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Managing Nuclear Waste

Todd R. La Porte

ince the dzwn of the nuclear age in the early 194s,
there has been a slow accretion of radicactive aar-
(bage resulting from the production of asclear weapons
“and, more tecently, from the Fabrication and buming of
nuelear fuel in electric power generators. Until the eacly
16705, it was assumed that the problems of putmting these
radipaetive wastes out of harm's way were strictly tech-
“nical ones of limited policy significance. Increasingly in
the past several years, envimnmentalists and scientists,
“pomeerned respectively about the long-term damage to
the bigsphere and the threat of further proliferation of
fAuclear weapons, have called this assumption ino ques-
“tion. Considerabie public debate has ensued and waste
" management is now one of the most troubling aspects of

. widespread deployment of neclear power reactars, The

- palicy debate about waste management, however, has

- emphasized the long-term physical isolation of nucbear

wasies, ignoring the problems associated with a fully
deployed 1,5, wasts management system operating as
< par of a mature nuelear economy, This emphasis has
miulted in meglecting shorier-term social and institu-
Honal chailenges of waste disposal systems and focusing
prmarily on smell-scale demonstration of disposal tech-
Tigues,

The problem of radicactive wasts manazement chal-
Ieages us, as a society, to take as much care for prezent
- = succeeding gensrations as for those in the distamt

ﬁmﬂ: That challenge derives as much from the extraor
. dimary instirutional (and perhaps technical) design prob-
; of dealing with large quantities of radioactive
- milerials before their ultimate burial as from the scien-
fi and technical puzzles of ssquestering these materials
8220 under the ground for well over 100,000 years, The
Properties of madioactive materals and wastes, the way
- ety is coming o view them, and the size and com-
Meaity of industrial operations reduce the utility of triale
-Ai-error learning as a basis for improving policy and
r mh:‘mmagtmr. systems, 25 well as create the ex-

traordinary tasks of developing nearly emor-fres opera-
tiopal systems for handling radicactive materials and
wastes and nearly escape-proof burdal grounds for them.
These are remarkable demands upon & society and an
intellectual community which have deeply embeddad
within their insticutions and workways a short-time
perspective, confidence in incremental, pragmatic pro-
ceszss of policy and substentive improvemen:, and an
aversion 1o comprehensive, synoptic plans productive of
constraining, inflexible programs. Thus, the social
properties of a larpe-scale ouclear waste management
system present enprecedented theopstical and meth-
odological challengss not only for the policy community,
but especially for the social science community.

While these dilemmas take an exweme form in the area
of radioactive wastz management, they are not unique to
it. An incregsing number of problems—such as pes-
ticides, food additives, air and water pollution, air traffic
centrol, the operation of the international monstary sys-
tem, and global warfare—are coming to take on many of
the same properties. Futhermore, similar problems attach
oot only tw waste disposal, but o the bandling of
radinaetive materials throvghout the nuclear fuel cycle.

Analytical Challenges

Much of the policy debate abour the disposal of
radigactive wasies has been dominated by concerns for
the distant future—for the safery of generations thou-
sands of years hence who might be harmed by releases of
radioactive materials from deep geological repositonies.
This is not surprising, for some of these materials remain
potentially hazardous for well over 100,000 years. Add
to this the fact that a well-developed nuclear economy
based on today's Light Water Reactors (LWR) and re-
processing conld be expected to last over 200 years,
during which all of the nation's, indesd, the world’s, nu-
clear wastes that could be produced would be produced.
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(1f the breeder reactor, LMFBR., were introduced, nu-
chear power could be produced for abour 2,000 years.)
Thus. after the close of the nuclear age, sometime around
the year 2200 A.D. for 4300 A.D.), the sworage of
radioactive wastes would have o be effective for some-
thine like 100,000 years—until around 102,000 A, D). In
effect, the benefits of energy for the world's economy
would bave been denved in about V300 {or 1/30) the
time-span during which nuclear wastes are hazardoos 1o
health and possibly 10 genetic davelopment.

The 1echnical elements of the debate on nuclear wastes
have emphasized development of wchniques to im-
mobilize the wastes in such a way that they will stay
where they are put for 2 very long time. The hear of this
challenge is 1 design waste forms, conainers, and other
manmade barriers and to select geological environments
for repositonies such that the chemical ransformations of
the wastes and the migration of radienuctides through the
ground will take so long thal, if there 15 a release into the
pinsphere. the effects will be negligible. The emphasis is
upon keeping wastes in ploce ance they are buried. This

Problems attach not only to waste
disposal, but to the handling of
radioactive material throughout the
nuclear fuel eycle.

15 primarily a scientific and 1echnical challenge, afbeit an
unprecedented one, because it demands assured knowl-
edge of the physical properties of waste forms and their
interactions with vanous geological media.

The social/poliucal elements of the debate, consis-
tently subordinated to its wechnical elements, have turned
on different preferences for the process that should be
employed and the fzeiors that should be considersd 1o
legitimate the decisions sbout the safety of the ra-
positories and their location, Often termed ** the problem
of public acceptance” by the technical community, these
clemems bave emerged at both stae and federal levels
and ape a contineed source of frustration 1o the energy
commuenicy,

In neither technical nor institational considerations has
thers been more than pesfunctory amention pald 10 the
profflems of preparing and geming nuclear wastes o and
inte repositories during the next 200-2000 vears in 3 way
that will avoid umoward health and/or social conse-
quences, From the nearly exclusive emphasis on the soi-
entific and technical problems of assuring perpetual iso-
lation of radioactive wastes from the biosphers, it could
be inferred that these issues do not require special con-
cem. Implicitly, the safety of humanity over the next
several hundreds of years seems 1o be viewed by plan-
ers as relatively assured. But is this preoccupation with
the patential hazards to distant generations justified?

SR

Such a long-term view is unique in buresucratic perspac-
tives. Is thiz a rare case of bureavcratic foresighiedness,
commendabde in its focusing on a problem n the distan
future and avoiding the nsual myopia of large organiza-
ttons? Or is this perhaps the first instance of burenucratic
Jfarsightedness, hyperopically seeing the fores: bt mis-
sing the trees?

Two questicns point o conditions that, if not avoided,
would suggest we hove mistaken farsightedness for
foresighiedness: (1) How do radivactive materials com-
parz with other toxic substonces in their unhealthy ef-
fects, especially cancer, and their mutagenic effects thar
could be passad on to succeeding generations? (2) Could
we be in jeopardy of aceidentally releasing in the near
future as much or more redicactive hazard than would
likely be released *‘by design’™ from geological re-
positones in the distzat futupe?

The first consideration is fundamental 1o our fear of
nuclear wistes and of the whole nuclear fuel eyele. It is
the sense thal radioactive hazards may be potentinlly
greater than those from other toxic materials. Thers 15 no
guestion zbout the general carcinogenic properties of
radiogctivity. Allowing much radioactive material into
the biosphere could add a great burden of sickness and
death to an incressingly cancer-ridden planer. Reluctance
10 export such a burden into the distant futere is one
reason greal care s taken in the design and establishment
of nuclear wasies repositories. But if increased likeli-
hood of cancer or other somatic effects were the only
hazard associated with nuclear wasies, the public's re-
sponse to the problem would probably be less agitared,

Radioective materials—it could be areped—would not
be viewed much differently from ather carcinogenic sub-
stances were it not for the possibality that exposure o
radiation might also inerense the nsk of transmissible
genetic damege andfor changes. If cumulative genetic
effects were definitely not possible, we would probably
continue 1o rest radioactive materials like other toxic
substances, That is, some classes of people would be
encouraged to handle them—as needed for industeial and
national defanse purposes, in réasonable though nor ab-
solute safety—aond thereby risk a somewhat earlier death.
We have for at least a century allowed the uneducated
and ontrained, andfor the economically disadvantaged,
to expose themselves more than the members of
so¢iery-at-large 1o o varety of risks, usoally in exchange
for modest sums of money.

Whether radiation could, in fact, produce a penetically
cumulative effect is a matter of some debate. It seems
clear that radiation can injure genctic marerials, some-
times inducing genetic changes. However, it is not obvi-
ous that transmissible change would cccur in human be-
ings, nor is it clear what level of radiation a population ar
person would have o sustain to begin such rransmissible
effects. It seems that swch an untoward conssguence is a
low-probability risk. Monetheless, a1 present there ap-
pears 1o be af least a theoretical basis for not rejecting the
plausibility that cumulative genetic damage may be




done. From a public-policy perspective, this property of
radioactive materials puts them in a toxic class nearly by
themselves, While radiation may or may aod resull in
ransmissible genetic damage, if it does, and as a result of
pucledr waste managameant practices the chancss are ap-
preciably increased, the consequences are very troubling
indeed. If we arz unwilling to export such consequences
into the futere, we must act as if there were a definie
carelation berween radiation and mutation.

Sertling these matters of radiation safety will consume
many years, so many that we are oot likely 1o wait for
answers befors making plans to deal with prasent wastes
and those to be generated in the near furure. Thers is
already 2 large store of wastes to be put away, and the
nuclear industry insises thot a long delay—one sufficient
o assure & credible resolution of the radioactivity/genatic
relationship—would destroy our capacity 10 build and
deploy nuclear power reactors, Thus a great deal of effon
is being devedsd 1o developing waste handling, as well as
storage, regimes so that further deployment of nuclear
energy may proceed,

The need o develop methods for handling nuclear
wastzs leads into the second cemtral question, which
contrasts the bazard likely to be expomed to the distant
furure, due to leakapes of dissolved wastes from reposi-
tories, with the accidental releases of radioactivity, of &
frasher, more dangerous sort, during the operationzl
phases of waste handling, reprocessing, solidification,
transport, and emplacement, Such 3 contrast suggesls
that ar least as much care should be taken with the pres-
ent and succeeding generations as with those far in the
foture. This implies an operational goal for the pecfor-
mance of waste management systems {and the rest of the
fuel eycle): that no more radiolorical hazard should be
released into the biosphere during active preparation and
handling of radicactive materials and wastes over the
lifetime of a auclear economy, say 200 years, than would
be released from wasies stored in well-designed reposi-
tores throughout their effective lifetimes. To get a
clearer sense of how stringent this requirement is, an-
swers 10 the following questions should be sought from
the relevanl agencies and industries, {1) What is the es-
timate of the tetal amount of the world's wastes that will
be stored in repositories at the end of the nuclear fuel
evonomy? (While estimates vary greatly, doubling the
estimated 4.2 million tons of U.5. uwranium reserves
gives some idea of magnitude.) (2] What are the likely
relezse rates of radiological materials per ton of these
wastes as they rest in repositories through the long hold-
ing tmes? {If thers were the unlikely high cumulative
reledse rate of one percent, some 84,000 ons of mate-
rials would escape.)

Such analyses would establish an wpper boundary for
the magninide of the management probiem (i.e., get itall
in the ground and keep nearly all of it there). That is the
challenge—if all goes perfectly in the next several
hundred years a5 we prepare and emplace a growing vol-
ume of nuclear wastes. But if we are not so clever as we
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nzed to be and all does not go perfectly, then we have a
rough guide for the level of performance that shoold be
expecied in the mapagement of waste-processing sys-
tems throughowt their lifetimes. That is, we would have
estumated the total likely releass from the systems in-
tended 1o keep wistes isolated from the biosphere. As an
operationzl goal, then, this repository release (hazard)
fizure should not be exceeded by releases (hazzeds) 2x-
perienced during the process of preparing and getling
witsles into the repositories.

For this parformance standard 1o be wseful, an addi-
tional calculation 15 required: given the character of
waste forms likely o be prodeced in the ngar future frem
LWRs and LMFBERs, what volume of matenals and
amounts of radiogctivity, if released accidentally during
preparation and handling operations, would equal or ex-
ceed the level of radiological hazard resulting from the
long-tecm release of the world's weli-stored wastes? A
great deal of time and efion s being devoled o the de-
sign of waste forms, cannisters, emplacement beds, etc.,
1o assure the imtegnty of nucléar wasies once they are put
o rest. [t s plausible thar, if given sufficient time and
meney, nuclexr wastes can be so enginesred that they
will be quite isclaed from the environment for many
thousands of years. Thesefore, when zil the calculations
are completed, it is likely that, even with an sccumula-
tion of all the radicactive wastes from a completed world
nuclear energy economy stowed away in repositories, the
amount of radiological hazard expored into the distant
future as releases from those repositories will be rather
small. Thus in the developmen: of 1.5, radioactive
waste management! policy, the distant future s being
provided remarkzbie protection, and a very stringent
level of performance is being estzblished 25 2 goal for
operating nuclear fuel production and waste-handling
systems.

If nearly escape-proof bural systems are developed in
pursuit of safety for the distant fuswre, it would be ironic
if, through insufficient amention to the design of the op-
erational systems neaded, we were inadvenently to allow
mare radiclogical hazard to foul cur present society than
is bequeathed to generations many thousands of years
from now. If our society holds to the notion that we
should be as fair with ourselves as with the futurz, then
we face the challenge of assuring nearly emor-free oper-
ational management, as well as neardy escape-proof bur-
ial, of radicactive wasies.

Management Challenges

These challsnges are due in part to the character of
error, Radioactive materials have very long lifetimes;
mast of the releases of wastes produced during the nu-
clear age will contribute cumulatively 1w the burden
bome by the distant ferere, Therefore, an ersor must be
defined as any release (escape) of radipactive materials
from the operational system such that recaprore is sither
impossible or 1o costly 1o effect. There are two major
rypes of sitwations in which such errors would oceur: (1)
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the wpeizke of radicactive subsiances. especially
plutamiunt by human Beings involved in the handling of
uclear MiMzrials; and (2) spills and emissions of such
materizls outside the barriers designed to contain and re-
caphure accidental andfor intentional escapes from the
Fm.::ssing~ transpon, and emplacement systems, There
have been some instances of both types of escape.

In lztz 1967, there was an unfortunate instence at the
Muchear Foel Service Corporation (NF5S), West Valley,
Mew York, in which a young man tohaled a large cose of
plutonium a5 he emerged from a decomaminating room
i which be was warking, No one knew how much he in-
holed initially, bat several days after the incident he
registered 700 counts per minwe, 40 1o 50 tdmes the
maximum permissible lung burden. Another instructive
sitpation was the practice of using '“transient workers'"
in thess and other facilities wo do particularly radiation-
prone jobs. Raodiaton standards are cumolative as a
funetion of time: if & worker's exposure nears them in 2
period shorer than the standards allow, he is prohibied
from entering @ radiation-prone area until the required
time pericd has elapsed. Rather than subjecting trained

Much of the debate about the disposal of
radioactive wastes has been dominated
by concems for the distant future,

personnzl al the facility to quick bursts of radiation that
dpproach permissible monthly or annual dosas, thereby
*onecessitating that they stay away from the facility, NF5
and other suclear materals handling facilities would hice
transient, unemployed workers. paying them a day's
wages for often less than 1en minuwes work—ten minuies
in which they would receive the allowable monthly eadi-
ation dose. The obvious problem with this practice is that
necessary safety training for such workers may not be
sustained, and sufficient information about the hazard
may mat be given them,

An examplz of the second rype of érror comes from
the now familiar Rocky Flaws facility near Denver, Col-
orado, where radioactive materials have been discovered
in the soil surrounding the main buildings. Even though
this contaminated soil has been dug up and is now treated
5 radioactive waste, there is evidence that sufficient
contEmination remiins 10 make the facility a public nui-
sance, if not a serious hazard.

Obviously, we have leamed some things thas will help
prevent such errors in the future. But the nuclear waste
managament system likely to be necessary to accommo-
date a mature, large-scale puclear economy may be such
that lessons leamed from our early experience will have
only limited weility when applied to the fully deployed
operztional system. Some of the propemies that would
Ereatly increase the challenge of nearly eror-free man-
dagement are the degree to whicn: (1) trial-and-efor

feamning as a mode of system improvement is drasticaliy
limirzd or unacceptable; (2) the system is very |Elrge.in
scabe, and (3) intemally complex: and (4) its 1ask stme.
wre is rowtipized,

The fiest, most important, factor is that the public ap-
pears o be sufficiently fearful of the conseguences of
amy significant -emor that we seem likely 10 forego the
possibility of learning svstematically from thal-and-
error. By an essentially wacit agreament, the policy com.
munity, pecheps in response o sirong pressures from sn.
vironmental inervenors, seems o be saving tha amy
error resulting in significant releases of radioactivity
might occasion such untoward, potentially ruinous con.
seguences that commilting an ermor 15 unacceptzble in the
first instance. This 15 an extreordinary situation, 1., i
demands decision making without feedback. When
coupled with the requiremant for highly reliable, nearly
error-free operations in systems which are large, highly
complex and routinized, it presents one of the mos
rigorous challenges faced by social sciencs wday.

Decisions without Feedback

For the past three decades, & slowly maturing science
of derision meking has evolved, hased incressingly on a
combanation of the mformation sciences, a refined un-
derstanding of the soctal psychelogy of decision makers,
and the limitaions of organizational behavior. When
faced with increasingly complex situations, the most ef-
fective, least error-prone strategy in decision making s
employment of an incremental, essentiatly trial-and-
error, method of policy development. Its primary feature
15 1o continee developing in the manner of receml pas
policies, awaiting confirming or dissenting signals from
those most affected, while remaining ready o alter
exisling policies o rectify errors due w miscaleolation or
ignorance. This is at root a pragmatic approach tnesting
i the efficacy of ermor cormection through feedback from
customers and from a pluralistic, representative political
system; an approach contrasted 1o the altemative of com-
prehensively analyzed plans which are impossible o al-
tain.

The incremental approach is wailored best 1o situations
that change slowly, in which errors can be quickly iden-
tified by those affects=d and those responsible, and in
which the consequences of ermors can be either remedied
of repaired at reasopable cost or accepted as @ cost
againat obviously greater benefits. As these conditions
become difficuls o meer, the utility of the incremental
approach diminishes, When relatively repid change is
believed to be necessary, when actudll emors take a Jong
ome to be recognized, and when the consequences of
error ere believed 1o be so reinows and imeversible that
they are too costly o countenance, our established proc-
exses of policy development falier as a means of amiving
at decisions that can win the support of those groups in
society necessary to legitimate and implement them,

The problem of dispesing of radicactive wastes chal-
lenges us on each count. Demands for rapid resolution of
the problem are pressed an the govemment by those who
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continued deployment of nuclear energy

o pave thal ]
MIJPEE.,; {5 mecessary now 1o avoid an unzcceplable
 ipermy shortige in the near furure. [n view of substential

= uﬂ:mﬂiﬂ‘i“ about the physical properties of wasies

sioredh in the sround, some view these damands as radical

= dangerousky basty. Due to uncenazinties about the

U imulative affects of radicactivity and the long duratien

e waste's 1oxiclly and necessasy storage period, ar-

: mafag\lem] kinds, if they occur, could fof be detected

Far many years (znd then might not be understood by

L hase threatzned). Finally, the consequences of signifi-

" eanit epror to future generations are seen as 5o imeversible

and 50 drewdful that we cannot imagine how rial-and-

- geror leaming about the overall performance of the sys-

' jem can he used to improve it. When mistakes ace made,

will be discovered so far in the future that those

- ppsponsible fur them will be gome and the properies of

e wastes will meke remedy of the error nearly impossi-

g, Tn essence, when an error is obse rved on the basis of
b first triad, it is already too fate.

" Eich a construction of the radioactive waste probiem

- pass extraordinary political and analytical problems

© ‘Pmcesses of public involvement, agency coordination,

and regulatory procedures are designed to evoke opinion

pdmay well aggregate interests and identify peaple who

" pglisve themselves o be jeopardized s well a5 bene-

- There is no question about the general
carcinogenic properties of radioactivity.

. Bted. But in the face of sncenain consegquences, mage
| tiades of harm, and fear of any significant erors, what
s mitsing is the information necessary 1o reassure thise
who fear injury or to moderate the enthusiasms of those
- poncerned only with shor-term benefits. The prodess we
© mow use becomes mainty a vehicle for mobilizing op-
* poing factions. Confidence in our procedures of policy
- meview is rosted in the assumption that the panicipation
-af many promoting and affected groups will reveal mis-
° g information about cffects and inspire solutions o
' uméxpected problems before they ocour. It also assumes
- lhat If significant crrors de eccur in implementing poli-
-gies 50 derived, their consequences will not be 5o egre-
Ejous s to seem grievous to those affected. Dur now fa-
miliar hearing processes bring peaple together for the
i _‘“iﬂg of complaints and suppon, They make visible to
llthe range of potential problems and maldistritution of
Benefits possibily associated with paricular policies. [T
= questions so raised apgear to be quite serious end 10
. ®auire sophisticated informaton for resolution, and that
~ Bfomation is unknown, this visibility has the effect of
* - Miensifying opposition and may resalt in pasalysis, Such
@ ouicome does little 1o enhanee the legitimacy of
* *Eency decision making.
" When a sociery has chosen to forego leaming by tal-
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and-error in 4 particular arzd, the ugual processes of pol-
icy implementation are wanting, Other methods ef re-
ducing uncerminty are required. This means paying
mwch greater attention to improving the basic under-
standing of the pheromenon in question before action IS
taken: that i, approximating more nearly a comprefen-
sively analyzed plan. The seope of such planning would
require coverage of etonomic, social, and poditical phe-
nomena, a5 well as the usually recognized technical ele-
ments. But this strategy is increasingly maligned and
recognized as difficult, if not impossible, to effect with
high degrees of complewensss. Monetheless, this is the
approach now being followed increasingly 1o provide the
detailed analysis necessary o assute the escape-proof
burial of nuelear wasses. Thus far, it has not been applied
to the processes of preparing and getting wastes to the
repositories,

When we tum to the matter of processing and em-
placing wastes so effecrively that few, if any, errors
oceur, we are required to take the meesure of actual op-
erational demands as ageinst the requisites for highly e
liable. nearly eror-free performance of large-scale orga-
pizations. Before we tam 1o these requisites, let us ex-
plore briefly something of the scale of the U.5. waste
management challenge,

Whether ar not thers is funher deployment of nuclear
reactors in this country, 2 significant radioactive waste
management problem already exists. Al a minimum, it
will be necessary to process and dispess of the high-
level, ransuranic, and low-level wastes that exist already
in the form of spen: fuel, as well as the wastes 1o be pro-
duced by the LWRs likely to be put into operation within
the next few years. If the Interagency Review Group on

Whether radiation could, in fact,
produce 2 geneticaily cumulative effect
is a matter of some debate.

Muclear Waste Management (IRGH convencd by Presi-
dent Carter can be considersd authoritative, by about
1690 some 150 plants will be in eperation, gach one es-
timated to prodwce 1000 megawans or 1 gigawatt of
electrical snergy. To these wastes must be added those
likely to be “*imported”” from foreign producers into the
United States, estimated to be something like tén percent
of the wistes generated by foreign, [ree-world couniries.
Hasad on the [RG report figeres, this would represent
about twenty percent of the total annual burden upon
U5, capabilities by 1990, This assumes that the United
States will seek to reduce the sk of nuclear prolifertion
through agreements to ““buy-back" wastes from nations
whose nuclear development we have encouraged and
whe are dependent upon U.S. suppliers for fresh nuclear
fuel,
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The following estimated extent of the minimum chal-
lenge assumes that o wastes will be reprocessed and that
puclear energy development will be limied tw the 150
plants now projected. By late 1980, 17 million cubic fzet
of transuranic and nearly 9.5 million cubic feet of high-
lewel wastzs awaited some sort of disposition, In all,
some B6.5 million cubic feet of low-level wastes have
alrezdy been buried, By the end of the century, an addi-
tional 120 million cubic fest of low-level wastes will r2-
quire barial, and over 6.7 million cubic fest of tans.
urgnic wastes and 1.2 million cubic feet of spent fusl will
have accumulated for disposal, Perperual storage of this
materizl will require something like 2,650 acres, or 4
sguare miles. By the time the approximanely 150 rexctors
penersting power bave completed their useful life-
timas—30 w0 40 years—=some 335 1o 430 million cubic
st of wastes would require handling, of which some
100,000 o 150,000 metic was (MT) would be very
radioactive spent fuel, Add to these figures the 75 mil-
lion cubic feet of wastes associated with decommissions
ing these 130 reactors. This represents an expansion by
the vear 2000 of annual waste handling capacity 10 some
3.2 million cubic feet per year, which includes some-
thing like 3800 MT per year of heavy metal embedded in
spent feel. The safe transponation of this material alone
will pose & substantial operational chailege. Thus, the
nuelear waste management problem “‘on hand™ is al-
ready considerable. It represents an frrevocable com-
mitment o deal with radioactive waste until abowr 2040,
i.e., after the 40-year active life of the “*last’" nuclear
rezctor has ended and some 1010 15 additional years of
handling time necessary to dispese of the *'last™" bits of
wastes from spent Tuel and the decommissioned reactors
themsalves have elapsed. In operational and institutional
terms, this is already a stiff challenge to put before pro-
ducing and regulating orgenizations.

As a rough upper boundary of estimated demand, if
upper-level estimates consistent with the national plan
announced by former Presidemt Caner o April 1977
were followed past the year 2000 and extended to about
2040, swe wonld have expended the number of nuclear
plants to about 1000, adding 850 plants to those 150
likely to be on-line in 1950; i.c., at the rate of about 17
new plants & year over @ S0-year period, I all these
plants were LWRs (this is not likely—pethaps a third
would be breeders) estimated annual waste flows would
invelve 25,000 MT of heavy metals and 20 million cubic
faet of low-level wastes, not including the wastes from
decommissioning. If the effective lifetimes of each plant
fagility were extended to about 40 years, an additional
12,5 cubde feet of low-level wasies would issue from
complete decommissioning operations, though such -ex-
tensive removal each year might not be necessary.

In the process of scaling-up from the 1990s level of
150 power plants to a 100} plant system in 20440, over
29,000 rezctor years of operation would have bean added
o the spproximately 1100 projected wnul 1950, This

represents an 8400 percent increass in power plang oper-
ations over the approxixmately 365 plant years {for
reactors of 400 megawatt capecity of more) we have sy,
perienced thus far. This plan would obviowsly requis
considerable investment in reprocessing facilities and ip.
volve relatively large annual volumes of high-level
wastes from the extraction of uranium and plutonium ta
be recycled for funtheruse. This system would enable us,
if we eould zecept the social and political requirements,
to provide electric enerzy for some 2000 vears and would
afford generous opportunity for management emor,
Becawse of the potential magnitude of the annual
“‘throughput”’ of harardous materials, we can expect
strong pressures o achieve nearly error-free operations.
To attemp this, it will be necessary to achieve the fiol-
lowing conditions for the design and operation of 2
highly reliable, large-scale organizational system:

8 Unambiguous, nearly complete causal knowledge
about the necessary functioning of the system o as-
sure expected outcomes.

o Mearly eror-fres pedormance from both personnel
and machines that do not deviate from these
activities/funciions necessary 10 assure the consistent
operation of the system.

o Eror-detecting regimes designed 1o idemtify  very
small deviations from the operational norm for each
component of the system and for behavior necessary
i assure reliable functioning.

B Redundent *‘channels” of operation and error-ab-
sorbing/rectifying regimes that would {10 carry on ac-
tvities in the face of inoperative components or mis-
calculations of human performance and (1) repair or
eliminate the sources of emors in the system.

. Three additional conditions are necessary in the evem

that the technology has oot developed inte @ large-scals
s¥slam but exists only al 2 small-scale demonstration
phase, end that the consequences of error are soch as
sharply to limit the wiility of wizl-and-ermor leaming.

8 Systems to contain the consequences of ermor of suffi-
cient effectiveness that, if perentially seripus errors do
accur, their consequences do not affect those outside
the system.

= A well-developed, tested, end credible science of
analogical learming and simulation of large-scale sys-
1Ems.

s Considerable caution in inferring that what has been
leamned in the smazll-scale, experimental phases will be
nearly adequate for the design of highly reliable
large-scale systems, especially if they are likely o be
intemally complex and composed of many routinized
tasks.

Thess requisites are very mgorsus fer any type of
technical or organizational system. They are especially
stringent when applied 1o the management of radicactive
wastes. Knowledge of the behavior of varous waste




5 .ﬂiﬂ'ﬂs in different types of geclogical media, both in the
: ri- and long-1emm, is unceriain. Information abous the
sirements for the processing necassary to transform

e et fuel into verows waste forms is equally uncertain.

- and there 15 a near absence of knowledgs about the scale
* ed. dynamics of a complete radicactive waste lrans-
sopming and disposal system ihan would rake int account
the means for handling and transporing wastes nacessary
i produce highly consistent, neardy error-free perfor-
. mances from the people and machines as's_aciu:cd with
the process. Furthermore, the design of emor-detecting,
Jpsarhing, and containing systems, or the requirements
for redundancies within such systems, have not been
wp]igd rgorously to waste management in toto. This is
pepeciaily true when considering the large volumes of
‘wastes [ikely to be produced in a mature nuclear econ-
; pmy. Firally, one cannot put much confidence i our
prEssnl understanding of analogous leaming and simula-
tion techoology as a substituie for trial-and-emor leam-
3 & Mg Experience with waste management sysiems of any
i mepectable scale must await future development: there-
-~ fore, knowledge about such systems and their organiza-
- iemal gperations can only be derived fmom analogous
. sysiems, i.e., thos= that are similar but not identical o
waste systems yet (o be developed. Armed with this in-
- exact informaticn, simulaion techniques could be used,
‘ough they have not reached more than a modest Jevel
of complexity and have rarely been tested against very
 lisge-scale, complex organizations.
- The face that our past cxpcr'::né: with radicactive
‘wiste handling is exclusively at the experimental, early
demanstration level simply exacerbates the problem. We
Canne confidently supposs thay simply scaling-up from

- Because settling matters of radiation
safery will consume many years, we are
not likely to wait for answers before
making plans to deal with present waste.

| existing systems will suffice. It s2ems clear that a radio-
| Eelive waste management system, a3 il moves from a
demonseration phase o a fully deployed, mature system,
will tske on guite different properties.

"o Such 4 system is likely to be very large and quite com-

flex internally, with a variery of technical and manage-
- MEOL activities that will encourage attempts to routinize
My of them. To the degres this is so, it confounds our
*- dhilities 1o devise and operate coordinative processes
- Werwhich executives have a sure sense of control and
 Which minimize erors and their consequences. Thus, the
Imperties of scale, complexity, and routinization reduce
-"-‘“ﬂh'tj' of experience based on experimentsl, smaller-
-_:_“a]! demonstrations and immessurzbly complicate the
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analytical and operations problems invelved. It is the
combination of these three propenies that confounds the
development of policies and operations, In siwations
wherz only one increases—with the ohers held con-
stani—problems are interesting and tractable, Bur in
programs  employing  relatively  sophisticated
technologies, the properties of scale, complexity, and
rowtinization are likely to increase together,

For systems based significantly on sophisdcated
kpowledge and involving a relatively complicated series
of 1echnical processes, an increase in the scale of opera-
tions means an increase in internal technical and man-
agerial complexity as well, It @5 obvious that nuclear
wasle processing systems meet the first condition. The
requiremant o process different forms of wasies issuing
from military operations and both light water and fast
breeder reactors pesults in the second condition. In-

At least as much care should be taken
with the present and succeeding
generations as with those far in the
future.

crensed volume of activities, =5 the wasie processing
systems expand in overall capacity, reguire that more
people be employed. [f sophisticared technical opera-
tions are involved, increased differentiation of spacialists
and technical groups is likely 10 occur, This is followed,
with some lag, by the spread of both formal and informal
mezans of coordinating these specialists and groups, 1e-
sufting in the growih of internal imMerdependencies. As
the scale of operations grows to mesl the demands of a
large number of nuclear reactors, multiple waste facili-
ties and transport links berween tham are required, fur-
ther increasing the complexities of operation.

If the consequences of emar are belizved to be very
serious, as is the case here, we could expect an emphasis
on means for anticipaing and'or redecing emors; an em-
phasis which would fusther increase both formal and in-
formal interdependencies. It is also likely that iniemal
operations, as well as the links between facilines, will be
influenced strongly by externally imposed standards of
safety, enforced by agencies monitoring the adequacy of
both technological and human performances. The in-
creases of mtemal and network complexity confrom
managers with a siteation that becomes increasingly
problematic and difficult to comprehend fully.

The sense of integrated organizational coordination is
apt 1o decling, and measures would then be tzken to re-
duce managerial uncertzinty in an attempt, in pasd, to
prevent surprises and untoward errors, At least iwo mea-
sures are likely to be intensified, each intemded 10 in-
crease the predictability of operations: the use of man-
agement information contrel systems [(ofien wilizing
computerized monitoring procedures) and the routing
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siandardization of specialized 1asks. The elabaration of
control systems would increase reliability insofar as they
are based on complese, accurme information concerning
the peration of the system to be controlied. Routinizing
tasks reduces costs and usvally inereases the predictabit-
ity of performance, Both these measures may be satis-
factory if the consequences of eors are limited, If they
are not, additional effors are required,

If significant error must be aveided znd effective re-
liability achieved, workers must be attentive to the de-
mands of the task, however unimzresting they become.
More importantly, workers muest remain watchful for
surprises and accommodate to circumstances not usually
**programmed”” into their routines, As the size and com-
plexity of operations imcrease, the adequacy of the
knowledge bose declines amd job “programming””
necessarily is less complete. The need for both reliable
and adeptive behavior from the people invelved in wasie
handling, therefore, remains high, even as they are con-
fronted with routinized, automated svstems, This chal-
I#nges manxgement 10 provide incentive and training 1o
compensate for the inherendly eror-inducing conditions
of routine, familiarity, and continual success. Boredom
and familiarity often result in inamemtiveness o early
signs of error and, combined with continual success (es-
pecially during the first several wosk generations).
erode the experiential basis necessary to motivate sub.
sequent generations to be warchful and to retain the abil-
ity to adapt 1o the unexpected {for it o rarely occurs).
The burden on training and incentives is heavy: 1o so
maotivate reasonably able people that they will remember
{through 7 1o B work 2enerations or more, covering some
250 years—and possibly a zood deal longery why they
should be watchful over a system thar seems not to fail,
is 50 routinized and sutomated as o eveoke ennui, el
demands the ability to recognize instamly the first signs

of error onser, accommodate to such warnings and, i

necessary, endanger one's life to mitigae the conse-
quences of ermor,

Finally, we do not have (nor can we have) 2 refatively
large-scale waste processing system from which o leam
the particular technical and operational difficulties of
scaling-up to handle and dispose of nuclear wastes at the
volumes likely 1o be produced annually in the future,

Present and Future Threats

In the development of widely deployed nuclear waste
handling systems, we rigk mcreasing the possibilities for
incurring ermor both in the design and in the operation of
the system: ervors that we do not want to make and from
which remedial learning is of dubious value. Moreover,
sealing-up and increasing the complexity of, say, a 1.5,
MNuclear Wast2 Management Service will increase the
likelihood of ermurs =nd, implicitly, the economic and
social costs of the systam, The solutior to the design end
operation, and very likely the regulation, of radicactive
waste disposal systems may not be as straightdforward as
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for other large-seale enginesring and regulating systeme o
The properties of the phenomenen confound establishad
appraeches and pose strong challenges for both technjica
and socinl science perspectives.

In the past, the Department of Energy (and is prede-
cessors), the Nuclear Regulatory Commission, and the
nuclear industry—these party to the deploymen and
regulation of nuclear power and its wastes—have noy
seen the need 1o treat radioactive waste disposal much
differantly from other technical systems. Rather they
have behaved as if (i} the costs of waste managemeny
systems are likely to be so small 2 portion of the benefirs
of nuclear energy as 10 be unworthy of clear specifica.
tion, and {2) the problems of scale-up and ineTeasing
complexity can be met without extraordinary effons,
perhaps with near perfect performanes {or alternazely,
the consequences of potential errers are essentially insig-

Whether or not there is further
deployment of nuclear reacters in this
country, a significant radioactive waste
management problem already exists.

nificant andlor bearzble in view of the benefits). Con-
sequently, & precise specification of the actual scale,
intemal complexity, and reutinized character of the e
Jjected sysiem has not besn made; and the character and
costs of tmining programs required are uncertain, As a
result, the data upon which 16 base estimates of the con-
sequences of error, the costs of remedy, and the fikeli-
hood of erfor are not available,

The behavior of the agencies reflects a larpe measure
of faith that the technical community will be able 1o
devize relatively inexpensive, pearly emor-fres 1echno-
social systems able w handle and sequester a large val-
ume of very dangerous materials. Technical experns have
acted as If there were highly reliable, large-scale. and
only moderately expensive systems in other areas from
which to derive analytical insight andfor there were
available from simulations the high-gualicy design in-
formation needed for the development of such organiza-
tiens. But there is neither actual experience nor credible
eausal knowledge 1o draw upon, It is warranted, there-
fore, that policy makers and citizens insist upon caretul
enzlytical treatment of the design and the sociceconromic
questions iovolved. For the tachnical and regulalory
communities to ignore these matiers i3 now tantamount
W intensifying the political conflict about nuclear
energy. But when these matters are waken up serously
and attempts are mede 10 improve the presision of social
analysis, severe limitations in current social seisnce con-
ceplions are revealed,

These limitations stem in part from the onset of condj-
tions only recently associated with organizationai capac-




F

R e b

itigs; hence they have nol confronted policy makars or
social analysts before. The limitanens include:

@ the perception of potentially minous consequences
should the preferred policy eption wm out o be only
partially successful:

o the realization that remedying the consequences of
error, should it eccur, would be exwraordinarily cosily,
if not impossible altogether,

= the fact thar indications of a siznificant emor would
occur 50 far in the future as to limit deastically the
possibility of improvement:

@ the sense that onset of error, hewever ruinous, may be
quite unlikely;

o the probability that, in our concem 10 prodect the dis-
tant future, emor and significant shomer-term harm
will be increased by the development of large-scals,
imermally complex. and routimzed operational (and
regulatory] organizations.

A5 these factors vary in intensity, 5o do the challenges
of organizational desizn and the charscter of organiza-
ticnal regulatory politics. A car=ful review of social sci-
ence theorizing and analysis reveals scant systematic da-
velopment in our understanding of: the analysis of
decision/policy situations in which incrementzl, trial-
and-error leaming has diminished odlity, especially in
providing schemes of ervor analysis, delection, and re-
medy regarding the internal operations of organizations
as well as the outcomes of overall performance; the so-

ENERGY POLITICS: USA—USSRIES

cial design of highly reliable, large-scale organizations,
with particuler atmention (o various socialization proce
23525 and their fiscal and human costs; the effzcis upon
the reliability and costs of the system of increasing scale
of operations and tightening pattems of interdependence
within and among grganizational units; and finaily, the
dynamics of dizsent and conditions of increassd consan-
05 within political systems of varied sociceconomic and
ideological characteristics as they confront a growing
range of low-probability, high-risk policies, Thus, the
emerging and increasingly troubling challenge of radio-
active wastes management. indeed of the whele nuclear
fuel cycle. poses very substantial zeneral thasretical and
anziytical problems for the socil sciences, as well as
enormons practical problems for the society. [
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