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ABSTRACT. Nuclear weapons require the periodic replacement of tritium, a radioac-
tive gas that decays at approximately 5.5 percent per year. Since 1989 the United
States had no tritium supply facility, and, because of the decay of tritium, its inven-
tory was expected to fall below the required reserve level in 2011. To decide how
to fill this projected gap, the Department of Energy assessed several tritium supply
alternatives, including several types of new reactors, an accelerator, and the use of
commercial reactors. This paper describes the decision analysis process, conducted
in the mid-1990s, to support the decision by the Secretary of Energy to choose
among the options. This process involved two rounds of analysis, several surprises
and many adjustments. In the end the decision analysis was successful in shaping
both the intermediate decision by then-Secretary O’Leary and the final decision
by Secretary Richardson.

The Problem

Tritium is a necessary component of all nuclear weapons. Because tritium decays
at a rate of approximately 5.5 percent per year, it must be replaced periodically.
Over the past 40 years, the Department of Energy (DOE) has built and operated
fourteen reactors to produce tritium and other nuclear materials for weapons
purposes. In 1988, then-President Bush shut down the last remaining tritium pro-
duction facility, a heavy-water reactor in Savannah River, GA. Since that time,
no tritium has been produced and the DOE had to rely on recycled tritium from
existing weapons to replenish decaying tritium sources.

The strategic arms reduction treaties known as START I and START II
resulted in reducing the number of weapons in the stockpile of the US and Russia
and made it possible for the US to rely on a tritium recycling program for a limited
time. However, when this analysis was conducted in the mid-1990s, it was clear
that a new tritium production source would eventually be required. Under the
START I treaty a new tritium source would be required by 2005 and under the
START II agreement a new source would be needed by 2011 (Figure 25.1).

The main issue was what technology to use for producing tritium. Several new
reactor types were considered as well as a large linear accelerator. Purchase of
tritium from foreign sources (Canada and Russia have an oversupply of tritium)
was considered not acceptable for national security reasons. Using an existing
commercial reactor was originally thought to be in violation of national policy
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Figure 25.1. The U.S. tritium inventory without new production capabilities and levels to support
START | and START Il requirements.

and international agreements. Other issues concerned the siting of the tritium
production facility and a choice of upgrading the existing tritium recycling facility
at Savannah River versus building a new recycling facility co-located with the new
production facility.

The stakes in this decision were high. First, the lack of a steady and reliable
source of tritium was considered a threat to national security. Although most
alternatives appeared to be able to meet the production requirements, significant
uncertainties were associated with some. Second, the costs of the alternatives were
very high. For example, building a new reactor or an accelerator can cost between
$3 billion and $6 billion, and operating them can cost an additional $100 million
to $250 million per year. Third, there were environmental concerns with most
alternatives, including the production and disposal of radioactive waste and the
risk of major accidents resulting in the release of radioactive material.

The Secretary of Energy at the time of this analysis was Hazel O’Leary. She had
the ultimate responsibility of choosing among the tritium supply alternatives, sites
and recycling facilities. Key participants in the decision-making process were the
DOE Assistant Secretary of Defense Programs and the Under Secretary. Major
stakeholders were the Department of Defense, Congress, public interest groups,
and the private vendors of tritium production. The main concern of the Depart-
ment of Defense and its Nuclear Weapons Council was to ensure timely tritium
production in the required amounts. Congress and its appropriations committees
were concerned with cost. Several public interest groups expressed strong oppo-
sition to building new nuclear reactors and concern about environmental impacts
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and employment. The private vendors lobbied for their own designs for tritium
production.

Getting Started

In 1993, 1 was asked by the staff of Fluor Daniel, Inc., a major subcontractor
to the DOE, to give several one-week short courses on using decision analysis
as a tool to improve the key decisions that had to be made in DOE’s Office
of Reconfiguration. This office, which was part of DOE’s defense program, was
created to manage the major transitions of the weapons complex following the
demise of the Soviet Union.

The short courses were received well and the director of the Office of Recon-
figuration, Fluor Daniel and other subcontractors appeared to be committed to
use decision analysis ideas and tools to address a variety of problems. However,
in early 1994, the Office of Reconfiguration was split into three parts: a tritium
production office, a plutonium disposition office, and a nuclear stockpile steward-
ship office. Both the tritium production office and the plutonium disposition office
continued to use decision analysis in their major decisions (for the plutonium dis-
positions study, see Chapter 24 in this volume). I am not aware of any decision
analysis activities regarding stockpile stewardship.

When the Office of Tritium Production was created, I was asked to lead a
decision analysis of the choice of a tritium production technology, site, and recy-
cling facility. I realized that this was a substantial job and would require help
from several decision analysts as well as significant portion of my own time. I
therefore asked for a leave of absence from the University of Southern California
and recruited Ralph Keeney, Richard John, Robin Dillon (who worked at Fluor
Daniel, Inc. at the time), and Robin Keller to work on this project. In the process,
I also launched Decision Insights, Inc., which was incorporated on July 1, 1994,
serving primarily this effort and several activities to support DOE’s environmental
management program. ’

One of the most important tasks in getting a decision analysis started is to iden-
tify the decision maker or decision makers involved in the problem and to establish
appropriate reporting mechanisms. It was clear to me that the key decision mak-
ers were (in order from lower to higher): the deputy director and the director of
the tritium production office, the assistant secretary for defense programs, and
Secretary O’Leary. Reporting to a subcontractor, and possibly through an ill-
understood chain-of-command, seemed to invite problems. I therefore requested
to report directly to the director and deputy director of the Office of Tritium
Production, thus bypassing the staff of Fluor Daniel, Inc., who were formally my
contractors. This decision was absolutely crucial, as it turned out later, because it
gave me open and continuous access to the decision makers, without filtering our
analyses through layers of management.

Another important part of this analysis was to divide the work between
different contractors. Fluor Daniel, Inc. was the main technical contractor and
TetraTech, Inc. was the main environmental consulting company. Once my own
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reporting mechanism was established, I became, in effect, the lead decision analyst
working with the directors of the office to oversee and guide the activities of the
two major subcontractors. This also was an extremely important development as
decisions made later about the direction of the decision analysis had substantial
implications for the two contractors.

Physical proximity to the decision makers also turned out to be important. I
set up an office in the Fluor Daniel complex in Alexandria, Virginia, with open
access to office space in DOE’s headquarters. As a result I was in virtually con-
stant and direct personal contact with the key decision makers over the next
eighteen months. This was important because many key decisions about the anal-
ysis occurred during casual meetings at the offices of Fluor Daniel or at DOE’s
headquarters.

When the analysis started in April, 1994, about seventy engineers, cost special-
ists, and environmental analysts worked on various aspects of the tritium project.
Fluor Daniel, Inc. was charged with developing the engineering and cost data and
estimates for the tritium supply alternatives. TetraTech, Inc., was charged with
conducting the environmental analyses and developing the programmatic envi-
ronmental impact statement (PEIS). A guideline to the contractors was that all
estimates were to be based on existing reports and data. As a result, a major part
of the early effort was to collect and catalogue several hundred boxes of existing
information on the tritium supply alternatives. One of the major challenges was
to organize the collection and assessment of information to support the decision
by the Secretary of Energy and to draft a record of decision, the legal document
presenting the Secretary’s decision.

The project lasted for about eighteen months with an overall cost of approxi-
mately $20 million. The decision analysis effort cost about $1 million, not counting
the work contributed by Fluor Daniel and TetraTech staff to this effort. Figure 25.2
shows a timeline of the project.

The Multiattribute Utility Analysis

The initial formulation of this decision problem included six tritium supply alterna-
tives (a heavy-water reactor, two advanced light-water reactor designs, a modular
high-temperature, gas-cooled reactor, and two version of a linear accelerator).
The DOE wanted to evaluate these alternatives against numerous conflicting
objectives, related to production assurance, cost, and environmental impacts. This
concern with multiple objectives suggested the use of a multiattribute utility anal-
ysis (Keeney and Raiffa 1976; von Winterfeldt and Edwards 1986). This analysis,
conducted in the second half of 1994, consisted of defining the objectives, collect-
ing data to estimate how well the alternatives met them, and obtaining trade-off
judgments from DOE officials to evaluate the alternatives in terms of production
assurance, cost, and environmental impacts. In addition, we held several expert
workshops to quantify the uncertainty in the data and estimates.

The analysis started in a fairly conventional way. Because it was not clear
whether production technologies, site alternatives, and recycling options had some
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Figure 25.2. Timeline of the tritium decision analysis process.

interactions with respect to the objectives, we decided to analyze all possible
combinations — fifty-four altogether:

1. Six production technologies
a. Large advanced light-water reactor (LAWR)
Small advanced light-water reactor (SALWR)
Heavy-water reactor (HWR)
Modular high-temperature gas-cooled reactor (MHTGR)
Small accelerator (SAPT - designed to meet START II requirements)
. Large accelerator (LAPT - designed to meet START I requirements)
2. Five sites
Idaho National Engineering Laboratory (INEL)
Nevada Test Site (NTS)
Oak Ridge Reservation (ORR)
Pantex Plan (PANTEX)
e. Savannah River Site (SRS)
3. Two recycling alternatives
a. New recycling facility at any of the five sites
b. Upgrade existing recycling facility at SRS

~e e o

oo

Although this generated sixty possible combinations, at Savannah River only
upgrading the recycling facility made sense, reducing the set of alternatives to
fifty-four.
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There were many discussions about whether we could separate the technol-
ogy choice from the site evaluation and either or both from the decision about
recycling. At the early stage of this analysis, the argument prevailed that there
could be significant interactions leading to this exhaustive list of combinations.

The objectives for the multiattribute utility analysis were obtained from
reviewing the content of a previous programmatic environmental impact state-
ment, previous studies of both technology choice and facility siting decisions and
interviews with environmental and technical specialists of the DOE and its con-
tractors. The three major objectives were:

1. Ensure production of tritium.
2. Protect the environment, health, and safety.
3. Reduce costs.

These were broken down as follows: Production assurance had three subobjec-
tives: meet schedule; provide sufficient capacity; Ensure availability. The schedule
objective came from the concern that some of the alternatives may not meet the
2011 deadline for producing tritium. The capacity objective was to address con-
cerns, primarily with the accelerator, about the annual amount of tritium that
could be produced with the technology. The availability concern addressed issues
about the continuity of production throughout the many years of the planned life
cycle of the facility.

The environmental objectives were broken down into seventeen objectives
ranging from worker risks due to normal operations, to public risks due to major
disasters, to pollution and socioeconomic impacts. Costs were broken down into
the total life-cycle cost of designing, constructing and operating the tritium supply
facility, the cost of the recycling facility, and the possible revenues from electricity
production.

Measures were defined for each of the twenty-three objectives. For example,
the schedule objective was measured in terms of the year and month at which
tritium from the production facility would become available. Worker risks were
measured in terms of the expected number of worker cancers and other fatalities
due to the operation of the facility over 40 years. Cost was expressed as total
life-cycle costs, measured in discounted 1995 dollars.

At this point, the analysis was set up to provide consequence estimates of
fifty-four alternatives on twenty-three objectives — a daunting task. Fortunately,
many of the cells in this table of alternatives by objectives had identical or similar
consequences. For example, the production assurance assessments did not depend
on the site chosen. In addition, we had many experienced assessment teams and
could build on a draft environmental impact statement to pull together the re-
quisite estimates. The technical, cost, and schedule estimates were provided by
the staff of Fluor Daniel, Inc. The environmental estimates were provided by the
staff of TetraTech, Inc. In all cases, we organized the elicitation in small group
workshops. In some cases (schedule, capacity, availability, and cost), we obtained
probabilistic estimates from the experts.
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Table 25.1. Aggregate comparisons of six tritium production
alternatives

Production Environment, Total life-cycle
assurance health and safety  cost ($M)
HWR 99.98% 71 $5,551
Large ALWR 99.99% 58 $5,940
Small ALWR 99.97% 65 $4,444
MHTGR 99.89% 72 $6,529
Nominal APT 97.29% 82 $5,943
Full APT 97.39% 82 $6,907

Note: Production assurance assumes no technical or institutional problems;
the production assurance for the nominal APT is for START Il requirements.

To aggregate the three subobjectives of production assurance into one mea-
sure, we developed a model that simulated the production cycle of each technology
over 40 years (see below for more detail). This production simulation model gave
us an estimate of the expected percentage of tritium production at or above the
required amount over the entire 40-year life cycle of production. This percentage
ranged from 99.99 percent for the light-water reactors to 97.29 percent for the
nominal accelerator.

We aggregated the other sets of subobjectives using standard multiattribute
weighting techniques (swing weights and pricing out) involving interviews with
four DOE officials. For the environment, health, and safety objectives we used an
aggregate utility measure ranging from 0 (worst) to 100 (best). For the aggregate
cost we used discounted (at 3.8 percent) total life-cycle cost. We decided early on
to assign weights only to the subobjectives under the three main objectives (pro-
duction assurance; cost; and environment, health and safety), instead of weighting
these three subobjectives as well. This was done primarily to leave the decision
makers some room for discussion and for deliberating possible tradeoffs among
the three major objectives. i

As the multiattribute utility analysis progressed, it became clear that only
some minor interactions occurred between sites and technologies. As a result, we
were able to report the results separately for technologies, sites, and recycling
alternatives. The results are shown in Tables 25.1 and 25.2.

Regarding technologies, all alternatives show a high degree of production
assurance with the large ALWR being best and the accelerator being worst. From
an environmental point of view, the accelerator is the best alternative because it
has no severe accident risks and produces no or little waste. The large ALWR is
worst for exactly the opposite reasons. Regarding cost, the small ALWR is best,
the accelerator is worst. As a result, the decision comes down to a tradeoff among
the three main objectives. If a large weight is placed in environmental concerns
(60 percent or more), the accelerator is the preferred alternative.

Regarding sites and recycling options (Table 25.2), the best environmental
site was the Nevada Test Site; the worst was the Savannah River Site. A new
recycling plant co-located with the new production facility was always better from
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Table 25.2. Aggregate comparisons of site and recycling alternatives
(for the small ALWR)

Environment,
health, and safety Life-cycle cost ($M)

Nevada Test Site

New recycling 69 $5,178

Upgrade at SRS 65 $4,444
Idaho National Eng. Lab

New recycling 59 $5,198

Upgrade at SRS 56 $4,184
Savannah River Site

New recycling n/a n/a

Upgrade at SRS 47 $4,158
Oak Ridge Reservation

New recycling 53 $4,688

Upgrade at SRS 50 $4,098
PANTEX Site

New recycling 58 $4,940

Upgrade at SRS 54 $4,250

an environmental perspective. In terms of costs, the Oak Ridge Site was least
expensive; the INEL Site was most expensive. Recycling at Savannah River was
always cheaper than building a new recycling plant at a different site. These results
are shown in Table 25.2 for the small ALWR, but the results are similar for all
other technologies. Overall, the finding was that the choice of a site or recycling
facility made less difference in terms on environmental impacts or costs than the
choice of a production technology.

With this material in hand, we briefed the assistant secretary for defense pro-
grams in January 1995. The results were noted by the assistant secretary and his
staff, but many issues were raised about the risks and uncertainties surrounding
cost and production assurance. As a result, we were asked to start a second phase
of analysis, which focused on these risks. Before describing the findings of this
analysis, a short interlude about the politics of this decision process is needed.

Interlude about the Politics of Decision Making

While we were conducting the multiattribute utility analysis, two events occurred
that indicated a strong support for the accelerator by key decision makers. In the
summer of 1994, the Joint Advisory Committee of the DOE and the Department
of Defense issued a statement supporting the use of the accelerator for tritium
production and in November of 1994 the JASON committee, a scientific advisory
committee to the DOE, also supported the accelerator. Both committees con-
sidered the accelerator to be a sound technology for producing tritium that was
environmentally clean and enjoyed public support. Our analysis team received
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several messages from DOE staff suggesting that the accelerator may be the pre-
ferred alternative, even though our analysis was not completed yet.

This created a potential dilemma. On one hand, I could see how the acceler-
ator could be defended using a very high weight on environmental objectives. At
the same time, I questioned whether the relatively minor environmental benefits
of the accelerator could outweigh the moderate concerns about production assur-
ance and the significantly higher costs. In the briefing with the assistant secretary I
therefore pushed the issue of this tradeoff, asking, in essence, why the accelerator
was so strongly preferred. His arguments were that the accelerator was environ-
mentally friendly, would face little opposition or delays, and, although costly, the
costs could be reduced through alternative designs and research and development.
The analysis left room for this argument, but I pointed out that these benefits came
at a significantly increased costs.

Meanwhile, there were other — implied or unspoken — concerns. No nuclear
reactor had been built in the United States for 20 years and it seemed unlikely
that the Clinton administration wanted to do anything to revive a nuclear power
program. In addition, the accelerator was a potential research and development
bonanza for the national laboratories, because many technical issues needed to be
resolved prior to building it. In contrast, all the reactor options would be developed
and constructed by the private sector with little laboratory assistance.

None of these political agenda items were made explicit in the course of this
analysis, but it is hard to believe that they did not have an influence on the decision
making process. Our briefing on the relative advantages of the accelerator versus
a reactor was clearly not a strong endorsement of the accelerator. We also had
identified many uncertainties and risks of all technologies, including risks of some
of the reactors not receiving licenses and risks of schedule and cost overruns.
Whatever the reasons, the result of the briefing with the assistant secretary was
to continue our work and conduct a more-detailed risk analysis on production
assurance and cost.

As we began to rescope the analysis to include a more thorough risk analysis,
five new alternatives were proposed, three that made use of commercial reactors
and two that represented advanced designs of the heavy-water reactor and the
modular high-temperature gas-cooled reactor. The commercial reactors had been
considered in the early analysis stage, but they had been eliminated because it was
unclear whether a utility would want to sell a commercial reactor to the DOE or
provide tritium production services. With the emerging deregulation of the utility
industry, the commercial options appeared more attractive in 1995 and, with their
lower costs, had support in the DOE. However, there were significant policy and
international treaty issues that needed to be resolved before a commercial option
could be viable.

In March 1995, the DOE issued the draft programmatic environmental impact
statement (DPEIS) with an analysis of some thirty environmental impacts. The
DPEIS results made it clear that there were only three environmental discrimina-
tors among the tritium production alternatives: spent fuel production, low-level
waste production, and severe accident risks. About the same time, the cost and




















































