straightforward. At the
project level, projects are identified as Remedial Action
(RA), Decontamination and Decommissioning (D&D), or
Waste Management (WM). Allocating the “volumeless’ ad-
ministrative projects across their associated “dirt-moving”
projects, most of the identified projects at ORNL deal with
two or more of the three waste types (MLLW, LLW, TRU).

Our optimization models use quantities of the three waste
types as data; the optimization is of the quantity of each
waste type to be moved out of storage and treated, then
moved to disposal, in each of the ten time periods. We do
not attempt to derive some optimal sequencing of originally
identified projects, but rather the quantitics of the waste
stocks dealt with. Consequently, we map the 73 originally
identified projects onto three waste stocks existing at the
initial time period (“time zero” in the terminology of the
model). We describe the full details of how we accomplish
that in the appendix to [3].
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