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Need for Nuclear Power Worldwide: 
World Regional Energy Modeling 

WOLF HAFELE* 

SUMMARY 

Based on a 5-year s tudy of the I nternational Institute for Applied Sys tems 
Analys i s , Laxenburg , Austria , thi s paper identi fies the factual bas i s  o f  
today ' s  energy s ituation , stre s s ing the n e e d  for and di fficulties in 
long-term supranational energy supply strategie s .  

The bases are two s cenario s- -defined by close to observed trends o f  
population and economi c growth--that i ndicate a conceivable ene rgy demand 
range unti l 2 0 30 . These s cenarios are quantified for seven comprehensive 
world regions by way of a highly iterative model set desi gned at I IASA 
to s tudy long-term , dynami c ,  and regional/globa l  aspects of large-s cale 
energy systems . 

The results i l l us trate the need for the wor ld to use a l l  ava i l able , 
and high-cost , energy sources .  Nuc lear and solar techno logies replacing 
fos s i l resources wi l l  ful ly have to come to bear a fter 2 0 30 . Be fore , 
the we ight wi l l  have to change from primary to secondary energy supply , 
e . g . , to synthetic fue l s  production from coa l . Resource a l location and 
trade f lows wi l l  in general be restri cted by production c e i l i ngs . Thus , 
prudent po l i ti cal and economi c decisionmaking i s  in order for the world 
and its regions to ensure a satis factory long-range energy supply .  

INTRODUCTION 

National ly , there are numerous schemes and programs for pl anning the 
energy future . They provide a wealth of deta i l  and a fairly short , or 
at bes t  medium-term, planning horizon of up to about 15 ye ars . After 
a l l , detai led measure s must have a re lative ly short time frame in order 
to be feasibl e . 

I nnovation , however , that i s  to s ay maj o r  change s in an e xi st i ng 
infrastructure , involves much longer periods o f  t ime . Compare ,  for 
example , the evolutions of various primary energy carri ers in the 
energy market .  Figure 1 is a logi stic representation showing the s 

*Wo l f  Hafe le i s  Deputy Director and Program Leader , Energy Systems, 
Internat iona l Institute for Applied Systems Ana ly s i s , Laxenburg , Austria . 
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F I GURE 1 World : primary energy substi tution . 

curves o f  energies penetrating the market ( from share 0 to share 1 )  
as s traight lines . Thei r  behavior i s  remark ably regular , 1 e xtending 
ove r  more than a c entury . Thi s  i s  j ust to underscore the need for a 
long-range view once changes in the energy supply structure are at 
stake . I f  one takes into account that the l i fe o f  a power plant 
average s 30 years , the time bracket to cons ider for innovation may we l l  
be 5 0  ye ars . But there i s  a l so other evidence .  Consider the dwi ndling 
of cheap ( known) fossi l reserves . Consider the impact o f  tapping ene rgy 
sources on the world cl imate and on man ' s  envi ronment , whi ch is not we l l  
understood . The se and other aspects a l l  sugges t  a long-range perspe c t i ve . 

Look ing at the energy problem from thi s angle , one i s  confronted wi th 
several d i f f i culties : 

• We are not prepared , either analytical ly or vi a control o f  the 
market mechani sms , to come to grips wi th the i nterplay o f  short- and 
long-term aspects . 

• I nternational i nterdependence wi l l  have increased con siderab ly i n  
50 ye ars from now . Thi s  wi l l  not come as a surpri se , s i n c e  already 
today 50% o f  the crude o i l  in the Federal Republ i c  of Germany , for 
e xample ,  originates from one single area , the Per s i an Gul f . Yet we 
wi l l  have to do better in vi ewing the world as a who l e . 

• The re i s  a severe l ack o f  i nput data , required for standard energy 
p l anning tool s ,  wi th respect to the 50-year time frame and the way the 
world wi l l  then look geopo l i ti c a l ly . Or what about elasticitie s ,  for 
example , i . e . , the change in percent in the demand for a given secondary 
energy as a function of p ercentage changes in various determinant s , 
such as pri ces or gros s domesti c product? Whe reas most large-scale 
econometric mode l s  now in use in the Uni ted States assume avai l abi l i ty 
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o f  e lasticity inputs in one form or anothe r ,  for long-range investiga
tions such elasticities cannot be obta i ned . 

For the se reasons , medium- and long-term s trategie s of energy supply 
are di f fi cult to dea l  with , both in terms of substance and methodo logy . 

An attempt at formulating long-term globa l energy supply strategie s  
h a s  been undertaken at the I nternational Insti tute for Applied Systems 
Ana lys i s  ( I IASA) , Laxenburg , Austria , an East-We s t  venture supported by 
scienti fic institutions o f  17 nations , whi ch i s  concerned wi th problems 
of civi l ization in a long- range and global ly comprehens ive fashi on . 
Initial ly , I IASA ' s  Energy Sys tems Program gave much thought to a qua l i 
t ative understanding of the energy s i tuation and a bre akdown of the 
prob l em i nto feasibi l e  subsets . Thi s then enabled the program to pro
ceed to a syn th e s i s  by quantitative analy s i s  and integration of many 
spe c i a l  s tudi es i nto a global and long-term energy supply and demand 
picture . 

The too l chosen i s  the wri ting of internal ly consi stent scenarios : 
the greate s t  pos s ible number o f  nece s s ary conditions is identi fied and 
used to narrow down the s cope of subj ective j udgment . To support the 
e ffort , a set of computer model s  is re l i e d  upon . The principle gui ding 
thi s approach i s  plausibi l i ty . Two basic s cenarios are cons tructed , 
marki ng the range between plausibl e  uppe r and lowe r bounds . But since 
there i s  only one reality in store for us , the scenarios a re va lued as 
guide l ines toward conceivable energy future s and the i r  outcome s as indi 
cators and not as predi ctors . With th e ordering forces o f  the market 
having lost much control , such guide lines are indi spensable . Thi s  above 
a l l  holds for the o i l  market , whe re pri ce s  and obtainable quanti t ie s  
have come t o  be s imply vehi cles o f  pol i ti cal action , i rre spective of the 
market mechani cs . They wi l l  work again properly , leading to the neces
sary i nve stments , only when confidence and trust in the market are be ing 
restored . 

TWO SCENARIOS 

For some s teps i n  the description o f  the energy prob lem , it is use ful 
to consider global overa l l  figure s like the fo l lowing . The world today 
consumes about 8 TWyr/yr of ene rgy , i . e . , commercial energy . ( Note 
that l TWyr/yr fairly accurate ly corresponds to l bi l l ion tons of coal 
equiva lent [ tee) per ye ar . )  The average pe r capita consumption then 
amounts to 2 kWyr/yr ( see Fi gure 2 ) . About 7 0 %  of the people of the 
wor ld , howeve r ,  live on much less than the average , and a considerable 
number o f  them on only 0 . 2  kWyr/yr pe r capi ta . A conce ivab l e  addi tion 
of 0 . 3 kWyr/yr from burning wood and manure fi gure s hi gh in thi s context . 
About 2 2 %  o f  the world population use 2 - 7  kWyr/yr per person , the Euro
peans among them . The remaining 6 %  enj oy a pe r capita energy use of 
7-12 kWyr/yr . I f ,  as in Figure 3 ,  one assume s a doubl ing o f  the wor l d  
population i n  the corning 50 ye ars--a change Key fitz 2 cons iders rathe r 
conservative - -and in an increase in the per capi ta average to 3 or 5 
kWyr/yr , the world ' s  ene rgy demand rises to 24 or 40 TWyr/yr , respec
tive ly .  Thi s  consideration , though so simple , he lps a s s e s s ing the 
e f ficiency and capacity required for future energy sys tems . The ir 
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magnitudes o ften turn out to l i e  between expe ctation and observed 
rea l i ty , a thought that wi l l  come up again late r . 

5 

Un fortunate ly , i t  appears that such rough guide lines are not s uffi
c i ently deta i led for rea l -world deci sionmaking , and one i s  tempted to 
go back to the national framework . Thi s cannot be done he re , however , 
s ince i t  would impai r the g lobally comprehensive vi sion of the prob lem . 
I IASA , in seeking a way out o f  thi s  di lemma , has identi fied seven regions 

that describe the world as a whole . I n  thi s  way , typical regional di f
ference s  are accounted for and regiona l interdependencies identi fied 
( Fi gure 4). The se regions di ffer above all by their states o f  economi c 
deve lopment and the ava i l abi lity of resources and , to a lesser extent , 
by geographi cal condition s . Regions I ,  I I I , and I I  correspond to the 
so- called first and second wor lds : the industri a l ized North . Regions 
IV , V, VI , and VII represent the developing thi rd and fourth wor lds , wi th 
wide ly di ffering nationa l structures .  To each world region a set o f  mathe
matical mode l s  i s  applied separate ly . Thi s  IIASA set o f  ene rgy models i s  
depi cted in Figure 5 ,  wi th the larger computer mode l s  shown in boxe s . 

Assumptions on population and economi c growth i n  the various regions 
enter the model MEDEE , whi ch calcu lates final energy demand in cons ider
abl e  detai l ,  i . e . , the use o f  energy by the final consumer . The model 
output , a set of secondary energy demands such as e le ctri city , he at , 
gas , etc. , i s  the i nput to the supply model MESSAGE . Thi s linear pro
gramming mode l a l locates speci fied quanti ti e s  o f  primary energy , such 
as o i l , gas , coal , uranium ,  etc . , to the generation o f  secondary energy 
over a period of 5 0  years . I t  produces optima l  di s counted costs and , 
most important , takes into account various constraints , providing in 
thi s  sense an optima l  supply mi x of primary ene rgies in a reqion . The 
resulting requirements for direct and indirect investments in ene rgy 
generati on are accounted by the model IMPACT . The mode l uses an input
output approach to i denti fy the e f fect the se requirements may have on a 
given economy . The aggregated investments are then fed into the MACRO 
mode l , whi ch he lps assess the macroeconomic impli cation s o f  change s in 
the ratio o f  energy consumption and i nve stments . Wi th a quas i formalized 
procedure l i nking international trade between the world regions , a first
order approximation o f  i nput data for MESSAGE i s  obtained . Another 
output , to be derived from the model results , i s  prices and elasti c i ti e s . 

Whi le a l l  the mode ls in the se t in thei r  pre sent form have been deve l
oped and applied a t  I IASA , thei r  origins vary . MEDEE orginate s from the 
Univers i ty of Grenob l e , MACRO is founded on work in Canada and the 
Uni ted State s , and IMPACT and the world trade procedure come originally 
from the S iberian Power Insti tute at I rkutsk . The mode l MESSAGE has 
been completely deve loped at I IASA . 

I n  the l i ght o f  the expli cations above , it is crucial to mer i t  the 
i terative character o f  the modeling procedure . The findings described 
be low could in no way have been obtained from one run through the 
mode ling loop . Rather ,  the procedure i s  in steps , so that i nterfaces 
can be installed in between them for i terative modi fi cation unti l a 
cons i s tent analysis i s  obta ined . Thus there i s  i ndeed room for a ssump
t ions and j udgment in the light of the under lying mental mode l . 

Two scenarios have been constructed that are d e fined by two basi c 
development variables , population and gross domesti c product ( GDP ) . 
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F IGURE 5 I IASA ' s  set of mode l s  for energy strategie s .  

Both s cenarios , High and Low , are rather conservative , repre senting 
moderate departure s from observed trends cases . In e i ther scenario , 
population is assumed to grow to 8 bi l lion in 2030 ( and would then taper 
o f f  to a sustainable leve l ) . The bas i c  di fference i s  in GDP pro j ection s : 
one s cenario assumes a relative ly low economic growth , fair ly large 
advance s in energy end-use techno logy , and a rather positive attitude 
towards energy saving of those concerned . The other scenario assume s a 
modestly high growth . The less conservative as sumptions made on the 
supply s i de in both scenarios inc lude e f fective and time ly decision
making and implementation , as we l l  as due regard for the needs of the 
deve loping countrie s . 

In a l l , these as sumptions are rathe r optimi s ti c , marking the bounds 
for what may be maximally feasible , whi le the real world experi ence may 
turn out to be more sobering . 

ENERGY DEMAND 

Let us now look more close ly at how energy demand i s  dealt wi th in the 
two scenarios . To thi s  end , i t  is use ful to consider the economi c 
evolution of the regions in terms o f  percent o f  per capita GDP . 

Tab l e  1 give s  the pe r  capita GDP and its ye arly growth rates used in 
the High and Low S cenarios , 19 75- 2 0 30 . In the Low Scenario , the pe r 
capi ta GDP growth for North America ( Re gion I )  goe s down to 0 . 7 %/yr , 
and that for Europe ( or more exactly , Region I I I )  comes to be only 
0 . 9%/yr . Both va lues are meant to approximate zero economi c growth . 
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TABLE 1 1 9 7 5  Per Capita GDP and Growth Rate s for TWo 
Scenarios to 2 0 3 0  

GDP Per Growth Rate of Per CaEi ta GDP ( t/xr> 
Capita High Scenario Low Scenario 
( $ ) 1 9 7 5 - 2000- 1 9 7 5 - 2000-

Region 1 9 7 5  2 000 2 0 30 2000 2 0 30 

I 7 , 0 46 2 . 9  1 . 8  1 . 7  0 . 7  
I I  3 , 4 16 3 . 6  3 . 2  3 . 1  1 . 9  
I I I  4 , 2 5 9  3 . 0  1 . 8  1 . 7  0 . 9  
IV 1 , 066 3 . 0  2 . 4 1 . 6  1 . 9  
v 2 39 2 . 8  2 . 4 1 . 7  1 . 4  
VI 1 , 42 9  3 . 8  2 . 8  2 . 4 1 . 2  
VI I 3 5 2  2 . 8  2 . 4  1 . 6  1 . 4  

The highes t  growth rate , by contrast , is that for Region VI ( Middle East 
and Northe rn Afri ca) from now to the turn of the c entury ( 3 . 8 %/yr) . 
The Sovie t  Union and the Eastern European countrie s ( Region I I )  have 
general ly high values but othe rwi se fo l low the decreasing trend . 

Gross regional products ( GRP ) are obtained by multipli cation o f  the 
GDP growth rates by regional population figure s .  ( The population data 
here are from Key fitz . )  In the OECD countries , GRP annual growth rates , 
19 7 5 - 2030 , range between only 2 \  to 3 %; the evo lution assumed fo l lows 
the general decreasing trend . 

More important than the economic data are the re lated value s of energy 
demand , however . An adequate de finition of energy flows from the source 
to consumption di f ferenti ates at least between primary energy and s econ
dary energy , as we l l  as energy use ( see Figure 6 ) . The latter term in 
fact comprises what is called energy services , resulting in a fine piece 
of potte ry ,  a warm room , or adequate i l lumination for reading . Thi s  
energy s e rvi ce can be consumed , othe r than energy itse l f , whi ch fol lows 
the law of conservation . Use of energy has to do wi th the negative 
entropy or negentropy ( or information ) content of energy . Thi s rather 
abs tract quantity , equivalent to the use o f  capital or work or to the 
impact of know-how , can completely or partially be consumed or substi
tuted : the piece o f  earthenware may break , the room may cool down , and 
the l i ght photons are absorbed .  

The point here i s  that the relationship between energy consumption-
whi ch depends on the leve l o f  a given e conomic activi ty--and the econo
mic activity itse l f  is not unambi guous and straightfo rward . No wonder 
the i ssue is i n  the center o f  controversy today . It sur faces in the 
discuss ion on energy coe fficients , that is the percentage of energy 
growth required pe r percent of GDP growth . And as we wi l l  see in a 
moment , di f ferentiation o f  final energy and primary energy i s  very 
important in thi s context . 

The final energy-GOP coe ffi cients for Regions I ,  I I , and I I I  center 
around 0 . 8 ,  but those for Regions IV , V ,  VI , and VI I are around 1 . 5 ,  
whi ch demons trate s the need for the deve loping countrie s  s ti l l  to bui ld 
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up their in frastructure s . By the way , more energy i s  needed at first 
to bui ld a rai lway system than to ship by i t  computer printouts later , 
whi ch may stand here for the most recent sophisti cated accretion o f  GDP . 

To argue thi s  point in a convincing and credible manner , lots of 
detai ls are nece ssary . MEDEE , the mode l  for assessing long-term energy 
demand , is meant to do so . I t  does in fact account for the great diver
sity o f  end-use categories and the i r  interdependencies . Figure 7 summa
rizes the relevant results . The final energy-GOP coe fficient is as sumed 
to go down to as low as 0 . 3 for the industri a l i z ed countri es , but to 
only s l i ghtly less than 1 . 0  for the deve loping countrie s . 

The respective coe fficients o f  primary energy and GDP , on the other 
hand , may d i f fe r  completely , both in quanti ty and in qual i ty ( see Figure 
8 ) , where £p for Regions I ,  I I , and I I I  in 1 9 7 5  was close to 1 . 0  but 
cl early above 0 . 8 . Thi s  is due to conversion losses at the leve l o f  
secondary energy generation and t o  e lectricity generation in parti cular . 
Considerab le los s e s  ari s e  from coa l  l ique faction , whi ch plays a major 
role in both scenarios for Regions I and I I I , as wi l l  be seen later . 
Thi s  then may we l l  cause the primary energy-GOP coe fficient to rise to 
va lues higher than 1 . 0 .  

I t  i s  not pos sible here to treat the se energy demand calcu l ations in 
greater detai l .  One point me rits spe c i a l  attention , however . The 
demand for liquid s econdary energy carriers , such as heating o i l  or gas , 
i s  shown to be a much more severe bottleneck than i s  wide ly assumed . 
There fore , i t  i s  attempted in both scenarios to limit the use o f  liquid 
fue l s  to practical ly nonsubsti tutable appli cations , such as for trans
portation , feedstocks , and petrochemi c al s . Table 2 shows thi s  use of 
liquids in percent . The shares vary between about 50\ today and more 
than 90 \ in 2 0 3 0 . The re fore , it becomes more and more necessary to 
substitute dis trict heat and electricity for heating oi l and gas . As a 
consequence , there i s  a conti nuous s teep increase in electr i f ication 
( Fi gure 9) • 

Such demand cons iderations lead to a per capita primary energy demand 
in the s cenarios as in Tab l e  3: a world average of 3 or 4.5 kWyr/yr , 
respe ctively , in 20 30--simi larly as was noted above - - instead of 2 kWyr/ 
yr pe r person as of today. Whi le the per capita consumption ratio o f  
Regions I and I I I , compared t o  Regions IV and V ,  improves by a factor 

TABLE 2 Use o f  Liqui ds : Percent o f  Liquid Demand 
Used for Transportation and Feedstocks 

High Low 
Region 1 9 7 5  2 0 3 0  2 0 30 

I 74 94 9 1  
I I  6 5  100 100 
I I I  52 86 76 
IV 69 9 0  8 9  
v 58 9 1  8 8  
VI 74 94 9 1  
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o f  about 2 ,  considerabl e i nequities between deve loped and deve loping 
countries remain , and the gap continues to be a prob lem far into the 
next century . The global primary energy demand is projected in Tab le 4, 
with 2 2  TWyr/yr in the Low Scenario and 36 TWyr/yr in the H i gh Scenario . 

Mind you , i t  i s  easi ly possible to obtain s ti l l  lower as we l l  as 
higher va lues if the s cenario as sumptions are s l i ghtly varied . One way 

TABLE 3 Primary Energy Per Capita ( kWyr/yr per capita ) 

High Low 
Regions 1 9 7 5  2 0 3 0  2 0 3 0  

I +  I I I  6 . 2  1 2 . 2  8 . 2  
( 2 x) ( 1 .  3x) 

IV+ V 0 . 4 1 . 9  1 . 1  
(4. 8x) ( 2 . 9x) 

WORLD 2 . 1  4 . 5  2 . 8  
( 2 .  2 x) ( 1 .  4x) 

Ratio 
I +  I I I  16 . 2  6 . 4  7 . 5  
IV+V 
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TABLE 4 Primary Energy Pro j ections ( TWyr/yr ) 

High Low 
Regions 1 9 7 5  2 0 3 0  2 0 3 0  

I +  I I+ I I I  6 . 8  20 . 5  1 3 . 9  
( 3 .  Ox) ( 2 . lx)  

IV + V + VI + VI I 1 . 5  1 5 . 2  8 . 5 
( 10 . 5x)  ( 5 .  8x)  

WORLD 8 . 2 3 5 . 7 2 2 . 4  
( 4 .  3 x) ( 2 .  7 x) 

o f  compari son tried at I IASA i s  a 16 TWyr/yr s cenario that retains the 
2 kWyr/yr per capita average of world energy consumption . An increase 
in energy use in the deve loping countri es mus t  accordingly be o f fset by 
a negative energy consumption growth in the indus tri a li z ed world . 
Tab l e  5 des cribes thi s  case for the seven world region s . 

The re i s  at present quite some agitation to promote a negative or 
zero energy growth for other reasons than energy supply di f fi culti e s . 3 

Yet the impact thi s movement wi l l  have on our way o f  living cannot be 
grasped . At the other end o f  the spe c trum , however , there are world 
energy consumption estimate s o f  c learly more than 40 TWyr/yr . The 
pol i ti ca l  concept of the New Economi c Order , for example , pronounced by 
the UN group of the 77 at UNCTAD conferences ,  leads to such higher energy 
demand value s . 4 But thi s  i s  not out o f  focus wi th an observation above 
that the l ink between energy and economy is not naturally a closed one . 
I n  thi s  l i ght , the energy demand figures of the H i gh and Low Scenarios 
fal l  we l l  wi thin the mid- range of today ' s  pro j ections . 

TABLE 5 Per Capi ta Primary Energy Consumption , a 
16-TW Scenario , 1 9 7 5 - 2 0 3 0  ( kWyr/yr per capi ta)  

Base Year 2000 2 0 30 
Regions ( 19 7 5 )  

I 1 1 . 2 7 9 . 1  8 . 0  

I I  5 . 10 7 . 2  6 . 2  

I I I  4 . 0 3  3 . 6 3 . 2  

IV 1 . 06 1 . 8  2 . 8  

v 0 . 2 3 0 . 5  0 . 7  

VI 0 . 96 2 . 2  3 . 6  

VI I 0 . 5 1 1 . 0  1 . 2  

WORLD 2 . 1  2 . 0  2 . 0  
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ENERGY RESERVES AND ENERGY RESOURCES 

A c lear di stinction must be made between reserves and resource s . 
Re serve s , being resources that are explici tly known , can be mined a t  
economi c condi tions . Resource s  then are conside red t o  inc lude r e s e rves 
as well as a re source base : thi s  re source base is pre sumed to e x i s t  
with a certain probabi l ity by way o f  geologi cal evidence , but i ts e xploi
tation i s  not evi dently economi c .  Both categories continuous ly vary in 
quanti ty , the ultimate di fference between them being techno logy . North 
Sea o i l  i s  a case in point . The re , wi th the techno logy of floating 
plat forms at hand , the re sources have become reserve s . Consider , how
ever , that such technology has become feasible only a fter 19 73 . 

Estimations of resource s traditiona l ly di f fe r  from each othe r . Geo lo
gists apparently tend towards cautious e s timate s .  Economi sts , on the 
other hand , guided by the ro le of pri ce increase s ,  proceed from a de 

facto unl imited resource base . Inherently di f ferent definitions apply 
for coal and gas , wi th coal being usua l ly estimated on a geological bas i s  
and o i l  wi th a view t o  maintaining a certain re serve -production rati o . 
Resource asses sment i s  di fficult , there fore , especial ly i f  assumptions 
on future conditions are involved , as in the pre sent scenario . 

Whi l e  a l l  thi s commands caution , one must come up wi th numbers for 
the scenario definition . The e stimate s in Tab l e  6 of ultimately recover
able foss i l  re source s  should be looked at thi s  way . They are grouped 
by three price categori e s . Coal , oi l ,  and gas o f  the cheapes t  category 
( $2 5/t or $12/boe , respective ly )  make up about 1 , 000 TWyr . Simple c a l 
culation shows that for 4 0  TWyr/yr thi s  amount would b e  used up in 2 5  
years , and one comes to real i z e  that this i s  whe re the public ' s  concern 
about resource scarc i ty originate s . Real i stically , Categori e s  I I  and 
I I I  must also be inc luded in the count , leading altogether to about 
3 , 000 TWyr . Also , it s e ems more appropriate to assume the world ' s  
fos s i l  energy use of the next five decades to average about 1 5  TWyr/yr , 
which makes the s i tuation appear le s s  tense . Of course , more detai l s , 

TABLE 6 U l timate ly Recoverab le Re source s .  Coal I :  $2 5/t , 
I I : $ 2 5 - 5 0/t; Oil , Gas I :  $12/boe , I I : $1 2 - 2 0/boe , I I I : $2 0 - 2 5/boe 

Resource 
Cost 
Category 

I ( NA) 
II ( SU/EE) 
I I I  ( WE/JANZ ) 
IV (LA) 
V ( AF/SEA) 
VI ( ME/NAF) 
VI I  ( C/CPA) 

WORLD 

Coal 
( TWyr ) 

I I I  

1 74 2 3 2 
136 448 

9 3 151 
10 11 
5 5  5 2  
<1 <1 
9 2  1 2 4  

560 1 , 019 

Oi l 
( TWyr ) 

I I I  

2 3  26 
3 7  4 5  
17 3 
19 81 
2 5  5 

1 3 2  2 7  
1 1 1 3  

264 2 00 

Gas 
( TWyr )  

I I I  I II I I I  

12 5 34 40 29 
6 9  6 6  5 1  3 1  
2 1  19 5 14 

110 17 12 14 
33 16 10 14 

n . e .  108 10 14 
15 7 13 14 

3 7 3  2 6 7  141 1 30 
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in particular wi th regard to regional di f ferences ( see Tab l e  6) , were 
used in the model ing , as in the c ase of energy demand . But , even at 
thi s summary leve l , l arge di ffe rences are obvious between di f fe rent 
qual i t i e s  of coa l s , oi l ,  and gas . For example , oi l recovery in Saudi 
Arab i a  or in Alaska or in the North Sea do not easi ly compare . It shows 
that the 3 , 000 TWyr in Table 6 a re not a s o ft cushion to re s t  on . 

B e s i des fos s i l  re source s ,  energy supply from renewables i s  getting 
much attention , nour i shing wi de hope s . I f  one neglects the large -scale 
use o f  s o lar energy temporari ly , one finds the potenti al o f  the remain
ing sources to be l imi ted . Much e xplanation would be needed to ful ly 
prove thi s s tatement . Since thi s i s  not pos sible here , a summary of the 
estimated potenti a l  o f  renewab les i s  given i n  Table 7 .  I t  di f fe renti ate s 
between what i s  theoreti cally or techni c a l ly pos s ible and what may actu
a l ly be feasib l e . The rea l i z able potential of renewables appears to be 
about 10 TWyr/yr , a fi gure much lower than th e  expecte d  demand . The 
average energy den s i t i e s  of renewables , on the other hand , are 0 . 1-1 . 0  
w;m2 ( Fi gure 10 ) . Wi th an indi cative energy dens i ty o f  0 . 5  w;m2 , thi s 
imp l i e s  that 2 0  mi l lion km2 o f  l and wi l l  be needed for harve s ting the 
rea l i zable potenti al of 10 TW- -an area about as bi g as al l the agricul
tural land i n  the world! 

Anothe r matter i s  the l arge-scale use o f  solar energy , the annual 
average den s i ty o f  whi ch may be 2 0 -40 w;m2 , and whose are a requ irement 
is relative ly sma l l e r . Extensive inve s ti gations 5 have shown that the 
need for land i s  bound to compli cate solar use in some such cases , but 

TABLE 7 Estimated Potenti a l  o f  World Renewab le Energy Supply 

Potenti a l  
Source Technical Rea l i zable Cons traint 

Fores t  and 
6 . 0  5 . 1 

ecological 
fue l farms climatologi cal 

So l ar pane l s  
economic 

Soi l s torage 5 . 0  1 . 0  
techno logical 

Heat pumps 

Hydropowe r 2 . 9  1 . 5 
eco logical 
social 

Wind 3 . 0  1 . 0  economic 

eco logi cal 
OTEC 1 . 0  0 . 5  cl imatological 

techno logical 

Geothermal 0 . 2  0 . 6  economi c 

Organic was tes 0 . 1  0 . 1  balanced 

Glac i e r  powe r 0 . 1  0 techno logical 

Tidal 0 . 04 0 computational 

TOTAL 2 0  9 . 7  TW 
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might be re solved in general .  A much greater long-term problem may be 
capital cost and ene rgy s torage . An overriding concern is the tremen
dous demand for materi al needed to cover such areas . The minimum mate
rial density i s  generally e stimated to be 10 and 100 kg o f  concrete and 
i ron per square meter . 

The solar growth rates in Figure 1 1  are inferred on thi s bas i s .  
Wi th a hypotheti cal doubling o f  world concrete and i ron production to 
be i nve s ted in solar powe r plants , between 2 50 and 1 , 500 GW ( th )  cou l d  
be insta lled per year . There fore , and for other supporting reaso n s , 
the growth rate rather than the solar powe r potentia l  appears to be a 
leading constraint on l arge-scale solar power appli cation over the next 
50 years . Thi s , of course , assumes optimi s ti cally that capi tal cos t  and 
storage requirements c an be met .  

Now a few words about nuc l e ar energy . I n  the pre sent context , the 
question is above a l l  the magni tude of what nuclear energy can at b e s t  

Demand Supply 

FIGURE 10 
Energies densiti e s . 0.01 
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FIGURE 1 1  Material requi rements :  solar conversion sys tems of 
various net den s i t ies. 

contribute by 20 30 , a l l  institutional and societal i ssue s  put aside. 
The re is only a vague answer to it. Detai led studie s --not di s cus sed i n  
the present context--indicate a worldwide rea l i s ti c  upper limi t  of 1 0  
TW o f  insta l l ed e lectric capacity. I t  is trivi a l  t o  show that the maxi
mum could be less. To 10 TW ( e )  insta l l e d  capacity , a ( commerci a l )  pri 
mary energy consumption o f  17 TWyr/yr woul d  corre spond. ( Note that 
TWyr/yr a lways implies annual calori fic input to produce powe r.) At 
such a growth rate , the sens i tive parameter i s  the natural uranium re 

quirement , e . g. ,  o f  l i ght water reactors. For e xample ,  the International 
Fue l  Cycle Evaluation ( INFCE ) con s iders that 4.3 mi l lion tons of natural 
uranium at pri ces up to $1 30/kg are available in the We s tern world today. 
For the world as a whole and wi th worldwide prospection at the pre sent 
u. s .  leve l , one could consider uranium resources of , s ay , 20 mi l lion 
tons- -but thi s number should be taken as a working hypothes i s  rather 
than as e st abl i shed fact. Thi s  l arge amount would be used up by about 
20 20 , howeve r , i f  light water reactors ( LWR ' s )  or other nonbreeders were 
the only nuclear technology deployed . There fore , breeders mus t play 
the i r  part in time. For e xample ,  the plutonium from LWR ' s  coul d  be fed 
into fast breeder reactors ( here LMFBR ' s ,  see Figure 12 ) and be used as 
breeder inventory that is not consumed but breeds more fue l. A once
through o f  20 mil lion tons of natural uranium would lead to about 
24 , 000 tons o f  Pu , whi ch means that the 17 TWyr/yr in ques tion could be 
produced for a vi rtually unlimi ted period o f  time. However , thi s  pos s i 
ble reactor s trategy presuppose s  fostering now a n  intensive bui ldup o f  
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F I GURE 1 2  The classical reactor strategy . 

fast breeder reactors that would become operati ve on a large scale by 
the turn of the century . There are , of cour s e , various other pos s ibi
lities besides thi s reactor s trategy , but a l l  of them requi re breeding . 

I n  thi s  re spect it i s  use fu l  to rea l i z e  that the fusion reacto r  o f  
the future , based o n  the pre sent de s i gn , wi l l  a l s o  b e  a breeder reactor . 
Granting the c entral fus ion proce s s  o f  energy re lease in the plasma to 
be typically di f ferent from the proce s s  o f  nuc lear f i s s ioning , there 
are yet remarkabl e  para l l e l s  between fusi on and f i s s i on breeders in 
strategic ene rgy planning and reactor ope ration : l i thium in fus ion 
corre sponds to U- 2 3 8 ( and Th- 2 3 2 )  in f i s sion breeding , and tri tium in 
fus i on to plutonium ( and U-2 3 3 )  in f i s s i on . In both cases , there are 
radioactive inventori e s  and radioacti ve waste s . Both types of breeders 
today are geared to e lectri c i ty gene ration . Lithium as we l l  as uranium 
plus thorium resources are simi lar in si ze , e i ther one y i e lding an 
energy output o f  about 2 0  kWh/g . I n  spite of these qua l i tative s i mi l ar
i t i e s , a techni cally mature fusi on reactor could o f fe r  cons iderable 
quanti tative advantages over the fi s sion breeder . 6 • 7 Techni cal matura
tion of fus i on re actors , howe ver , wi l l  sti l l  continue far into the 
twenty- first c entury , and no more than 2 - 3  TWyr/yr from fus ion are to 
be expected in 2 0 30 . I t s  share wi l l  pos sibly increase the rea fte r .  

Tabl e 8 attempts to summari ze the wor ld ' s  re source s , indi cating what 
the potent i a l s  as we l l  as the con straints are in producing and using 
thes e  resourc e s . The data are rather optimi s tic . Much more would have 
to be said i f  time permitted . 

ENERGY S UPPLY STRATEGIES 

Whe re do re sources come in in I IASA ' s  set o f  energy mode l s , attempting 
to simul ate the energy demand- supply si tuation? Fi gure 5 i denti fi es 

Copyr igh t  © Nat iona l  Academy o f  Sc iences .  A l l  r igh ts  reserved.

Out look  fo r  Nuc lear  Power :  Presenta t ions  a t  the  Techn ica l  Sess ion  o f  the  Annua l  Meet ing- -November  1 ,  1979,  Wash ing ton ,  D.C.
h t tp : / /www.nap.edu/ca ta log .php?record_ id=18568

http://www.nap.edu/catalog.php?record_id=18568


19 

TABLE 8 Resource s ,  Production Potentia l s , and Cons traints 

Production Resource 
Source ( TWyr/yr)  ( TWyr )  Constraints 

Wood 2 . 5  co Economy--envi ronment 
Hydro 1-1 . 5 co Economy--envi ronment 
Total 6 - ( 14 ) co Economy- - ( nature ) 

Oi l and Gas 8-12 ( ? )  1 , 000 Economy--envi ronment--resources 

Coal 10-14 ( ? ? )  2 , 000 ( ? )  Society - -envi ronment-economy 

Nuc l e ar 
Burner 12 for 202 0 300 Resources 
Breeders �17 by 2030 300 , 000 Bui l dup rate s - - resources 
Fusion 2-3 by 2030 300 , 000 Te chno logy--bu i ldup rates 

Solar 
Soft 1-2 co Economy--land--in fras tructure 
Hard 2 - 3  b y  20 30 co Buil dup rate s --materials 

re source s  in the lower right oval as an input to MESSAGE . Several exten
sive LP runs o f  the MESSAGE program for the seven world regions lead to 
- -within the de fined context--optimal energy supply strategies. For 
the purposes of thi s  pre sentation , the global ly aggregated s upply is of 
interest . 

Fi gure 1 3  shows the evolution of the primary energy mix by 2 0 30 . I t  
i s  to b e  taken wi th a grain o f  salt , but note the s l i ghtly reducing 
share of gas and the overa l l  fairly cons tant share o f  oil toge the r wi th 
synthetic fue l s , e . g . , methano l . Withi n thi s  band , o i l  i s  increas ingly 

,.- Hydro ;-Renewables 
100 �--------================� 

80 
I 

� 
I sor--

� 40 t Oil 
I 20_ 

f t Gas 
I I 

1975 1985 2000 2015 2030 

F IGURE 1 3  World : low demand , primary energy or equivalent . 
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replaced by synthetic l iquids a fter 2000 . One such source is autothermal 
coal lique faction , as sumed to increase the need for coal . Togethe r , 
such and the tradi tional use s  o f  coa l lead to a rathe r uni form overa l l  
share o f  coal i n  the primary energy market ,  wi th the traditional share 
decreasing stead i ly . Thi s  dec line i s  o f fset by a rise in nuc lear energy 
for e lectri city generation . Among the various nuc lear share s , that o f  
the f a s t  breeder increases qui ckly a fter the turn o f  the century . The 
res t  of the primary energie s  remain fai r ly sma l l  until 2 0 30 , but let me 
repeat that solar and fusion could take on greater importance later . 
These results relate to the Low Scenario . In terms o f  primary energy 
market shares , the mi x for the High Scenario does not di ffer signi fi 
cantly . But , o f  course , what we are a fter above a l l  in thi s context i s  
the absol ute contributions o f  th e  various primary energi e s  i n  the year 
2 0 3 0 . 

They are l i sted in Table 9 .  Indeed , oil production doe s  not seem to 
decrease at a l l . I t  appears rather hi gh , providing about 6 . 8 3 TWyr/yr 
in 2 0 30 in the H i gh Scenario . So does gas production , contributing 4 
times the value o f  today . All nuc l ear energy production , o f  nonbreeders 
( nuclear 1) as we l l  as breeders ( nuc l ear 2 ) , amounts to 8 . 1  TWyr/yr , 
that i s  about 2 3% o f  the tota l energy supply in the High Scenario , and 
yet the number is far from the theoretical 1 7-TW potent i a l . Mos t  
remarkably , these primary energi e s  are topped b y  a coal production o f  
almost 1 2  TWyr/yr ,  or about 1 3  b i l lion tons of coal equivalent p e r  year . 
Solar , which i s  j ust about 0 . 5  TWyr/yr in 2 0 3 0 , i s  a more or l e s s  ad hoc 
input to MESSAGE s ince the program rej ected solar contributions at the 
estimated cost leve l s . Solar may at bes t  be 2 TWyr/yr perhaps , but 
sure ly not more . Hydropower ,  too , may figure higher in 2 0 3 0  than indi 
cated by , s ay , 5 0 % . In re lative te rms , the contributions o f  both solar 
and hydro appear rather sma l l ; absolute ly speaking they are enormous , 
and even more so are the abso lute numbers for the other primary energies .  

One may wi sh to react to these incredib le quanti ties by reduc ing 
energy demand to values lower than in the Low Scenario . But , in doing 
so , one is brought to face the problems that were discussed under the 
heading of a 16-TW s cenario . I n  particular , a clarifi cation would be 
needed as to the regions and the manner and the extent in whi ch the 
energy demand should be reduced . 

The present scenario approach o f fers the advantage o f  confronting us 
directly wi th the huge orders o f  magnitude that are requi red . Thi s  i s  
unl ike a national approach , whi ch may al low one t o  escape into imports 
if futures appear too dim . When treating the world as a whole , as i s  
done here , o n e  must expl icitly speci fy where imports for certain world 
regions could originate . As far as hopes for o i l  are concerned , extrac
tion must be assumed to materi a l i z e  somewhere in the world . National 
di fficulties can no more be di smi s sed or exported to the abs tract leve l  
o f  the g loba l  market ,  given a worldwide perspective . 

Indeed , questions o f  oi l import were very important for our regional 
calculations . Thus Region VI , largely though not ful ly identical wi th 
OPEC , appears to play a dominant ro le sti l l  by 2 0 3 0 . It cannot be ex
pe cted that thi s  region wi l l  endeavor trans ferring its wealth o f  o i l  
into inflationary capita l , a s  would be the case i f  i t  simply complied 
with import requests as they are received . Rather ,  i t  i s  sensible to 
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TABLE 9 Two Supply Scenarios , Global Primary Energy : 197 5 - 2 030 ( TW) 

Hish Scenario Low S cenario 
Primary Source 197 5 2 000 2030 2 00 0  2 0 30 

Oi l 3 . 62 5 . 89 6 . 83 4 . 7 5 5 . 0 2 
Gas 1 .  5 1  3 . 11 5 . 97 2 . 5 3 3 . 4 7 
Coa l 2 . 26 4 . 95 1 1 . 98 3 . 93 6 . 4 5 
Nuclear 1 0 . 1 2 1 .  7 0  3 . 2 1 1 . 2 7 1 . 89 
Nuc lear 2 0 0 . 0 4 4 . 8 8 0 . 02 3 . 2 8 
Hydro 0 . 5 0  0 . 83 1 . 4 6 0 . 8 3 1 . 4 6 
Solar 0 0 . 10 0 . 49 0 . 09 0 . 30 
Other 0 . 21 0 . 2 2 0 . 81 0 . 1 7 0 . 52 

TOTAL 8 . 2 1 16 . 84 3 5 . 6 5 1 3 . 59 2 2 . 39 

expect a limi t  on the region ' s  oil production , here as sumed to be 33 
mi l l ion barre l s a day . 

The block diagram in Figure 14 i l lustrates the o i l  export- import s itu
ation for a l l  regions in 197 5  and 2 030 , according to the High Scenario . 
One GWyr/yr , the unit given , corresponds to about 1 4 , 000 barrel s  a day . 
Reg ion IV ( South Ameri ca ) and Region V ( South East Asia and Afri c a )  a l so 
were exporters in 197 5 , supplying Region I ( North America ) and Region I I I  

1975 

2030 
.'HIGH" 

Ill 

1200 
IV v VI REGION 

IMPORTS 

EXPORTS 

IMPORTS 

EXPORTS 

1500 
FIGURE 14 Oi l trading regions , 197 5  and 2 030 ( GWyr/yr) . 
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( Western Europe , Japan , and Australi a ) . I n  2 0 3 0 , the High Scenario 
indicate s for Region I oi l sel f- supply and thus no need for import , in 
spite o f  the abso lute increase i n  the region ' s  ene rgy demand: and for 
Region I I I , a reduction in imports , large ly on account of autothermal 
coal l ique faction . The remainder should he lp alleviate the mos t  severe 
energy needs of Region V. However ,  it is plain to see that Regions I 
and I I I  wi l l , on account o f  their purchasing powe r ,  sti l l  import more 
than is foreseen by the scenario , at the disadvantage of the developing 
Region V .  

One unde rstands from the above that the main factors determi ning 
resource al location and t rade flows are first of a l l  production cei lings 
and the possibility of increases in the production rate . The re sources 
themse lves are not actua l ly exhausted by 2 0 3 0 . Compare the cumulative 
oil consumption by 2 0 3 0  in Table 10 : it is 6 8 %  in te rms of Pri ce Cate
gori e s  I and I I ,  but only 1% o f  highe st-cost oil , whi ch i s  oil shales 
and tar sands . For natural gas the ratio s are 49% and 0% , and for coal , 
6 1 %  and 0 % . In other words , out o f  a world total o f  about 3 , 000 TWyr 
o f  resources only about 900 TWyr wil l  have been used by 2 0 30 . Thi s is , 
o f  course , the rel ative ly cheap and c lean re sources ,  having less impact 
on the environment than othe rs . With an annual requirement of about 40 
TWyr , for example ,  the re st o f  about 2 , 000 TWyr would last for anothe r 
50 years. After what we know today and what we can now anti cipate for 
the future , the main constraint of the coming five decades wi l l  be 
production ceilings , wi th re sources cons traints coming to bear in the 
fol lowing hal f  century . By that time a transi tion to nuc lear and solar 
wi l l  be inevitable. 

Thi s  e xe rci se in how supply scheme s a f fect resource al location demon
strates the use fulne s s  o f  the scenario approach , by whi ch anticipated 

TABLE 10 Cumulative Uses of Fos s i l Fue l s , 19 7 5  to 2 0 30 , 
High S cenario 

Oil 
Conventional 

( Cat. I+ II )  
Unconventional 

( Cat . I I I )  

Natural gas 
Conventional 

( Cat. I + I I )  
Unconventional 

Coa l 
Cat. I 
Cat. I I  

Total Re source 
Avai lable ( TWyr )  

464 

3 7 3 

408 

1 30 

560 
1 , 019 

Total Consumed 
TWyr % 

317 

4 

199 

0 

341 
0 

68 

1 

4 9  

0 

61 
0 

Copyright © National Academy of Sciences. All rights reserved.

Outlook for Nuclear Power: Presentations at the Technical Session of the Annual Meeting--November 1, 1979, Washington, D.C.
http://www.nap.edu/catalog.php?record_id=18568

http://www.nap.edu/catalog.php?record_id=18568


2 3 

events are put into a chronologically meaningful orde r . S ti l l , one 
should remember that it is scenarios we are deal ing wi th here , and not 
predictions . 

COAL IN EUROPE 

As was shown in Table 9 ,  the highest abso lute shares in 2 0 3 0  in both 
scenarios are those o f  coal production . They are worth looking into in 
more detai l , given the present s e l l ing d i f ficulties in coal and one at 
best short-term trend toward coa l use , other than burning , for powe r 
generation . But at I IASA , short-term and long-term are put into di f fe r 
ent boxes , which , in the context o f  c o a l  use , means that o n e  needs a 
long-term perspective to clari fy matters . Al though quanti fi cation i s  
di fficul t , i t  i s  pos sibl e t o  derive t o  thi s  end actual technological 
implicat ions from the s cenarios . 

Cal culations have been made for a l l  regions , and in particular for 
Wes tern Europe in Region I I I . It appears that Western Europe does not 

have enough indigenous coal to me�t an earmarked requi rement o f  14 , 000 
mi l lion tee in 2 0 3 0 . Thus it would have to drive coal mining to the 
extreme of , s ay , about 5 00 mi l l ion tee , and import the rest . Thi s , in 
principl e , could come from the Uni ted State s , but means that they would 
have to mine 2 , 000 mi l l i on tee for the i r  own needs plus 900 mi l l ion tee 
for Europe ! 

In short , the insi ghts gained from thes e  calculations make coa l a 
scarce resource a fter the turn o f  the century . I t  figures h i gh in world 
trade and i s  l ike ly to be proces s ed by various new techno logies , in 
order to substitute oil as a l iqui d  s econdary energy carri e r . 

Autothe rmal l ique faction , among the various coal conversion proce s s e s , 
i s  a proc e s s  by whi ch carbon atoms are trans formed into hydrocarbons , 
such as methanol .  A greater conversion e fficiency than the pre s ent 
25% - 2 9 %  would be de s i rab le but requi res , e . g . , exogenous addition of 
l arge amounts o f  hydrogen ( see Figure 1 5 ) . Such an advanced proce s s  
would require only one- third o f  carbon needed in pre sent autotherma l  
proces s e s , and the energy content o f  the re sulting methanol would a t  
equal parts be derived from hydrogen and carbon . Thi s  throws new light 
on the possible coupling o f  methano l production wi th nuc lear or/and 
solar , serving to produce e lectro lyti c hydrogen , for e xample . The 
overal l  constraining factor for such systems would be capi tal cos t . 

One cannot conc lude a di s cussion on coal wi thout touching on the co2 
problem. The natural co2 content of the world ' s  atmosphe re compare s 
to the release from burning about 500 TWyr of coal . With a fos s i l energy 
production of about 900 TWyr by 20 30 , sugges ted by the High Scenario , a 
doubling o f  the atmospheric co2 content has to be expected , and an impact 
on the climate lasting longer than for centuri e s . C limato logi sts agree 
that an uneven warming of the earth ' s  atmosphere would re sult , wi th a 
minor variation o f  the average , but large change s ( about l0 ° C )  in po lar 
areas and partial me lting of the polar ice caps . At the pre sent state 
of the art , there i s  no conception of what thi s  wi l l  mean for actual 
c limate patterns , nor how certain the deve lopment i s  to occur : e xpe rts 
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CARBON SUPPLY 

(COAL ) t 1 /2 02 -jco • 1 /2 H2J t 26 .4 kcal 

HYDROGEN SUPPLY 

AI FOSSI L ROUTE 

(COALI • 1 /2 02 
CO • H20 

- CO

T' "'I - C02 + H2 

+ 26 .4 kul 
- 9 .6 kul 

METHANOL SYNTHESIS: 

OR 
B) NON FOSSI L ROUTE 

3/2 H2o - 3/4 o2 I 3/2 H21 · 1 02 kul 

jco + 112 H2 ( + ( 3/2 H2j tatal . 

CARBON EFF IC IENC IES: 

AI FOSSI L ROUTE 

Bl CONSERVATION 
ROUTE 

n:3 . 5+ 4 

, n (COAL) • (n · 1 ) 02 + H20 - CH30H • (n · 1 1 C02 + WASTE HEAT 

1 (COAL I +  NON FOSS IL • 3/2 H20 - CH30H • 1 /4 02 • WASTE HEAl 
ENERGY 

FIGURE 15 Methanol production routes . 

can only ap�eal to dec i s ionmakers for highly flexible globa l  energy 
strategie s .  The prudent use of the carbon atom as di scussed above may 
serve as an example . 

CONCLUDING REMARKS 

The foregoing considerations were meant to bring l i gh t  into the complex 
interplay of medium- and long-term facets o f  the energy problem . It 
appears that , i f  due regard i s  g iven to both type s of aspects , it i s  
wel l  pos sible t o  point out ways for remedying the energy s i tuation . 
The problems involved are only parti a l ly a matter o f  substance and can 
be l argely overcome if political and economic measure s are guided by 
prudence and wi l lpowe r .  The cons iderations di scussed are founded on a 
5-year s tudy o f  I IASA ' s  Energy Sys tems Program , wi th contributions from 
s c i enti s ts from the USA and USS R  and 15 other countri e s  in East and 
West . The s tudy i s  being documented in a 1 , 000-page volume on " Energy 
in a Finite World--A Global Sys tems Analysi s , "  whi ch is due to appear 
at the beginning of 1980 . 
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Risk and Democracy 

DAVID L. BAZELON * 

I would l ike to discuss wi th you the role o f  the courts i n  regulating 
r i sk s  generated by modern s c i ence and techno logy . I thi nk our role i s  
important , but o ften mi s unders tood . And the j udi cial perspective has 
s igni ficant consequences for engineers and other experts who contribute 
to pub l i c  dec i s ions about risks , s uch as l i censing a nuc lear power plant . 
We are among the many pro fes s ions who have some rethinking to do . Thi s 
i s  an unprecedented era o f  techno logical promi s e  and peri l .  With 
mob i l i ty comes s taggering auto accidents , plane crashe s , tra f f i c  j ams , 
and air pol lution . And wi th the mirac les o f  energy come the ri sks o f  
coal mini ng accidents , nuc l ear reactor accidents , and even atomic 
terrorism.  

Nobody is sati s fied wi th existi ng regulation o f  r i sk s . For each 
regulation , some c l aim it i s  too l ax , whi le others c l aim i t  i s  too 
s trict . We a l l  hear the current call for "deregulation . "  But the Three 
Mile I s l and review comnd s s i ons high l i ght the need for more e f fective 
regulation . The Dis tri ct of Columbia Circui t Court ' s  case l oad now in
volves chal lenge s to federal admi n i strati ve action re lating to matters 
on the frontiers o f  technology . What leve l  o f  exposure to known car
cinogens is safe for i ndustrial workers ? Shal l  we ban the Concorde SST , 
Red Dye Number 2 ,  or Saccharin? How can society manage radioactive 
wastes from nuc lear reactors ? 

Let me te l l  you first that the courts cannot and do not answer s uch 
ques tions , even when pos ed as cha l l enges to admi n i strative actions . 
None o f  us knows enough to resolve i s sues on the frontiers o f  nuclear 
phy s i c s , toxicology , and other specialties i n forming the NRC , EPA , or 
FDA . Courts a l so lack the po litical mandate to make the critical value 
choices that ultimate ly are reserved for the pub l i c . The se deci s i ons 
mus t be made by e lected repre sentative s  or publ i c  servants lega l ly 
accountable to Congres s  and the people . 

I f  the courts do not resolve technical di sputes or value conf l i c t s  
about technologi cal change s ,  what are t h e  court s ' ro l e s ?  Of course , 
there are i ndividual nuances and shi fting h i s tori cal trends , but , 

* David L .  Baze lon i s  Senior Circui t Judge , United States Court o f  
Appea l s  for the Di s trict o f  Columbia . 
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in brie f ,  the j udicial responsibi l i ty i s  to as sure that an agency ' s 
dec i s ionmaking i s  thorough and wi thi n  the bounds o f  reason . The agency ' s  
deci si onal record must di s c lose the evidence heard and pol i c i e s  con
sidered . Thi s  wi l l  permit qua l i ty checks through e ffective peer review , 
legi s l ative oversight , and publ i c  education . On ly i f  the deci sionrnakers 
dis c lose assumptions , doubts , and poi nts o f  controversy can experts in 
univers ities , government , and indus try evaluate the technical bases o f  
the administrative action . Only then can they scrutinize the agency ' s  
factual determinations , bring new data to l i ght or cha l lenge faulty 
assumptions . 

Ful l  dis c losure o f  the reasons for a deci sion i s  also e ssentia l  to 
legi s lative and publ i c  review . Congress and ultimately the people must 
make the critical value decisions about such questions as what l eve l of 
radiation emi s s i ons can be accepted i n  the face o f  i ncomplete medi c a l  
knowledge . So disc losure i s  e s s enti a l  t o  permit politica l ly legi timate 
oversight o f  agencie s ' implicit value choi ces . 

Courts stand outs ide both e xpert and political debate . They can help 
to ensure that a complete and orderly administrative record i s  dis cov
ered . Courts can guarantee that a l l  re levant i nformation was considered 
and addressed . Further ,  courts can accustom decisionmakers to the d i s 
cipline o f  e xplaining the i r  actions . Final ly , courts c a n  as sure that 
a l l  persons a f fe cted had an opportuni ty to parti cipate in the deci sion . 

I had always thought that scientists and engineers understood thi s 
j udi cial function . But in recent weeks I have been surpri sed to find 
that thi s i s  news to many . Perhaps the advantages gained through the 
j udi cial tasks are a lso not wi dely known , a lthough they bene fit every
one , including deci sionrnakers thems e lve s . For i f  the deci sionrnaki ng 
proc e s s  i s  open and c andid , i t  can expose gaps , s timulate the search 
for better information , and reduce the risk that important in formation 
wi l l  be overlooked or ignored . An open proce s s  can inspi re more con fi 
dence i n  those who are a f fected . Above a l l , a n  open process protects 
the credibi l i ty of deci s i onmakers from claims that they are covering up 
incompetence , i gnoranc e , or damaging in formation . 

What cons equence does thi s a l l  have for you , who serve as leaders or 
advisors in industry or government? Part of the di sc losure requi rement 
I have desc ribed fal l s  on the agency dec i s i onmakers that Congre s s  made 
responsible for l i censing nuc lear power plants , approving waste di spos al 
plants , and the l ike . Yet there is an equally important implication 
for your role . If your advi ce and plans are to provide adequate support 
when ,  for example , the NRC approves an operating license application , 
you too should di s c lose your a s sumptions and doubts , as we l l  as the 
risk leve l s  you e s timate . Unless you e xplain the bas i s  for your eng i 
neering j udgments , the agency record t o  be reviewed b y  the court , and 
ultimately by your peers and the publ i c , simply wi l l  not do the j ob .  

Understandably , many beli eve that complete disc losure o f  risks i s  
unwi se . I have heard e xperts say that they would cons ider not di sclos
ing risks that , i n  thei r  view , are insigni fi cant in order to avoid the 
danger of needles s ly alarming the publ i c . It may we l l  be that popular 
fears about ri sks from atomi c energy are irrationa l .  Pub l i c  fears 
about nuc lear plant me l tdowns may in fact be di sproportionate to 
the s erious nes s  o f  the threat , when discounted by its probabi l i ty .  
A s ense o f  the pub lic ' s  i rrational i ty may have led the In formation 
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Director o f  the French Atomi c Energy Commi ssion to observe that publica
tion o f precautions against risks " frequently has l i tt l e  other e f fect 
than to heighten [public ] fee l ings o f  ins ecurity . "  He conc luded that 
" there i s  nothing to be gaine d "  through publ i c  debates on parti cular 
nuc lear powe r controvers i e s . 

Many o f  you here may agree with thi s sentiment . But I be l i eve that 
thi s view is unacceptabl e  in our country . I t  i s  a l so unre a l i s t i c  when 
i t  come s to nuclear powe r .  Nondi sc losure does not e liminate publ i c  
fears . Indeed , i t  can exacerbate them . The fact i s , the publ i c  i s  
already afraid . Los s  o f  publ i c  con fidence i s  ci ted by the Kemeny Commis 
s ion a s  one o f  the wors t  problems wi th the nuc lear power indus try and 
i ts regulators . Alvin Wei nberg , a foundi ng father o f  the Nuc lear Age , 
I think rightly warns that nuc lear power wi l l  be rej ected political ly 
not because people "wi l l  actual ly be hurt , "  but because " peopl e  wi l l  be 
s cared out of thei r  wi ts . "  

In other age s , and other culture s ,  the dec is ions o f  a wi s e  man , or 
shaman , would reso lve all doubts . But so long as we remain a democracy , 
the j udgment o f  the people wi l l  prevai l .  And as Thomas Je f ferson said , 
" i f  we think them not enl ightened enough to exerci s e  their control wi th 
a wholesome di s cretion , the remedy is not to take it from them , but to 
in form the i r  discretion . "  The genius of our system is its check s on 
centers of accumulated powe r . For th i s  system to survive , experts must 
d i s c lose the i r  knowledge about promi s e s  and peri l s  from techno logical 
advances . Special knowledge wi l l  undoubtedly , and rightly , give experts 
an important voice in pol i tical value choices . But to protect them
se lves , and the country , e xperts cannot , and should not , arrogate the 
dec i sions to themse lves . Public confidence , I submi t , i s  possible only 
if e xperts accept the di f ficult tasks o f  e xplaining wha t  they know and 
do not know , and how they balance ri sks and bene fits . 

Thi s  mes s age may be somewhat unfami liar to engineers who have more 
e xperience with dec i sionmaking in the private sector . After a l l , your 
concerns traditional ly have been to deve lop e f fective appl ications o f  
s c ienti fic advance s , as cheaply and as safely as po s s ibl e . But today , 
the cons equences o f  your j udgments are o f  unprecedented magni tude and 
ma j or publ i c  concern . S trictly private deci sionmaking i s  no longer 
pos s ible .  Instead , value j udgments and techni cal dec i sions deserve and 
require peer and publ i c  revi ew . 

Consi de r  the s e l ection of s afety sys tems at a nuc lear powe r plant . 
Mak ing a p lant " a s  safe as pos s ible " may ca l l  for redundant s a fety sys 
t ems and multiple fai l - s a fe s trategie s  t o  shut down the plant a t  the 
first sign of mal function . Yet safety features of thi s  kind are costly 
to install and even more expens ive to employ . I am to ld that somebody 
decided that safety could be purchased for a lesser price at Thre e  Mi l e  
I s land .  Perhaps the s a fe ty protections the re were i n  fact adequate . 
Perhaps the cri s i s  was generated " only " by the pre s s . But the danger 
came far c lose r  than anyone had predi cted , and public fears were under
standably aroused . The cri si s mental i ty might have been avoided had 
the public been better i nformed about the trade-o f f s  behind the safety 
design . 

Implicit i n  tha t  des i gn are value j udgments that may be hidden unless 
del iberate ly e xposed to view . Thi s i s  the case wi th cost-benefit 
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analy s i s  i n  general . It calls for controversial quantitative valua
tions o f  human li fe and health . I t  also too often presume s  to compare 
the incornparables . How do we compare low- leve l , long-term radiation 
exposure wi th the bene fits o f  nuc lear power? Perhaps mos t  troubling 
for our purposes , a cost-bene fit calculus framed for private deci sion
making may s igni fi cantly depart from the demands o f  publ i c  dec i sion
making . A private firm is like ly to consider only private ly borne 
costs and call the rest " e xte rnalities . "  I f  a public decisionrnaker 
re l i e s  solely on that private cost-bene f i t  analysi s ,  the entire range 
of cost s  and r i sks may not be revealed to a l l  and sundry . 

I do not know i f  i t  i s  true , but i t  i s  said that engineers may have 
disincentive s  to disclose design defects to the i r  private employers . 
A defect ident i fied means a new cost to the manufacturer . I t  may even 
cause the loss of a contracting bid . The drive to produce the cheapest 
design in the shortest pos sible time may e l iminate needed s a fe ty checks . 
The DC- 1 0  i s  perhaps the most notorious recent e xample of private compet
itive pres sures shortchanging safety . Publ i c  pres sures can also push 
hardware fas ter and farther than it is ready to go . Witnes s  the current 
experience wi th the space shuttle , whose desi gners kept costs down by 
e liminating component te sting but are now back at the drawing board . I 
do not mean to imply bad fai th or incompetence . I j us t  mean to point 
out that time and pro fit pre s sure s  may interfere wi th the caution crucial 
to public safety . The Kemeny Commi s sion concluded that we have a mind
set problem .  I nfrequent acc idents have produced optimi sm and con fidence . 
But however in frequen t , the magnitude of pos s ible harm demands an inde 
pendent and vigi l ent concern for safety . And on ly ful l  di s c losure can 
assure that a particular mind- set doe s not preclude external safe ty 
check s . 

The need for disc losure may call for a change in a bas i c  engineering 
approach . Countless innovations have been perfected private ly by engi
neers through trial and error . But the blowups of experimental rai l 
road boi l ers o f  yesteryear never posed the magni tude of publ i c  r i sk now 
present i f  a 7 4 7  plane c rashe s or a nuc lear reactor mal functions . Wi th 
public consequences of th i s  sort , an engineering assessment of general 
theoretical fe asibi l i ty , if relied upon , may not be enough to insti l l  
publ i c  con fidence . Moreover , an agency doe s  not have the leeway to 
conc lude that an unre so lved i s sue can be worked out later , i f  the sta
tute demands adequate evidence now . 

Cons i der the problem of nucl ear waste di sposal . Many engineers 
believe that the solution i s  within reach--in theory . It has taken the 
industry a long time to take the prob l em serious ly , even though it has 
been the public ' s  ma j o r  concern about nuclear power for years . Thi s 
problem carne to my attention in a case in our court , Nat ural Reso urces 

Defense Council v .  Nucl ear Regulatory Comrndssion . I became concerned 
because the NRC had re l i ed exclusive ly on vague assurances by agency 
personnel that nuc lear waste di sposal problems as yet unso lved would be 
solved . Our court reversed the agency ' s  deci sion in order to permit a 
fuller inquiry . My obj ec tion was not founded on any disagreement wi th 
the conc lus ion that nuc lear waste di sposal can be managed . Nor did I 
criticize the NRC for fai ling to deve lop fool-proof solutions to the 
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problem .  What I found unacceptab l e  was the almost cavalier treatment 
of the i s sue by the agency , and its apparent refusal to come to grips 
with the limi t s  of its knowl edge . The commi s s ion gave no serious 
response to cri tici sms brought to its attention . No technical oversight 
within the agency was demonstrated , and no pee r review by the expert 
communi ty at large was po s s ible . 

In thi s  case , perhaps better known unde r  the name o f  Vermont Yankee , 

the Supreme Court unanimous ly re j ected our deci s ion . That Court con
cluded that we had imposed on the agency procedures not requi red by law . 
Neverthe le s s , the Court returned the case for us to determine whether 
the record supported the substantive conc lus ions o f  the NRC . In so 
doing , the Court reaffirmed the fundamental requirement o f  ful l  d i s c lo
sure on the record . Thi s  inc ludes thorough exploration of uncertainties , 
even i f  engineering practice would otherwise leave a problem alone unti l 
i t  demanded practi cal solution . 

I was heartened by a thoughtfu l  l e tter I recent ly received on thi s 
sub j ect from a profe s sor o f  nuc lear engineering at a midwestern univer
s i ty .  He wrote that the va lue sys tem o f  the engineer inc ludes accep
tance of " an uncertain l eve l o f  risk " because hi s dec i s i ons mus t be 
qui ck to be cos t - e f fective . He said that compared to other ri sks asso
c i ated wi th nuc lear powe r , the was te di sposal prob lem i s  " minute " to 
the enginee r .  Yet thi s pro fe s sor acknowledged that othe rs view the 
l eve l of r i sk from a di f ferent set of va lue s . For example , some seem 
to feel that any ri sk i s  too much . He conc luded , and I quote , 

I be l i eve that now the technical communi ty is learning that thei r  
value sys tem and that o f  the publ i c  [ do ]  not coincide , and some 
times [ do ]  not even seem to overlap . I also believe that i t  has 
been the courts that have mostly impressed thi s  on them . 

When pub l i c  value s  are cal led into play by engineering dec ision s , di s 
c losure o f  known risks and unresolved probl ems i s  the only cours e  that 
wi l l  protect publ i c  dec i s i onmaking . 

I have been to ld about a final engineering trait that pos e s  prob lems 
for pub l i c  deci s i onrnaking . That is the profes sion ' s  general aversion to 
tak i ng pub l i c  s tands on safety i s s ue s . Thi s  i s  not only a prob l em for 
engineers . A prominent pro fessor o f  medicine recently criticized hi s 
profession for its s i lence throughout the Three Mi le I s l and incident . 
No one in the medica l pro fe s sion corre cted the media s tory that the 
radiation leak s  were no worse than those from a s i ngle X-ray shot per 
person . Apparently , thi s  view neglects the more serious cumulative 
e f fect o f  the leaks . I certainly do not know enough to j udge the sever
ity of the health r i sk . But erroneous pal liat ives wi l l  not dimini sh 
whatever r i sk the re was . In fact , some are now charging that better 
medical precautions should have been mobi l i zed to counteract whatever 
danger the radiation pos ed . In addi tion , the mental stress from uncer
tainty i s  perhaps the most serious health e f fect from the Three Mi le 
I s l and incident , according to the Kemeny Commi ssion . The medi cal pro
fes s i on ' s  fai lure to take a leadership role mus t in part be blamed on 
both counts . 

Engine ers may be parti cularly re luctant to speak out about 
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indeterminate risks because they would rather be s i l ent than mi s s tate 
the risks . But engineers mus t  realize that decisions wi l l  be improved , 
and publ i c  understanding enhanced , i f  experts reveal exactly what they 
do know . I ndustry di s incentive s  may , however ,  contribute to engineers ' 
re l uctance to " go public . "  I do not need to remind thi s  group o f  the 
Bay Area Rapid Transit engineers who were fired after thei r  sa fety con
cerns about the system ' s  automatic train contro l became public . 

But I do not be lieve that fear o f  reprisals caus e s  the engineering 
profe ss ion ' s  reticence . A more dominant probl em i s  that loyalti e s  to 
emp loyers and other concerns can cause us to ignore broader pub l i c  needs . 
The engineering pro fe s si on ' s  duty to the publ i c  i s  acknowledged in its 
e thical canons . But I do not be l ieve that duty has been dealt wi th 
adequate ly . The Code o f  Engineering Ethi cs , approved by the Enginee ring 
Counc i l  for Profe s s i onal Deve lopment i n  1 9 7 4 , calls upon engineers to 
advance the profe s s ion by " se rving wi th fide l i ty the public , thei r  
employers , a nd clients . "  However admi rab le a sentiment , thi s  principle 
provides no structure to di rect the engineer who notes a divergence 
between public and private interests . A number of engineering societies 
have adopted what looks to be a more instructive guidepost , as part of 
a s tatement on " employment guide lines . "  Thi s  s tatement di rects the 
profe s s ional emp loyee to withhold plans that do not mee t  accepted pro
fes sional s tandards and to present clearly the consequences to be 
expected i f  that professional j udgment is not followed . Adm . Hyman 
Ri ckover , the father of the nuc lear submarine , put a s imi lar view quite 
succinctly . He very recently urged all in the nuc lear f i e ld to " face 
the facts and brutally make needed change s , despite s i gni fi cant costs 
and schedule de lays . " 

None o f  thi s  i s  easy . The costs and de lays from b rutal honesty and 
reevaluation wi l l  make your l i fe harde r , as they make li fe more di f f i 
cult for a great many other professionals .  Dis closure ma y  s care people . 
I t  may scare the publ i c  to hear , as the Kemeny Commi ss ion has reported , 
that engineers have not des i gned suffi c i ent sa fety checks for many fore
seeable human errors in operating nuc lear power plants . But nondis
c losure violates a partnership wi th the publ i c  that engineers have 
entered by ushering in a new day in technologi cal capabi lities . I f  
technological progre s s  i s  t o  coexi s t  wi th democracy , I believe that its 
creators must rethink the i r  methods and the i r  communi cation wi th the 
publ i c . At the s ame time , j udge s , regu lators , and other parti cipants 
in publ i c  decisionmak ing mus t  reexamine our roles against the backdrop 
of the ever-evolving techno logical landscape . However di ffi cul t , we 
mus t  criticize ourse lve s to avoid " hardening of the arterie s "  in our 
professional conduct and moral sensibi litie s . We need se l f-regulation , 
not j us t  governmental regulation , to harness newfound tool s  for human 
ends . 
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Nuclear Power Reliability and Safety in 
Comparison to Other Major Technological Systems: 
Space Program Experience* 

GEORGE M. LOWt 

My purpose thi s morning is to provide an overview of re liabi l i ty and 
s a fe ty in the space program , as an introduction to subsequent discus
s ions on re l i ab i l ity and s a fety in the nuc lear powe r indus try . 

To begin , let me revi ew my c redentials to speak on thi s  sub j ect . I 
am an aeronautical engineer with 2 7  years experi ence in NASA and its 
predece s sor agency , NACA . My entire career- -unt i l  qui te recently when 
I became associ ated with RPI - -has been in the fields o f  aeronautics and 
space , where re liabi l i ty and s a fety are always of paramount importance . 

I know about complex sys tems and how they are de si gned , bui lt , and 
ope rated . I had hands -on experience in every facet o f  the busine s s  when 
I became Apol lo Spacecraft Proj ect Manager after the Apo llo fire . But 
I do not know about nuclear systems , except in a most superficial way . 

I wi l l  des cribe how we handled safety and mi s s i on succ e s s  in space
flight , especially in Apo l l o . But I wi l l  not conc lude that what we did 
in Apo l lo a l so applies to nuc lear powe r pl ant safety . That can on ly be 
done by those who unders tand nuclear systems and the i r  operation much 
better than I do . 

A moment ago I mentioned the Apol l o  fire . In a way that fire was our 
own " Three Mi le I s l and , "  only the immedi ate consequence was much worse 
in that three men died . As a result , however , we had a much better 
Apollo : There are those who even be lieve that wi thout the fire we could 
not ( or would not )  have done eve rything that was neces sary to make Apo l lo 
an eventual succes s .  Much of what I wi l l  have to say here thi s  morning 
re flects the l e s sons learned from the Apollo fire . I believe that Three 
Mi le I s l and can have a s imi l ar bene ficial e f fect on the nuc lear energy 
program ; and I hope that Three Mi l e  I s land wi l l  be a catalyst to streng
then our nuclear industry , and not to destroy it . 

I prepared the subs tance o f  thi s  paper in May 1 9 7 9 , long be fore the 
report of the President ' s  Commi s sion on the accident at Three Mi l e  
I s land ( Kemeny report) was i s sued . 

Yeste rday that report did become avai l able , and I studied i t  in some 
detai l .  I was impressed by the fact that many--perhaps most--o f  the 

*Based on tes timony be fore the Committee on S cience and Technology , 
U . S .  House o f  Representative s , May 2 4 , 1979 . 
tGeorge M .  Low i s  President o f  the Rensse laer Polytechnic Insti tute . 
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commis sion ' s  findings re late directly to sub j ects I wi l l  cover in my 
remark s . 
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As a result I now be l i eve that many of the les sons l earned i n  Apollo 
apply substantive ly to the safe operation o f  nuc lear power plants . 

S IMILARITIES AND DIFFERENCES 

There are many simi larities between Apollo and a nuc lear sys tem , but 
there are a l so many di f ference s . Let me characterize some o f  both . 

Both Apollo and a nuclear powe r plant are very complex hi gh-technology 
systems . Both involve machine ry , substances , and envi ronments that are 
inherently dangerous to l i fe .  Both grew up wi th sa fety being of para
mount concern , with the ful l  realization that when the chips are down , 
safety mus t  come first . Both involve cons tant interaction and inter
re lation between man and machine . 

I t  i s  now quite clear that the Three Mi le I s l and accident i nvolved 
many complex and i nterre lated factors : the desi gn of the system and its 
instrumentation , the re liabi l i ty of various components , and the qua l i 
fication of the operators .  More o ften than not , a combi nation o f  
events--rather than a single factor--is a l so respons ible whenever an 
accident occurs in fl ight . 

Apollo safety had many dimens ions : our greatest e f fort went into 
assuring the safety o f  the " operators " --the astronauts and the ground 
crews-- for they experi enced the greates t  exposure ; of equal concern , 
but much more l i mited in scope , was the sa fety o f  the population at 
large , for the exposure of the public was l imi ted to the launch and 
reentry phases o f  f l ight . By contrast ,  in nuc lear systems , the safety 
of the public i s  the s afety problem of highes t  concern . 

I n  Apol lo , also , we devoted as much emphasi s  to mi s s i on succe s s  as 
we did to safety , because the very existence o f  the program depended on 
achieving the obj e ctive of reaching the Moon . Yet "mi ssion succe s s " i n  
the nuc lear business i s  taken for granted and become s a n  economic fac 
tor rather than a sa fety factor . 

I n  Apollo we des i gned , bui lt , and operated a s i ngle system , and that 
system was under the control of a single set of vendors , supp liers , 
contractors , and government people . In the nuc lear power business 
there are several reactor suppliers and many di fferent designers , 
suppliers , and operators o f  the total sys tem . I believe that thi s  
di fference i s  espe c i a l ly important when it comes t o  the design and 
operation of the comp lete system--the plumbing , the piping , the valving , 
and the e lectrical controls- -and the components used in that total 
system . 

In Apo llo the re was e ss ential ly one cus tome r , whi le in the nuc lear 
power industry there are many . 

Finally , whereas NASA i s  a single action-oriented agency , wi th c l ear 
l ines o f  authori ty , and wi th i ndividual respons ibi l i ty assigned at each 
level o f  the organization , the s ame i s  not true in nuc lear energy , 
where NASA i s  replaced by a combination o f  the NRC and the uti l i t ie s . 

Because the di fferences I have j us t  described are s igni fi cant , some 
o f  the e l ements that were essenti al i n  the space program may not bear 

Copyright © National Academy of Sciences. Al l  r ights reserved.

Outlook for Nuclear Power: Presentat ions at the Technical Session of the Annual Meeting--November 1, 1979, Washington, D.C.
http:/ /www.nap.edu/catalog.php?record_id=18568

http://www.nap.edu/catalog.php?record_id=18568


34 

a direct relationship to nuclear safety . Neverthe l e s s , i t  may 
to l i s t  how we achieved sa fety in space--primari ly in Apollo . 
thi s , I wi l l  concentrate on two aspects of the space program : 
and tes t ; and operations . 

DES I GN AND TEST 

be use fu l  
T o  do 
design 

Apollo was des igned for a speci fic mi s s i on : to l and men on the Moon and 
return them s a fe ly to Earth . The design stretched the s tate of the art , 
not because we wanted to do that , but because we had to in order to 
accomp l i sh the goal . We used large quantities of prope l l ants , nearly 
3 , 000 tons o f  oxygen , hydrogen , and kerosene , and a few more exotic one s ; 
new materials were s tretched beyond normal l imits and des i gned for e x
treme l i ght weight ; computers and e l ectroni c sys tems were used in nove l 
applications l eading the s tate of the art ;  automated systems and se 
quences were care ful ly ba lanced wi th human operations . 

The under lying de sign phi losophy was to use redundancy wherever pos s 
ible , and t o  provide the s imple s t  pos s ible interconnections among vari 
ous systems . Together the s e  made for a very forgiving des i gn : many 
things could go wrong ( and o ften did) wi thout endangering the mi s sion 
or the s a fety of the crew . We recognized that components would fai l - 
s tatis tically there were too many of them for thi s  not t o  happen--and 
then des i gned the system so that a component fai lure could be to lerated . 

I should make an important point here : the operators of the system-
in our case the astronauts and the flight contro l lers--we re invo lved in 
the des i gn from the very beginning . They asked some of the mos t  impor
tant des i gn que stions and he lped formulate sound des i gn so lutions . They 
placed special emphasi s  on the design of the ins trumentation--the mea
surement s--in an e f fort to provide unambiguous s i gnal s  for subsequent 
operations . In that way we were assured that our sys tems would not fool 
or confuse the operators at a critical time . 

We e s tabl i shed de sign s tandards that a l l  o f  our systems had to meet 
and deve loped rigid procedures to as sure that they we re met . We al lo 
cated reliab i l i ty budgets . W e  ana lyzed the design for pos s ible fai lure 
modes and e ffects , sneak circuits ( latent e lectrical paths that can 
cause unwanted functions to occur) , and s i ngle-point fai lure s . We 
pl aced al l changes under the most rigid of contro l s . Emphas i s  was on 
forma l ity and di scipli ne at every s tep along the way . 

Manufacturing and assembly were also c arried out to exacting s tan
dards . Individual parts were bought on ly if the i r  pedigree was known . 
We speci fied how to solder , how to crimp wi re s , a nd control led the pro
c e s s  o f  plumbing . Every part o f  the system was known , its manufacture 
spec i fied , and the people who pe r formed intricate functions were spe
cially tested and certi fied . 

The proof o f  the system came from the tes t  program . Everything was 
tested : piece parts , components , subas s emb l i e s , and complete sys tems . 
Parts identical to those to be used in flight were subj ected to pre 
scribed overstres s  condi tions . In addition , each flight component was 
acceptance tested to at least the worst case conditions of flight . 
Environmental testing was per formed under s imulated condi tions o f  
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We made enormous i nve stments in tes t  faci lities so that we could 
i ndeed s imul ate the environments o f  space , and made sure that all compo
nents were quali fied for flight . We made a del iberate decision to have 
test fac i l i ties owned by the government , and to have government peopl e  
i nvolved in the tes t  program . Thi s h a d  s everal advantages :  the vendors 
and contractors did not have to invest in duplicate tes t  faci l i ties ; 
there was uni formity in tes t  procedures and specification s ; and we had 
a direct overview of the re liabi l i ty of criti cal components and systems . 

Of course , without s tandardization and configuration contro l , the 
test program would have been meaningle s s . Components that were f lown 
were i dentical to those that had been tested . There were no substitutes .  

Forma l i ty , dis cipline , and rigor were the key words in the test pro
gram . Tes t  speci fications were prescribed i n  advance , test results were 
audited and certi fied , a l l  anomalies were reported , and a l l  fai lures had 
to be understood and correc ti ve action taken . 

We e s tabl ished an intri cate network to report problems and fai lures 
to all involved in the geographically di spersed Apol lo sys tem . No 
fai lure was too small to report . I remember receiving midnigh t  c a l l s  
about a tes t  fai lure at some dis tant contractor ' s  plant , i f  that fai lure 
might i n  some way be re lated to the hardware to be flown on the next 
f light . 

In every phase o f  des i gn , manufacture , test , and operations , we he ld 
forma l reviews , audits , and inspections . There were dozens of them , 
and they became a way of l i fe : Preliminary Desi gn Reviews , Cri ti cal 
De sign Reviews , Design Certi fication Reviews , Customer Acceptance Readi 
nes s  Reviews , F light Readines s  Reviews , Launch Readine s s  Reviews , and 
Safety Ass e s sment Reviews . In the se reviews a l l  fai lures were reported , 
and actions taken to resolve them were discus s ed . All l eve ls o f  people 
from contractors and government participated . Formal paperwork was sub
mitted , audited , and approved . Responsibi l i ties and authorities for 
saying " yes " or " no "  were c learly understood . 

I t  i s  important to recogni ze that these revi ews were prescribed and 
carried out by the people respons ible for getting to the Moon . All we re 
highly moti vated engineers who wanted to get on wi th the j ob .  But we 
organized ourse lves in a way to have the right kind of internal checks 
and balances to as sure sa fety and mis s ion succes s .  Wi th a s i ngle excep
tion , we did not have outs iders looking over our shoulders , pres cribing 
what we should do , te l li ng us how to do i t .  ( This doe s  not mean that 
we didn ' t  cal l on outsiders for advice--we often did . ) At each s tep 
along the way , we had to balance risk and gain , we had to make the deci
s i ons that would al low us to mee t  our obj ective s  on schedule and wi thin 
cos t , and at the same time be safe and succes s ful . 

The s ingle exception I j us t  a l l uded to was the Aerospace Safety 
Advisory Pane l , a group chartered by the Congres s  to take an outside 
look at how we were doing . The pane l held its own reviews , assured 
itsel f that NASA was doing its j ob ,  and reported directly to the NASA 
Administrator as we l l  as the Congres s . 

But I want to emphasize again that , as Apol lo Spacecraft Program 
Manage r , I felt fully responsible for the engineering of the spacecraft 
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and for its safety . Although I endorse sa fety audits and inspections , 
the s e  can only work as adj uncts to an a lready safety -conscious organiza
tion . Safety cannot be forced from the outside - - i t  must come from wi thi n .  

OPERATIONS 

Although sa fety must be designed into a system , the ultimate re spon s i 
b i l i ty f o r  s a fe ty i s  in the hands o f  the operators . Thi s i s  why , in 
manned spaceflight , we i n s i s ted upon operator input i n  the design , and 
thi s i s  also why we placed ma j or emphas i s  on the s e lection , quali fica
tions , training , and motivation of the operators . 

We began with hi ghly motivated people--astronauts , flight contro l l ers , 
and the launch team . When they came to us , they had the bas i c  knowledge 
to unders tand the fundamental s--the physics if you wi l l--of the systems 
they were going to operate . Almo s t  without exception , al l were engi 
neers ; without exception , a l l  we re highly competent . 

How we se lected the astronauts is we l l  known . The ground control 
teams were s e lected from among our be s t  engineers and were motivated by 
the fact that many f l ight control lers had moved on to top executive 
pos i tions i n  NASA . Theirs was not a dead-end j ob ;  it was the beginning 
o f  an exciting career . 

Operators spent years l earning about the speci fic systems they were 
to control , participated in tests and simulations , and knew the workings 
of their systems o ftentimes better than even the des i gne r . They deve l 
oped the detai led operating procedures and wrote the manual s  for normal 
and eme rgency condi tions . 

All procedures were worked out in detail in advance ,  and were con
trolled wi th the same discipline and formal ity as was the hardware . 
Crew procedures ,  mis s i on rules , and the like were under t i ght con figura
tion control and could only be changed through formal mechani sms . 

The single mos t  important training device was the simulator . Simu
lators were used to help deve lop procedures and to train and evaluate 
a l l  ope rators - - flight and ground crews al ike . Simulators have an impor
t ant advantage over actual hardware : they can eas i ly be operated out
s i de the normal enve lope . All sorts of o f f-nominal condi tions can be 
tested . 

S imulation i s  a game o f  "what i f . " What i f  a thruster stick s  open ?  
Wh a t  i f  a battery fai l s  t o  take a charge ? We put some o r  our best peo
ple to work as simulator operators to try to stump the astronauts and the 
controllers . Only a fraction of the time was spent simulating a norma l  
mi s sion .  Then fai lure a fter fai lure and eme rgency a fter emergency were 
thrown at the operators .  They concentrated not on the potentially ma j or 
disasters , but on the sma l l  problems that could lead to such di s a sters . 
They learned that , more often than not , i t  would be a s trange combina
tion o f  events that could lead to a sudden catastrophe . By the time 
they were done , they had faced almost every conceivab l e  prob l em and had 
learned how to handl e  i t .  

Perhaps the bes t  example o f  the value o f  simulation was Apo l lo 1 3 . 
A sudden explos ion wrecked mul tiple spacecra ft systems when the flight 
was 2 0 0 , 0 00 mi les from Earth . The flight contro l lers took ove r , and 
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pieced together a rescue e f fort that al lowed the crew to return to Earth 
safe ly .  When i t  was a l l  over , i t  was c lear that the controllers ' deta i l ed 
understanding o f  the systems , and the ir prior simulation o f  every e l e 
ment o f  the return ( though never exactly the sequence of events whi ch 
occurred) , prevented what could easi ly have been a disaster . 

Organ i zation was espec ially important for the operational units . 
Lines o f  command and control were c learly estab l i shed we l l  i n  advance . 
Every individual knew his re spons ibi l i ti e s  and his authori ty .  And the se 
were not changed during an emergency . I mi ght mention that the key indi 
vidual in a l l  manned flights was the flight director , generally a young 
man in hi s early thirtie s , who had complete authori ty to act under al l 
conditions . Nobody second-gues s ed him . 

The flight director was also a good l e ader o f  men . He deve l oped an 
e spirit de corps in hi s team that I have seldom s een equaled . He made 
what could have been a dul l j ob ( imagine s i tting behind a console at 
4 : 00 a . m .  during the 84-day skylab mi s si on )  an exciting assi gnment . I t  
can b e  done wi th good peop l e , wi th proper motivation , and wi th a promi s 
i n g  career as a reward . 

A key ingredient i n  allowing a tightly-kni t organi zation to function 
was a free and open f low o f  i nformation . Whi l e  command and control fol 
lowed c learly e stab l i shed l ines , information was ava i l able t o  everybody , 
not only within NASA , but to the general publ i c  as we l l .  Thi s , I be
l ieve , was also an important factor i n  maintaining credibi l i ty when the 
chips we re down . 

I should mention that we had planned , in advance , how bes t  to i n form 
the publ i c  in the event of a fai lure or an accident . Qui ck and complete 
reporting o f  the known facts was the key ; spe culation beyond the facts 
was avoided . The f low o f  in formation through desi gnated spokesmen was 
cont inuous , but thos e involved in the operation--those who had to solve 
the prob lem- -were cal led upon to brie f  the pub l i c  general ly only after 
the end o f  thei r  shi ft . 

CONCLUDING REMARKS 

Since prepari ng thi s paper I have read the report o f  the Pre sident ' s  
Commis sion on the accident at Three Mi l e  I sl and . 

I was struck by the many areas o f  overlap between my remark s and the 
commi s s i on ' s  report . Les sons we had learned in Apollo were obviously 
unknown to the people i nvolved in the des i gn , operation , and management 
of the Three Mi le I s land plant . Thi s  i s  not surpri sing , since the space 
program and the nuc lear indus try grew up independently o f  each othe r . 

Yet , there are l e s sons from Apol l o  ( and other space programs ) that 
obvious ly could be o f  conside rab l e  bene fit to the nuc lear power industry . 
The se l e ssons cover a wide variety of fie lds and di s cipl ines : sys tems 
design , control room design , instrumentati on , information di spl ay , test
ing , fai lure reporting , sele ction and training , simulations , and many 
more . ( I  would sugge s t  that the space program a l so has much to learn 
from the nucl e ar indus try--after a l l , mos t  o f  what has been done to 
bring nuc lear energy to its currrent state o f  deve lopment has been right , 
and not wrong . )  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .
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I bel i eve i t  is e s s ential for our e conomy ( and hence for our very 
survival )  that the nuclear powe r i ndustry get back on its fee t , and 
quick ly . Not only mus t  we continue to operate the existing powe r plants , 
but we must also complete those under construction and bui ld more . 

To do thi s  with acceptable risk s , the lessons o f  Apol lo ( and those 
of Three Mi l e  I s l and , o f  course)  should be considered , and used whe re 
they apply . In my view , the be s t  way to do thi s i s  to involve people 
who are e xperienced in de sign , operation , and management o f  space pro
grams in responsible line positions in the nuclear industry . 

The re i s  no other way to trans fer knowledge . 
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Nuclear Power Reliability and Safety in 
Comparison to Other Major Technological Systems: 
Commercial Aircraft Experience 

WILLIS M. HAWKINS* 

There was a certain amount o f  hazard that what George Low and I would 
talk about would be almost identica l .  But fortunate ly , George and I seem 
to have approached the subj ect o f  system safe ty each in a di f ferent way . 

First , when we try to compare what has been done in the aviation indus
try , particularly i n  the air transport part o f  that indus try , wi th what has 
developed in the nuc lear i ndust ry , there are many paral l e l s . But I don ' t  
propose to present myse l f  as an e xpert in what the nuclear industry has , or 
should have , done . I plan to talk only about the air transport industry it
s e l f ,  something I should know about , and hope that you can draw your own con
c lus ions as to what of thi s e xpe ri ence might be appli cab le e l s ewhere . I f  I 
can see a para l l e l , I wi l l , o f  course ,  sugges t  its further consideration . 

One o f  the first thi ngs that I would l ike to say--and we talked about 
thi s ear lie r thi s  morning- - i s  that our indus try was permitted to deve l op 
in an entirely di f ferent envi ronment than the nuc lear industry . When 
we first began to fly and first began to try air transports , the mood 
of the country and the mood of the people was that a r i sk was worth tak
ing i f  one could see some k i nd of bene fit in the future . The total 
de finition o f  the bene fits now , for all of the things that . we are doing 
technologically , is di f ficult to come by , and some of the "bene fits " 
are a lmos t  as controversial as the te chnology i t s e l f .  And so , the 
suggestion that the engineers lay their hearts in front o f  the publ i c  
concerning r i sk a l s o  suggests that the engineers ought t o  have the 
privi lege of te l l ing people what the bene fits are as we l l . 

That i s , many time s , out o f  our contro l , but nevertheless i t  i s  a 
responsibi l i ty that the technical communi ty wi l l  have to pick up i f  i t  
i s  necessary t o  pub l i c ly di s cuss a l l  r i sks . In any case , wi th the 
environment today , i t  is j ust possible that we would never have flown 
at a l l , and I am grate ful , and everyone should be grate fu l , that the 
envi ronment then was one of encouragement . 

There are many things that are di f fe rent in an airplane compared to a 
nuc lear power plant , but whi l e  being di f ferent , they sti l l  addre s s  simi lar 
problems . An a i rplane , once i t  is ai rborne , can ' t  stop . So an airplane 
emergency has to be handled in a di f ferent way than an emergency i n  some
thing that i s  on the ground . An airplane has to fai l  " sa fe , "  but in doing 
so it has to remain operational . We cal l  thi s " fa i l  operational . "  

*Wi l l is M .  Hawkins i s  Senior Vice Pre sident , Aircraft , Lockheed Cali
fornia Company . 
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I n  consideri ng nuc lear systems , one finds a mixture of both fai l
safe and fai l-operational - - some e l ements can be shut down and some can ' t . 
I n  other words , part of a reactor has to keep f lying , too . And so , the 
fai l- safe and the fai l-operational concepts , whi ch involve di fferent 
technical approaches , are required i n  both industrie s . 

I propose today to summarize some hi s tory and te l l  you about the con
tinua l ly advancing state of the art in safety for air transport . I am 
going to do thi s  with pieces of the airplane . I wi l l  di s cus s the struc
ture o f  an airplane , the powe r that keeps i t  aloft , all o f  the systems 
that make i t  work , and then , lastly , I wi l l  ta lk about our experiences 
in the user-certi fication-design proce s s . 

Let ' s  start first wi th the struc ture . I am pleased whe n  I look back 
at the hi story of avi ation that the technologi sts- -and in those days , 
they were mechanics- -had an early appreciation for the sa fety o f  flight , 
mostly because they were flying their own airplane s . I f  you wi l l  look 
at some o f  the old biplane s that are sti l l  flying today , you wi ll find 
that they a l l  carried what were cal led mul tiple flying wi re s . The se 
are the wi res that carry the li ft load o f  the wings , but there were two 
o f  them , e i ther one o f  whi ch would sustain the load . I f  one o f  them 
parted , one could get back on the ground and fix i t . Thi s  i s  a "mul ti 
ple path" s tructure , i n  today ' s  l ingo . I t  fai led safe and operational . 

When we examine present structure s ,  they are complex and the multi 
path principle i sn ' t  obvious . Double structure exists throughout a l l  
o f  our modern a i rplane s , e i ther actual ly or through exces s ive design 
margins . I n  some cases doub le l ayers o f  metal are used to carry the 
loads . Incidental ly , I don ' t  know how we l l  a fus e lage would ful f i l l  a 
boi ler code , but our book she l f  on pressuri zed s tructure i s  about 4 2  
inches long , too . A pres sure ve s s e l  that contains the passengers , o f  
course , i s  a boi ler-code type o f  structure . I f  you pursue thi s in 
detail ,  you wi l l  find that there are multiple ways in whi ch we go about 
ensuring that thi s  pre s s ure is mai ntained or a fai lure wi l l  not be cata
stroph i c . 

You may not know it when you look at the scenery , but you a re looking 
through three l aye rs of transparent material ; one o f  two wi l l  carry the 
pre s s ure of the c abin . Each window i s  mounted in a s eparate frame so 
that a frame fai lure won ' t  take out both of them . And the re i s  a third 
one inside , so that casual k i ds or people wi th diamond rings won ' t  
scratch the glass wi th potenti a l  subsequent fai lure . Thi s  kind of 
structural phi losophy is applied throughout the entire design o f  the 
a i rplane , trying to be sure that future fai lures are only incident s . 

So much for the s tructure . Let ' s  now consider the power that drive s 
the airplane . When we started out , we had only one power p lant , and i t  
was obvious reasonably soon that w e  weren ' t  going t o  g e t  that power 
plant to operate reliably enough to make our airplanes into practi cal , 
safe flight vehi c les . I t  wasn ' t  too long be fore we introduced two 
power plants on an airplane des i gned to transport people .  Actual ly , 
in those days , re liabi l i ty was sti l l  pretty grim , and so aircraft wi th 
three engines soon showed up . That turned out to be fearfu l ly i ncon
venient , because the propel ler on the south end o f  the airp lane or on 
the north end of a very l arge fuse lage wasn ' t  very good . And so , quite 
soon mos t  transports wound up wi th four engine s . 
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Then the j et came i nto being , and thes e  turbine engines would run 
betwee n  4 and 10 time s  the hours between fai lures that a good recipro
cating engine would run . Thi s  suggested that we could work our way back
wards , and we did . The three engines came back into the picture , because 
it was much more conveni en t  to put three on an airplane wi th a j et 
engine and in many cases we went back to two . There i s  a l e sson that 
i sn ' t  obvious in thi s h i s tory . One shouldn ' t  make laws too soon . I am 
old enough to know that back i n  the early days o f  the four-engined air
plane there were some serious discussions about a l aw that all transport 
ai rcraft should have four engine s . I would like to sugge s t  that such 
a l aw would have been critica l ly l imi ting to the advances that our tech
nology provided for the publ i c . I n  deal i ng wi th pub li c s afety we must 
be c are ful about how s oon we make l aws lest we s t i f l e  bene fits . 

Let ' s  now talk about the systems in aircra ft . There has been a very 
quiet revolution going on in thi s  technology . The insides o f  an air
plane are mighty complicated , and many o f  the thi ngs that have been done 
in our industry are directly appli cab l e  to almost any interactive mech
ani sm , inc luding nuc lear systems . I share George Low ' s s uggestion that 
somehow the two o f  us - - the two i ndustry groups --should work together to 
s e e  what we can l earn from one another . The concepts o f  total flight 
control must certainly be para l l e l  in many respects to total reactor 
control . I have talked about fai l ing s afe and operationa l , and that i s  
what one has t o  d o  i n  nuclear systems . The re are lots o f  subtleties in 
thes e  systems that may not be apparent .  

We have multiple sources of powe ring systems as we l l  as the a i rp l ane 
itsel f .  We have multiple s ources of di stributing that power to where 
it is needed . We have multiple mechani sms to move surfaces on the air
planes ( and there are multiple control surfaces } ,  so that e lement fai l 
ures c an occur a n d  w e  can sti l l  operate safely . There are some booby 
traps in these systems , too . I f  an airplane i s  operating beaut i fu l ly 
on only hal f  o f  the equipment that i s  aboard , the pilot had better know 
i t . Because with a hidden fai lure , the next take o f f  may be the equiva
lent o f  a single-engine airplane i nstead o f  a multi-engine airplane . Thus , 
the s i gnal system that tel l s  about a fai lure when the airplane doe sn ' t 
act like there i s  a fai lure i s  j ust as e ssent ial as the the prime system . 

O f  course , when fai lures occur in an a i rplane , enroute , the re has to 
be assurance that a further fai lure can also be handled . Thi s may impose 
deta i l ed knowledge of obscure backups , and constant training may sti l l  
not assure one o f  complete crew fami l i arity . Thus the i ndustry has 
deve loped a very interesting system that could be used e l s ewhere . We 
s tarted out cal ling i t  the " EE and panic pane l . "  The EE and pani c pane l 

gave a warning signal in front o f  the pi lot so that he could not mi s s  
i t . In addition t o  warning him ,  i t  told h i m  whe re t o  look . Elsewhe re 
in the cockpi t ,  or at the engineer ' s  pane l , was a much more complete 

systems diagram wi th the failure e lement noted . The re are other sys 
tems , both instal l ed and in deve lopment , i n  whi ch the flight engineer 

can call up from the on-board l ibrary a di agram o f  the system as i t  
should be . Thus the engineer can see the di f ference i n  a " righ t "  and 
a "wrong " system and can receive instructions on what he should do 
about i t . The instructions , of cours e , can be automati c , wi th indica
tion o f  the fai lure or corrective action speci fi c a l ly cal led up . 
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The complexities o f  such sys tems bring in the computer , as George Low 
has pointed out i n  the control for space mi ssions . The compute r he lps 
not only in emergency si tuations , but also in many normal operating 
modes . The same computer function i s  the bas i s  for the simulator s that 
are universa l ly used today . I n  the aircraft industry , we have come to 
use an augmented simulator . We call it " the I ron Bird . " I t  i s  more 
than a simulator . It has in i t  everything that i s  i n  an airplane . Al l 
of the control systems are there ; al l of the contro l  pi s tons are there ; 
a l l  o f  the power sources are there ; a l l  o f  the e lectri cal lines ; a l l  o f  
the hydraulic l i ne s . And the e s senti a l  support structures a r e  al l the re . 
I t  i s  an airplane on the ground ; i t  i s  hooked up to a cockpit that looks 
j ust l ike the cockpi t of the airplane ; and it , too , works j ust like the 
cockpit of the airplane . Everybody invo lved in the deve lopment process 
can get at that simulator . I t  i s  in use day in and day out . One can 
load it in such a way that improbable acc idents can overload the system . 
Purpo se ly , the system i s  " flown " for years to find fai lure s be fore they 
happen in flight . I thi nk the proper use of the I ron B i rd is one o f  
the real contributions that h a s  been made t o  the safety of flight . 

Final ly , I bel ieve i t  is pertinent to emphas i ze he lpful e l ement s o f  
the user-certi fier-cre ator relationship . The t e s t  programs I have talked 
about--the loading of test wings , as if operating , unti l they break ; 
trying to explore the ge riatrics o f  an airplane ; the I ron Bird exer
cises--are a l l  shared by the c reator , certi fier , and user . The airline 
pi lots and the certi fiers are in the cockpits tel ling the creator where 
he has done it wrong . The airp lane maintenance people are a l l  over the 
I ron B i rd and the mock- ups , looking at whether or not they c an get at 
everything for inspection and repai r .  Use r and certi fi er are at the 
production l ine--the i r  own inspectors are at the flight line . Thus we 
have the maintenance and the inspection experts , the use r , and the 
certi fier a l l  involved in the complete deve lopment of the a i rplan e . I t  
starts the day the de si gner lays down the general arrangement drawi ng 
and a l i cense is requested . 

The deve loper-user-certi fier a l l  parti cipate in e s senti a l  system 
evaluation . They look together at the instrumentation on the a i rplane . 
It , too , has to have the same kind o f  backup systems , and together some 
interes ting rules have been worked out , some as the result of accidents 
that have bit us and taught us thi ngs . For instance , we accept no sig
nal by impli cation on an airplane . If the re i s  an actuator somewhere 
that pushe s a push rod that turns a belt crank that pushe s another push 
rod and locks a lock , one doe sn ' t  put the switch that s ays that lock i s  
locked at the motor that drive s  a l l  thi s  mechanism . The signal swi tch 
is put at the lock whe re the hook goe s around a pinion it is supposed 
to be locked to . When the swi tch says i t  is locked , i t  i s  locked , no 
matter what has happened to the rest of the mechan i sm .  

Accepting signals o f  events by implication i s  a dangerous booby trap . 
I t  i s  j ust l ike the booby trap o f  mu ltiple s tructure s , where one can ' t  
inspect both s t ructure s ,  and an airplane may fly for years and be lost 
with j us t  one more fai lure . The design review process that goe s  on 
amongst the creator , the certi fier , and the use r i s  a definitive , 
s cheduled operation . I t  starts at the beginning , and the cre ator has 
to re spond to suggestions of potential fai lure as time goe s  on . And , 
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fina l ly , the deve lopment sys tem has t o  re spond t o  what h a s  happened i n  
f l ight , even after the airplane h a s  been certi fi cated . 

There i s  one characteristic about the certi fier in the aircra ft indus 
try that I would l ike to emphasi ze , because I thi nk i t  i s  unique and 
valuable . The certi fier in the case of an a i rcraft , the Federal Avi a
tion Administration ( FAA ) , has a re spons ibi l i ty ,  by charter , to promote 
c ivi l i an flight . The certi fier wants to see that a i rplan e s  f ly . It i s  
the part o f  the FAA responsibi l i ty to keep the airpl anes flying s a fe ly . 
The FAA-aircraft deve loper-user i s  not an adversary re lation ship .  Thi s  
has developed some use ful functional management mechani sms , whe re the 
c e rtifier reaches into the company and pick s  an engineer , trains him 
properly , and endows him wi th a second hat � thi s engineer is not only 
work i ng for the company to des i gn the a i rplane , but he is a l s o  working 
for the certi fier . He c an blow the whi stle . He i s  authorized to blow 
the whistle when he sees something going on that he thi nks i s  detri 
menta l f rom a s afety s tandpoint . He i s  cal led upon from time to time 
to do des i gn reviews on what other engineers are doing . 

The des i gner has s omething that no outside certi fier could real ly 
get . He has knowledge o f  the airplane and i t s  systems . Thi s seems to 
me to be o f  overwhe lming importance . In addition to engineers , we 
have cert i fied inspe c tors , certi fied manufacutirng people , certi fied 
manufacturing proces s  people , and certi fied te sting spec i a li sts . All 
of these represent the FAA , and they are an important part o f  the team 
that certi fies the airplane . They a re authori zed-- in fact , directed- 
to run des i gn reviews . They are , o f  course , moni tored and constantly 
covered by ful l time FAA personnel who come directly from the certi fying 
agency . Thi s  i s  a good sys tem . I t  is a hea l thy system . I t  puts more 
real knowledge into the certi fier ' s  actions and dec i s ions than he could 
ever get any othe r way . 

The l i censing o f  the people who ope rate the ai rplanes i s  done almost 
the s ame way . The re are certi fied pi lots who can certi fy othe r pi lots : 
the people who are flying every day , instead o f  every othe r week . That 
too i s  important and i s  the proper way to ful fi l l  an e ssenti a l  function . 
Permi t  me again to emphasize the promotion aspect o f  the certi fying 
agency . Thi s  i s  good and i s  certainly not crimina l , a s  has been sug
gested by some FAA criti c s . 

We have had some other h i s tory in our business that the nuclear 
industry is experienc ing now--they are right i n  the middle o f  how to 
dea l  with advancing requirements for certi fi cation wi th operating sys
tems developed under di fferent rules . 

When you look at some o f  the old airplanes that are certi fied and 
f lying today , one has to ask , " How can that a i rplane pos sibly be certi 
fied with what we know today ? " You can s ti l l  buy a t i cket on a DC- 3 .  
I t  i s  a fine , fine airplane . And the reason t hat i t  i s  s ti l l  flying 
and s t i l l  certi fied is that i t  has proven that whatever the new rules , 
however i t  was certi fied and whatever i s  in it compared to the modern 
a i rplane , it works , it works re l i ably , and it has proven that it can 
maintain its s tandards in the face of the advanced world . 

As we look at the ear l ier thi ngs that have been done , let us be sure 
that we don ' t  turn them al l o f f  wi thout solid reasons . The older 
systems are providing the bene fits that they we re desi gned for and 
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these bene fits should not be lost wi thout factual ly based solid rea
soning . 

What have I said? I hope I have s aid that aircraft may have been 
tougher than nuc lear power to deve lop in the early days , but we had a 
d i f ferent kind o f  an environment . We were privi l eged to take r i sks 
without j usti fying e ach and every one we took . As a matter o f  fac t , r i sk 
wasn ' t  a dirty word in those days . Maybe what we h ave l earned in the 
process can be of some he lp . 

I hope I have emphasi zed enough the c lose relationship among the cer
t i f ie r , the user , and the creator a l l  through the concept o f  the de sign . 
I have tri ed to emphas i z e  that the deve lopment and the testing were 
carried on with the user , the ce rti fier , and the des i gner all working 
together , and the sys tem was simulated up to and inc luding the last nuts 
and bol ts be fore the airplane was first flown . 

We need to solve the energy problem that i s  facing us , j us t  like I 
think we need to keep f lying . I hope that nuc lear power wi l l  get the 
long-de layed rational support it needs , and I hope that we won ' t  be 
shamed into progress by some other more progress ive nation . I f  we pool 
a l l  of our knowledge , I am convinced that we can have a l l  of the nucl ear 
power we need and safely . I am avai l ab l e  to he lp , i f  I can , and I would 
love to l i sten to what the nuc lear industry has already done because it 
might help the airplanes get better . 
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The Electric Industry's 
Response to Current Events 

JOHN D. SELBY* 

I am pleased to be here today at the invi tation of the Annua l  Meeting 
Committee and look forward to participating i n  what should sure ly be a 
lively di s cussion on the outlook for nuc lear powe r in the wake o f  the 
March 28 incident at Three Mi le I s land . 

I have been a sked speci fical ly to out line the i ndustry ' s  re sponse to 
Three Mi l e  I s l an d  and the reaction o f  the uti l i t i e s  that are engaged in 
nuc lear powe r production , or are planning to engage in it . At thi s  time , 
with the Kemeny Commi ssion report hitting the news , intense intere s t  in 
the subj ect i s  not only e xpected but mos t  wel come . 

I n  my remarks today , I wi l l  l i s t  only the highlights o f  a whole 
series o f  actions taken by the e le ctri c and nuc l e ar industri e s  beginning 
immediate ly fol lowing Three Mi l e  I s land . Keep in mind tha t  the complete 
text o f  the Kemeny report , and the detai led analysi s  that mi ght be 
entai led by i t , are not the focus of the s e  remarks today . 

Rathe r , we are concerned wi th bringing you up to date on indust ry 
activity from March 2 8  onward . My remark s wi l l  cover bri e f ly a number 
of continuing e f forts , a l l  o f  whi ch would bear more lengthy di scussion , 
i f  the time al lowed . 

Further ,  I should like to make i t  c l e ar tha t  the re a ction o f  the 
industry was two fold : 

One , the cause o f  the accident and the events surrounding i t  
should b e  openly examined throughout the i ndustry o n  the basi s  
of factual in formation and wi thout bias . 

Two , l e s sons to be learned as a re sult o f  the incident should be 
promptly i denti fi ed and given the wi de s t  possible publication . 

I t  was increasingly apparent from the early hours of the Thre e  Mi l e  
I s l and excursion that w e  in commercial nuc lear powe r were being con
fronted with perhaps the mos t  unusual event of its kind i n  the history 
o f  our indus try . And we faced the reality that in related terms --in 
terms o f  publ i c  interest and concern - - the shock o f  thi s accident wi l l  
b e  fe lt for a long , long time . 

*John D .  Se lby i s  Chai rman and President o f  the Consumers Power Company , 
Jackson , Michigan . 
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I be l ieve the sense o f  urgency that gripped u s  i ncreasingly in the 
days surrounding Three Mile I s land served to uni fy the entire industry 
in i ts determination to spare ne i ther the manpower nor the expense that 
would be neces s ary to solve whatever technical and operational probl ems 
had been pre sented by the acc ident . 

I t  was immedi ately obvious that the nuc lear option was on trial , 
probably for its l i fe . Those o f  us who recogni ze the option as a maj or 
solution to world energy probl ems , to say nothing o f  dome s t i c  energy 
prob lems , were aware that not to react in a posi tive and re spon s ible 
manne r to that event would only further perplex a great many Ameri cans 
who already had the i r  confidence in thi s technology severely shaken . 

Now I wi l l  tak e the four or five maj or subsequent deve lopments within 
the industry in the days s ince Three Mi le I s land roughly in sequence , 
a lthough , i n  fact , almost a l l  o f  our coordinated activi t i e s  occurred 
more or l e s s  s imultaneou s ly , once we had formed the Oversight Commi ttee . 

Thi s  committee was formed in Apri l  on the initi ative o f  the Edi son 
E l ectric Insti tute . Its ful l  name is the Three Mi le I s land Ad Hoc 
Nuc lear Oversight Committee . I t  con s i s t s  o f  eight senior uti l i ty execu
tive s  and provides direction to and coordination of the uti l i ty i ndus 
try ' s re sponse to Three Mile I s land . I t s  chai rman i s  Mr . Floyd Lewi s , 
chairman and chi e f  executive officer o f  Middle South Uti l i t i e s , inc . 

The Oversigh t  Committee receive s  input from a l l  sectors o f  the 
nuc lear i ndustry , inc luding uti l i t ie s , suppli e r s , and trade associations . 

To thi s  i t  adds the i nput o f  electric uti l i t i e s  in the nuc lear field . 
Esent i a l ly every uti lity with nuc lear powe r programs has initiat ed an 
internal review e f fort for s e l f-evaluation o f  i t s  activi ti e s . Internal 
changes a re being made to as sure that technical and managerial s truc 
tures are arranged to provide the proper balance between safety , re l i a 
b i l i ty ,  and costs . These i ndi vidual internal uti l i �y e f forts are 
e xpected to continue , in addition to the i ndustrywide activi ti e s , wi th 
the knowledge gained indivi dual ly shared wi th a l l  other intere sts under 
the Oversight Committee ' s  leadership .  

Also , the Oversight Commi ttee asked and authori zed the Electric Power 
Research Insti tute to set up a Nuc lear Sa fety Analy s i s  Center to deter
mine i ndependently not on ly what happened at Three Mi le I s land , but why .  
The Nuc lear Safety Analys i s  Center ( common ly re ferred to a s  N-SAC ) i s  
to make recommendations for corrective action and i s  to act as the coor
dinator for the i ndus try with regard to the technical responses . I t  
also wi l l  help guide the impl ementation o f  programs rising out o f  the 
lessons l e arned i n  i t s  Three Mi le I s land investigation . Mr . Edwin L .  
Zebroski , o f  the Electric Powe r Re search Insti tute , i s  di rector o f  N-SAC . 

A thi rd key activity i s  under way . Thi s  grew out o f  the early rea l 
i z at ion that Three Mi le I s l and r a i s e d  que s tions as t o  whether or not 
the i ndus try programs for sel ection , training , and evaluation of plant 
operators and nuc lear operati ons were adequate . So , s imultaneous ly with 
the Oversight Committee and N-SAC , the Policy Committee on Fo llow-up to 
the Three Mi le I s l and Accident was formed , under the aegis of the Atomi c 
Industrial Forum (AIF) . As you perhaps know , the forum i s  an a s socia
t i on o f  pub l i c  and private organ i z ations devoted to the ut� l i z ation of 
the atom for peace ful purposes , wi th an emphasi s on the word "peac e ful . "  
Mr . Byron Lee , o f  Commonwea l th Edison Company , Chi cago , i s  i t s  9hai rman . 
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The Po l i cy-Fo l l ow-up Committee early recon i z ed the operation questions 
raised by Three Mi l e  I s land and recommended that an Insti tute of Nuc lear 
Power Operation s  be estab l i shed by the e lectri c uti l i ty indus try to provide 
a l ong-term solution to the problems of plant operation s . The Institute 
o f  Nucl e ar Power Operations , commonly cal led INPO , is guided by a steer
ing committee appointed by the Three Mi le I s land OVersight Commi ttee . 
Thi s s teering commi ttee i s  chaired j ointly by w .  S .  Lee , o f  Duke Power 
Company , and A .  J .  P f i s ter , o f  Salt River P ro j ect , to gui de the devel op
ment of INPO . 

I n  addition , the AIF Policy Committee further addres s ed such i s sues 
as emergency response planning , postaccident recovery , control room 
design considerations , unresolved generic safety i s sues , and related 
matters . 

Other industry e fforts are under way concerning the matter o f  insur
ance , a result o f  the financ i a l  consequences of Three Mi le I s land to 
the owners , and the matter o f  publ i c  in formation . Nei ther sub j ect i s  a 
new one , but the implications o f  Three Mi l e  I s l and in the finan c i a l  
sense , a n d  the prob lems arising as a r e s u l t  o f  much publ i c  confusion 
during and a fter the accident , both require increased attention and 
detai led i nvolvement toward solutions on the part o f  everyone in the 
i ndustry . 

Thi s  i ntroduction to the maj or deve lopments in the industry s ince 
Three Mi l e  I s l and does not include areas o f  great concern to the various 
committee s mentioned ,  i nc luding the areas being covered by a number of 
investigations i nto Three Mi le I s l and on the part o f  others . For exam
ple , the Pres ident ' s  investigation under Dr . John Kemeny precede s , 
apparently , a continued congre ssional investi gation . And the Nuc lear 
Regulatory Commis s i on i t s e l f  has been conducting a thorough , detai led 
i nquiry , not only into Three Mi le I sland events , but also into re l ated 
events that have taken place , or mi ght conce ivably occur , e lsewhe re in 
the industry . 

But I think i t  i s  s a fe to say in the context o f  my assi gnment for 
today that I have highlighted the industry ' s  response fairly and 
accurate ly .  

I would like to bring you up to date , in the few minutes remaining , 
more spec i fi cal ly on the activi t i e s  o f  the Nuclear Sa fety Ana lys i s  
Center ( N- SAC ) , the Insti tute of Nuc lear Power Operations ( INPO) , and 
finish by high l ighting certain activi t i e s  of the Atomic Industrial 
Forum ' s Policy Committee . 

For example , N-SAC put together an initial draft report analyzing the 
events at Three Mi le I s l and by the end of June . It d i f fers from the 
othe r sequence -of-events reports in that it contains extensive appen
dixes that analyze in deta i l  what happened physi cally . The report makes 
no re l i ance on people ' s  recollection . The instrument charts and the 
computer records were the main sources of data , together wi th a data
logger some thing like a flight re corder , which provides a more complete 
record o f  what was happening than the operators had . 

An initial report o f  380 pages and 1 7  appendi xes was pub l i she d at the 
end of July and is being supplemented . 

N-SAC reported that there are roughly two dozen di f ferent contributing 
factors that can be identi fied . If a lmos t  any one of the se factors had 
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been a l i ttle di f ferent , the re would have been no damage . The physical 
capab i l ity o f  the system to operate wi thout damage i s  c lear . However , 
the idea that the whol e  prob l em implied by Three Mi l e  I s l and can be 
cured by treating j ust one of those factors i s  not plausible ,  con s i der
ing c la s s e s  o f  accidents l ike thi s . On the other hand , changing a l l  
two dozen factors may n o t  b e  productive , even though there is some ten
dency to require thi s  by regulation . S ome remedi e s  can preempt or con
f lict with others , and even use ful one s may have wi de ly di ffe rent benefits 
and priori t i e s . Somewhere i n  between the se extreme s there are a few very 
important remedie s  that can apply to mos t  plant s - - and a few more that 
may apply s e l ective ly to some plant desi gns but not to others . Many 
othe r propose d remedies may range from convenience to cosmetic or even 
can be counterproductive or in con f l i ct wi th exis ting systems . I t  i s  
vital that a small number o f  the mos t  meaningful remedies b e  implemented 
e f fectively without the di lution or diversion by a large number of l e s s  
meaningful " do s omething " remedie s . 

The industry involvement o f  N-SAC has been to act as a clearinghouse 
at a technical level for the various owners ' groups , indus try commi tte e s , 
and techni cal working groups . Thi s inc ludes technical support to a l l  
seven o f  the AIF commi ttees o n  Three Mi le I s l and response , s i x  uti l i ti e s  
owne rs ' groups , and the EPRI technical task force s .  Uti l i t i e s  in turn 
have designated "N-SAC Coordinators " from 60 compan i e s . Genera l ly , these 
are the peopl e  who are in charge o f  the Three Mi l e  I s l and re sponse wi thin 
each company . Fi fteen additional uti l i ty people were designated for 
thei r  interes t  in the he alth e ffects s tudi e s . 

N-SAC has si nce then run or cosponsored a serie s o f  technical workshops . 
These inc lude a group o f  people in the United State s , and some overseas , 
who , along with N-SAC , have attempted to do the thermal-hydraulic analy
s i s  o f  the Three Mi l e  I s l and accident . They met for several days to 
review s tatus of the se cal culations and methods . A " Di s turbance Ana lys i s  
System" workshop w a s  held t o  cover pos sib le information a i d s  for reactor 
operation . A work shop wa s held at Three Mi l e  I s land on the plant s tatus 
and recovery plans and inc luded a vi s i t  to the Three Mi le I s land plant . 
A va lve- function moni toring work shop covered the u se o f  acoustic monitor s . 

The N- SAC report i s  avai lable to those who might want i t , and mean
whi l e  N- SAC continues exhaustive activi t i e s  in many re lated areas . 
To take j ust one example , N-SAC and EPRI have e s tabl i shed l arqe and 
read i ly acce s s ible archive s of Three Mi le I s land-re lated data and in for
mation . Many uti l i ti e s  use material deve loped by N-SAC i n  the ir studies 
and in submitta l s  to local and federal agenc i e s . The archives are s tored 
on microfi lm with compute r  s earchable indexing , whi ch can be acces s ed by 
any uti l ity . There i s  a l so a monthly news letter printing 5 , 500 copi e s  
that cover s  current work , key deve lopments ,  and general in formation 
related to the progres s  to the Three Mi le I s l and accident . 

N-SAC has started ope ration o f  the "NOTEPAD" In formation Sys tem .  
Thi s  i s  a report medium providing dai ly update c apabi l i ty , but whi ch 
doesn ' t  add to the s tack o f  papers on the desk . The terminal provides 
easy s e lectivi ty o f  j ust that information re levent to the use r .  I t  is 
avai lab l e  nationwide and provides an added vehic le for time ly alerting 
o f  stati stics to s i gni fi cant events . 

I n  the matter o f  the Insti tute o f  Nuc lear Power Operations ( INPO ) , 
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the institute i s  charged with ensuring a high quality o f  operation i n  
nuc le ar powe r plant s . I t s  purpose s in bri e f  a r e  to estab l i sh i ndus try
wide benchmarks for exc e l lence in nuc lear operation and to conduct 
independent evaluations to assist uti l i ti e s  in meeting the benchmarks . 
I t  wi l l  determine educational and training requirements for operating 
personne l and wi l l  accredit training organi zations . 

The phi losophy o f  the institute i s  to : 

1 .  Promote an improved leve l  o f  professional i sm i n  nuc lear 
power operation . 

2 .  Involve p l ant operating staffs in the deve lopment o f  bench
marks i n  training systems for the conduct o f  the operation eval
uation s . 

3 .  Use the bes t-ava i l able techniques and methods to deve l op 
operating and training practices and the human factors aspect o f  
des i gn in operation . 

4 .  Uti l i ze the best-avai lable independent profes sional advic e  
and counsel towards accomp l i shing the institute ' s  obj ective s . 

5 .  Support and improve exi s ting practices and training sys
tems wherever pos sible rather than supplanting them . 

6 .  H e lp the uti lities to he lp themse lve s rathe r than preempt 
thei r  management responsibi lities . 

7 .  Encourage exce l lence . 

The institute ' s  Advi sory Council i s  compos ed o f  di stinguishe d  person s  
in areas related t o  the institute ' s  obj e ctive s , inc luding prominent 
educators , s c i entist s , engineers , indus tr i a l i s ts , and health speci a l i s ts . 
The day-to-day a f fairs o f  the institute wi l l  be managed by a pre s ident , 
and i t  i s  estimated that the functions o f  the institute wi l l  requi re a 
staff o f  about 2 0 0 . I t  i s  anti cipated that the pre s i dent o f  the insti 
tute wi l l  be selected be fore the end o f  the ye ar and that the institute 
wi l l  be ful ly operational in 1980 . 

As I indic ated earlier , the i ndustry i s  investigating a plan for 
improving nuc lear insurance prote ction , and it is anti cipated that par
t i cipation in the Institute of Nuc lear Power Operations wi l l  be a condi 
t i on o f  obtaining such i nsurance . Thus , although parti cipation in the 
institute wi l l  be voluntary , it is anticipated that the re wi l l  be suffi
c ient incentive to as sure that the goa l s  of the insti tute are achi eved 
indus trywide . 

Meanwh i l e , as the work o f  N-SAC and INPO acce lerate , the Pol i cy 
Commi ttee has a s s i gned a number o f  subcommittees to spe c i fi c  cri tical 
i s s ue s , inc luding Emergency Response P l anning , Operations , Sys tems and 
Equipment , Post-Accident Recove ry , Safety Analys i s  Con siderations , Con
trol Room Considerations , and Unresolved Generic Safety I s sue s . The s e  
subcommittee i s sues a n d  the subtopic s  being addressed in each resulted 
from an early , intens ive review o f  a massive list of Three Mi le I s land
evoked concerns that were cul led for priority consi deration . In addi 
tion , the uti lities have formed reactor owners ' groups to work wi th thei r  
respective vendors in order t o  expedite time ly response t o  regulatory
generated requirements .  

A primary purpose o f  thi s  Poli cy Committee i s  to provide a broad 
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coverage o f  the les sons learned at Three Mi le I s l and . Under thi s 
approach , spec i fi c  tasks are assigned to subcommittee s ,  and a wide 
involvement of both people and organi zations has been encouraged . 

Thi s  faci l i tates the exchange o f  in formation among uti litie s , archi 
tect- engineers and construc tors , and nuc lear s team supply manufacturers . 
It also pe rmits a general pos i tion to deve lop in a reasonably short 
time . The pos itions deve loped through the subcommittees are meant to 
provide a common bas i s  for individual uti l i ty action and permit suf fi 
c ient f lexibi l i ty for satis fying speci fic company o r  s i te-related needs . 

Using the preliminary input o f  the se subcommi ttee s , the Pol i cy Commi t
tee as a whole deve loped an August 2 ,  1 9 7 9 , le tter o f  comment on the 
first phase of the Nuc lear Regulatory Commi ssion ' s  " le ssons le arne d "  task 
force report . With f ew exceptions , the commi ttee found the Nuc lear 
Regulatory Commi ssion staff recommendations generally acceptable .  

Al l o f  the activities under the Policy Commi ttee embrace a central 
pos ture--the intent to l earn as much as pos sible from the Three Mi l e  
I s land accident and t o  modi fy practices t o  incorporate important lessons . 
Thi s openness to change wi l l  supplement but not erase the re l i ance and 
confidence that wi l l  continue to be placed on the framework for design , 
cons truction , and operation e stablished over the last 20 years . We 
want to give careful s c rutiny to the entire process , making improvements 
where neede d .  

The recommendations o f  each o f  these subcommi ttees are now being 
reviewed for final approva l by the Poli cy Commi ttee . A se rious e f fort 
has been made to keep both the i ndus try and the NRC in formed of our 
activities . Our final work product wi l l  receive wide distribution . 

The sum o f  the se activities i s  a general attitude toward constructive 
improvements derived from the l e ssons of Three Mi le I s l and . Whi l e  the 
regulatory process i ndeed has a speci fic rol e  in assuring reactor safety , 
i t  i s , in our opinion , subordinate in its e f fect on rea l safety to the 
e f forts o f  the indivi dual uti l i t i e s  and the i ndus try that supports them . 
The indus try e f forts I have outlined , I would hope , should be a sign of 
encouragement to you and the publ i c  that nuc lear safety can and wi l l  be 
improved .  

I thi nk I can commend to you the thought that the industry ' s  re sponse 
to Three Mi le I s l and was pos i tive and immediate . I thi nk , or at least 
I hope , that your impression o f  thi s  indus try and its abi l i ty to stand 
to the issue and handle it stra i ghtforwardly e ncourage s your support o f  
the people to whom you ' ve entrusted the nation ' s  commercial reactor 
program . It is an eve r- changing , viable program , and I be li eve you can 
agree with me that so l ong as we are alert , ope n , and respons ive the 
leadership of thi s  indust ry merits your continued trust and encouragement . 
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Nuclear Waste Management 

EARNEST F. GLOYNA* 

Probl ems invo lving the management o f  any type of was te frequently 
involves broad-scale publ i c  participation and occas ional ly encompas ses 
a degree of technical complexity that does not lend itse l f  to simple 
solutions . However , aggre s s ive actions and inte l l i gent choices in the 
avai l able waste management options have con s i s tently improved pub l i c  
health and have re sulted in the betterment o f  man ' s  total we l l -being . 

The current problems of radioactive was te management are akin to many 
o f  the hi storica l publ i c  health i s sues . 1 Every maj or publ i c  hea lth i ssue 
conce rning the treatment o f  water suppl ies , was tewaters , exhausted air , 
and solid waste have usual ly i nvolved exhaustive debate s .  However , no 
previous set of technical solutions have met wi th such formidable re s i s 
tance and have been attacked through the use o f  such pervas ive uncer
tainti e s  as that whi ch surround commercial nuc lear power and the 
assoc i ated radioactive waste . 

Thi s paper addre sses relevant i ssues concerning radioactive waste 
management as follows : ( a ) general background discussion of present 
and future waste generation rate s , (b)  radioactive waste management 
i s sues , ( c )  research requirements , ( d )  con c lusi ons , and ( e )  policy 
recommendations for managing high- leve l  radioactive waste . 

GENERAL BACKGROUND AND BAS I S  

The radioactive wastes o f  concern are produced b y  the de fense -oriented 
nuc l e ar programs , the nuc lear power uti l i ties , research e f forts , and 
medical activities . Thi s  discuss ion emphasizes high- leve l  waste manage
ment . 

About 70 comme rc i a l  nuc lear power plants are generating e lectric i ty 
i n  the Uni ted S tates ( 99 under construc tion ) . Worldwi de , the re are 
about 2 10 commercial nuc lear powe r plants i n  operation . 2 

In 19 7 7 , 1 2 %  o f  a l l  e lectri c i ty in the Uni ted States was generated 
by nuc lear powe r ,  and at time s  the Northeast and Midwe s t  rel ied on 

*Earne st F .  Gloyna is Dean of the Col lege of Engineering , Joe J .  King 
Profes sor of Engineering , The Univers i ty of Texas at Austin , Aus tin , 
Texas 787 12 . 
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nuc lear power for as much as 50% o f  thei r  e l ectric power needs . The 
exis ting nuc lear powe r plants are reducing the e lectric uti l i ty industry ' s  
need for fue l o i l  by about 1 . 5  mi l l ion barre ls pe r day . 

The present-day insta lled U . S .  capacity i s  50 gi gawatts electric ( GWe ) . 
It i s  generally assumed that 400 GWe could be ava i l ab l e  by the year 2 000 , 
after whi ch i t  i s  anticipated that the capacity wi l l  leve l out or dec line 
s lowly depending on the availab i l i ty of the neces s ary fue l . I f  no new 
reactors are placed into operation after 2 000 , the capaci ty would dec l ine 
to zero by the year 2040 . 3 

The waste derived from commercial nuclear power operations , whe ther 
low- or high- leve l , may be gaseous , l iquid , or solid . Wastes that 
rece ive most attention today are those categorized as hi gh- leve l ,  trans
uranic contaminated , and reactor spent fue l . Generally used de fini tions 
fol low :  

1 .  High-Level wastes (HLW) are the portion o f  wastes generated in 
the reproce s s i ng o f  spent fue l that contain virtua l ly all of the f i s s ion 
products and most of the actinides not separated out during reprocessing .  
I f  a final deci sion i s  made not to reprocess spent fue l , thi s would be 
categori zed as HLW . The waste i s  characterized by high leve l s  o f  pene
trating radiation , hi gh heat-generation rate s , and long radioactive 
hal f- l i fe .  

Present ly , about 2 70 , 000 m3 of high-leve l waste , mostly resulting 
from mi l i tary operations , are stored in s te e l  t anks and bins . To date , 
only about 2 , 3 00 m3 o f  hi gh-leve l waste have been generated as a result 
o f  commercial reproce ssing activities . 4 Since Apri l  1 9 7 7 , no commercial 
reactor fue l has been reprocessed in the United States , but other coun
trie s  are reproce ss ing such fue l . 

2 .  Transuranic ( TRU) Wastes re sult predominant ly from spent fue l 
reprocess ing , the fabri cation o f  p lutonium to produce nuc lear weapons , 
and plutonium fue l fabri cation for recyc le to nuc lear reac tors . TRU 
waste s are currently de fined as material containing more than 1 0  nano
curies o f  transuranic activity per gram o f  materi a l . Transurani c  con
t aminated waste is usua l ly generated by plutonium fue l fabrication
reproces sing fac i l ities and laboratories using trans uranic e l ements . 
I t  i s  estimated that 3 70 , 000 m3 o f  these was te s  have been buried or 
stored retrievable at f ive shal low- land-buri a l  sites o f  the U . S .  Depart
ment of De fense ( DOE ) . 5 The re could be as much as 2 0 0 , 000 m3 o f  commer
c i a l  transuranic contaminated waste accumulated by the year 2000 . 
Potential limits for shal low e arth burial o f  transuran i c  e lements have 
been ful ly examined by mode l s  of individual pathways to man . 6 

3 .  Low-Level Radioactive Wastes (LLRW) contain less than 10 nanocuries 
o f  transuranic activity per gram o f  materi a l , or they may be free o f  
t ransurani c  contaminants , require l i t t l e  or n o  shi e l ding , and have low 
but potentia l ly hazardous concentration of quantities of radionuc lides . 

Present production o f  solid , low- leve l radioactive waste s  ( LLRW) , or 
that suspected o f  being radioactive , in the United States is about 1 1 3 , 20 0  
m 3 or about 0 . 4 5 k g  per person per year . 7 Thi s  amount o f  solid waste 
i s  about the s ame as that produced by a city with a population of 100 , 000 . 
The U . S .  Department o f  Energy produce s  about 50% of the LLRW . 8 

4 .  Uranium Mine and Mil l  Tailings are the residues from uranium 
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m1n1ng a n d  mi l l ing operations that contain low concentrations o f  natur
a l ly o ccurring radioactive materials . 

Uranium mi l l  tail ings , by volume , consti tute the largest amount o f  
a l l  radioactive waste s . About 140 mi l lion tons o f  uranium mi l l  tai lings 
e xi s t  today . 4 These wastes contain the natural radioactive dec ay pro
ducts o f  uranium in about the s ame concentration as the original ore . 
To control the movement of tail ing particulates and gaseous radon-2 2 2 , 
it i s  necessary to stab i l i z e  the tai l ing piles and local i z e  the naturally 
occurring emi s s i ons . 

5 .  Gaseous Radioactive Effl uents are norma l ly released to the atmos
phe re and thereby become diluted and di spersed to a nonhazardous leve l . 
�hese wi l l  not be di scussed beyond thi s point . 

6 .  Decomrndssioning Wastes are those wastes that occur a s  a result o f  
dismantlement o f  reactor faci l i t i e s . The volume and magni tude of thi s  
waste form i s  beyond the scope o f  thi s pape r . One reference method o f  
decommi s s i oning i s  pas s ive s torage for 50 years be fore di smantlement .  
Thi s  time allows decay o f  most o f  the cobalt-GO . Res i dual i s otopes such 
as Ni - 5 9  and Nb- 9 4 , 8 0 , 000-year and 2 0 , 000-year hal f- li ve s , respective ly , 
require entombment consideration . 

RADIOACTIVE WASTE MANAGEMENT ISSUES 

The i s sues surrounding radioactive waste management embrac e  four bas i c  
c onsiderations . The se are : ( a) U . S .  pol i cy as i t  re l ates t o  the spent 
fue l reprocess ing que stion and fue l cyc l e  evaluation , ( b )  was te manage
ment i n  terms o f  spent fue l handling and packaging and high- leve l  waste 
sol idi fication , ( c) environmental impacts , and (d) sociopolitical con
s i de rati ons . 

Policy 

In the 2 5. years fol lowing the Atomic Energy Ac t  of 194 7 , nuc lear sciences 
and technology flouri shed . I n  the 1 9 5 0 ' s  and 1960 ' s ,  industry carried 
forward many deve lopments that were begun in the laborator i e s . By 1 9 7 5  
federal pol i cy was increasingly directed towards deve lopment o f  other 
energy resources .  From 1 9 7 7  forward , thi s  pol i cy has shown a pre ference 
for nonnuc lear energy source s .  

President Carter ' s  nuc lear poli cy statement o f  Apri l  7 ,  1 9 7 7 , empha
s ized the nonnuc lear pol i cy . He announced inde finite de ferral o f  commer
c i al fue l  reprocessing , redirected breeder R&D into alternative nonbreed
ing fuel cyc le s , proposed the canc e l l ation of the breeder demonstration 
p l ant , and pl aced the breeder program on hold . I n  addition , the R&D 
program included two ma j or studie s --NASAP ( Nonprol i feration Alternative 
Systems As ses sment P rogram )  and INNFCE ( International Nonprol i feration 
Nuc lear Fue l Cyc l e  Evaluation ) - -in whi ch the principal conclusions wi l l  
not b e  avail able unti l e ar ly 1980 . 

Today , there i s  general worldwide agreement wi th the President ' s  
pol i cy o f  reducing the spread of nuclear weapons and bringing a l l  nuc lear 
powe r activities under international sa feguards . Howeve r , there i s  wide 
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disagreement with the U . S .  concept of s e l f-deni al o f  reprocessing of 
nuc l ear fue l and the timely deve lopment o f  the breeder . Obvious ly , 
waste management wi ll be i n f luenced by the nuc l ear fue l cycl e  tha t  wi l l  
be uti l i zed . In the Uni ted States there exi s t  three pos sible basic 
nuclear fue l cyc le options : the once- through cyc le , the uranium-on ly 
recycle case , and the uranium-plutonium recyc le case . Figure 1 i l lus
t rates pos sible waste source s  and the general case for light water 
reactors . 

Two variations o f  the spent fue l cyc le mus t  be cons idered : de ferred 
i so lation of spent fue l i n  near- surface engineered faci lities unti l di s 
posal or reproce s si ng i s  permi tted , and uranium reproce s si ng and recy
c l ing only with plutonium oxi de s tored at engineered surface faci l i tie s , 
or with plutonium remaining in sol idi fied waste . I t  should be noted 
that about 40% l e s s  uranium ore is required and 30% le s s  enrichment 
capab i l ity is needed if nuc lear fue l is reprocessed . Also , the vo lume 
of reprocessed high- leve l solid waste , as suming no the rmal cons traints , 
could be as little as one -ninth that of the equiva lent spent fue l . 

Current U . S .  regulations s tipulate that commercial high- leve l  wastes 
must be solidi fied within 5 years of its formation . 9 

Was t e  Managemen t Con si dera t i ons 

Primary wastes from fac i l ities generating f i s si on products for bo th the 
once-through and plutonium-plus uranium recyc le cases are pre s ented in 
Tab le 1 .  In the once- through cycl e , i rradiated fue l assemb l i e s  are 
i so l ated and cons idered to be a waste only if reproce s s i ng is ultimate ly 

F IGURE 1 Commercial nuc lear fue l 
cyc le and types o f  was te generated . 
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TABLE 1 Primary Was te s  from Faci lities Gene rating TRU Waste s 1 0 

Radionuc l ide Content , Ci/MTHM 
Fac i l i ty and Fue l Volume , F i s sion Activation 
Waste Type Cyc l e  m3/MTHM Product s  Actinides Product s  

Nucl e ar powe r plant Once-
3xl0

6 
1x10

5 4 
Spent fue l through 0 . 4  2 xl 0  

FRP Recyc le 
8x10

2 
1x10

2 
9xl0

3 
Fue l residue 0 .  32 
H i gh- l eve l 

0 . 6  1x10
6 

2 x10
4 

l iquid waste 
6 

8xl 0
3 

4xl0
- 2  

6xl0
- l  

Gaseous wastes 1 . 8xl0 
Combustible and 1 . 8  2x1o l lxl0 2 

compactable was tes 
2xl0

2 
2 x10

2 Mi scellaneous 0 . 1 5 
l iquid and par-
ti culate solid 
wastes 

4xl0
1 

Failed equipment 0 . 6 5 3 
and noncombus-
tib le wastes 

di sa l lowed . As suming reproce s sing does occur , then the radionuc lide 
content ,  as shown in Table 1 ,  can be expected . The waste generated i s  
shown as c ub i c  meters per metric ton of he avy me tal ( m3 /MTHM) and the 
radionuc l ide content as curies per MTHM ( C i /MTHM) . Table 1 is based on 
an assumed 1 , 2 00 MWe nuc lear power plant , an independent spent fue l 
storage basin , and a 2 , 000 MTHM/yr fue l -reprocess ing plant ( FRP ) . 1 0 

For each waste type , the waste management system i nvolve s : waste 
generation , was te modi fi cation/solidi fication , packaging , ons i te interim 
storage , pos s ible transport to a central s i te and interim storage , 
transport to isolation s i te , and final i so lation/di sposal . Advanced 
high- l eve l radioactive was te management programs may involve a wide 
variety o f  alte rnatives . 

Presently , interim . near- surface retri evab le storage and ultimate 
disposal in geologi c formation pre sents a logical first generation solu
tion for safe containment and di sposal . Seabed di sposal i s  certainly 
a potential alternative . Transmutation or di sposal through extraterres 
trial means continues t o  b e  o f  research intere s t . Man-made s tructures 
in geological formations such as salt , granite , shale , and basalt are 
o f  ma j or interes t .  

Figure 2 i l l ustrates the multiple barrier concept , whi ch i s  foremost 
in the minds o f  many people invo lved in waste management .  Herein so l i d
i fied waste i s  contained in an environmentally acceptable mode through 
both engineered confinement and geological formations that serve as 
barriers . The ful ly engineered sys tem would logically encompass con
side ration of the solid was te form , container , overpack , rock formation , 
and geographi c i so l ation . 

Copyright © National Academy of Sciences. All rights reserved.

Outlook for Nuclear Power: Presentations at the Technical Session of the Annual Meeting--November 1, 1979, Washington, D.C.
http://www.nap.edu/catalog.php?record_id=18568

http://www.nap.edu/catalog.php?record_id=18568


56 

F I GURE 2 Multiple b arriers . 

The mul tiple barrier concept involves immobi l i zation , surve i l l ance , 
and isolation . I t  may be depicted by a tri -component management system 
as shown in Figure 3 .  Immob i l i zation is increased by appropri ate solidi 
fication . Emplacement o f  high- leve l solidi fied waste greatly increases 
the re l i ance on isolation and decrease s the need for surve i l l ance . 

The solid waste form may consist o f  a primary phase , which contains 
the radionuc l i de s  at the atomi c and molecular leve l , and a secondary 
phase , whi ch binds the primary phase parti c l e s  in a matrix o f  a secondary 
materi a l . Wi thin the overall sys tem , whi ch uti l i z e s  fue l e l ement repro
cessing , there e xi s t  a variety o f options for producing solid waste 
forms : cal cine , super s ludge , cerami c s , glas s , metal matrix composi tes , 
and cement-concrete compo s i te s . 

One aspect o f  the system approach to waste processing come s into 
focus c learly in the s e l e c tion o f  a speci fic geo logi cal s i te . Four 
leve l s  of studies are required for s e lecting a geo logic s i te : a data 
s earch , regional overlook , s i te speci fic study on a regional basi s , and 
a loca l  s i te spe c i f i c  investi gation . Detai l s  are shown in Figure 4 .  

Spe c i fic comments are warranted on the topics o f  spent fue l , spent 
fuel package s , high- l eve l waste solidi fication , and the Swedish concept 
for h igh- l eve l was te management . 

Spent Fuel Two ma j or s trategies ( INFCE Working Group 7 )  have been con
sidered in deve lopment of environmental impact statements for spent 
fue l : strategy #1 , LWR once-through fue l cyc le ; and strategy # 2 , LWR 
with ful l  reuti l i z ation o f  plutonium as a fue l . The volume of wastes 
from s trategy # 2  i s  about twi ce that from s trategy #1 , but the aggregate 
f i s s i le plutonium content in strategy #2 is reduced about 5 0 - fold as 
compared to strategy #1 . The he at generation rate s per unit vo lume of 
heavy metal fed to the reactors di f fer subs tant i a l ly only a fte r long 
times . Thi s  is of importance in regards to terminal storage or di sposa l .  
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F I GURE 3 Tri- component management sys tem . 

Spent Fuel Packages I n  the United States there is a program for experi
mental ly packaging and storing spent fue l using fac i l i ties previ ous ly 
associated with the nuc lear rocket program i n  Nevada .  Several options 
are being investigated for encapsulating the spent fue l . Some options 
inc lude : uti l i zation o f  a metal matrix fi l l , sandfi l l , glassy or 
ceramic materi al s , and multiple-barrier encapsulation of the spent fue l 
and c an i s ter at the time i t  i s  dec l ared a waste . 1 1  

To date , the most comprehensive study on packaging o f  spent fue l has 
been conducted by the Swedi sh Pro j ect Karn-Branse-Sakerhet ( KBS ) . 1 2  

In thi s plan , the spent fue l would be s tored on an interim basi s  i n  
water for approximately 40 ye ars . After th i s  interim s torage , groups 
of 500 fue l rods ( 1 . 5 MTHM) would be placed in a pure copper caniste r  
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FIGURE 4 Geological s tudi e s . 
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0 . 7 7 m in diameter wi th 20-cm- th i ck wal l s . After the cani ster has been 

f i l led wi th lead and a copper cover we lded on th e top , the entire 
canister would we igh about 2 0  metric tons . For final dispo s i tion , the 
canisters would be placed in granite at a depth o f  about 500 m .  For 
emplacement the canisters would be placed in ho les , some 7 . 7  m deep and 
1 . 5 m in diameter . Each hol e  would be lined wi th 40 em of i sos tati c a l ly 
compressed bentoni te . 

Hi gh- Le vel Was t e  Sol i di fi ca t i on u . s .  pol i cy has redi rected high- leve l 
was te vitri fication towards de fense/mi l itary wastes and thos e  associ ated 
with proli feration- re s i s tant fue l cycle s . 

One engineering uni t , the Spray Calciner/In-Can Me lter has operated 
at rates over 300 liters per hour ( about 20 MTHM per day ) for periods 
o f  400 operating hours . 1 1  Thi s unit has been f lexible with regard to 
waste compos i tion and has succe s s ful ly treated fue ls wi th a ve ry high 
sodium content by adding s i l i cate to the feedstream .  Whi le the techno l 
oqy i s  well deve loped , t h e  dis advantage s involve capacity limi tation 
to about 500 l i ters per hour , a requi rement for vibrators to prevent 
scale bui ldup , and the need for addi tives i f  high-sodium was tes are 
calcined . Otherwi se , the sys tem is s imple , re leases low amounts o f  
radionuc l i de s , i s  capable o f  var i able capacity , and has a long l i fe . 
The I n-Can Me lter has been demonstrated through the laboratory , pi lot- , 
and plant- s cale systems . Over 40 engineering- scale cani sters have been 
produced wi th nonradioactive glass . 

The Joul e Heated Cerami c-Lined Me lter i s  a new deve lopment in radio
active was te management and may replace the In-Can Me lter system . Thi s  
me lter converts dry calcine and glas s - forming f r i t  t o  a molten glas s . 
Whi l e  the concept has been us ed by the glas s i ndus try for over 30 years , 
thi s  system has not been operated in a remote hot ce l l . 

The United States , as we l l  as other countries , has s e l ected boro
s i l i cate glasses as a contender for immobi l i z ation of high- leve l waste . 
Some question the stabi lity o f  glass and containment , particularly in a 
salt envi ronment . I t  i s  we l l  known that time , temperature , and radi ation 
a f fect the mechanical properties o f  the glasse s . The rate o f  reaction 
increas e s  wi th absolute temperature . 

The temperature or solidi fi cation matrix need not be the dominant 
factor in a waste disposal system de s ign . The sys tem des i gn mus t  a lways 
cons ider the interplay between solidi fication , immob i l i z ation , and i so
lation as i t  re lates to the mul tibarrier concept . Yet , there are those 
who would contend that the containment uni t  mus t  be capable o f  wi th
s tanding a l l  environmental attacks for at least 1 , 000 ye ars . Thi s  
solidi fi cation concept i s  di f fi cult to j usti fy .  

Envi ronmen t al Consi dera t i ons 

Environmental asses sment generally fol lows the pathway of inve s ti gating 
potential e f fects associated with cons truction of waste management 
fac i lities , operation of the fac i l i ti e s , postul ated accident s , transpor
tation of wastes , and decommi s sioning of faci l i ti e s  and equipment . A 
generic environmental impact s tatement might include : accident analys i s , 
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atmospheric e f fect , resource requi rements ,  radiologi cal e f fects , hea l th 
e f fects , ecological e f fects , and socioeconomi c e f fects . 

Risk o f  radioactive re lease and e ffects of waste , as shown in Table 
2 ,  are related . Important mi leposts may be divided i nto three time 
periods : ( a )  repo s itory operation , ( b )  first 100 to 2 0 0  years fol low
ing decommi ss i oning , and ( c )  therea fter . Figures 5 and 6 ,  respective ly , 
show the relative ingestion toxi city of fis sion products from a light 
water reactor and common materi als . 1 3 • 1 4 After 1 , 000 years several 
metal s  exhib i t  a higher toxicity index than the fi s sion produc ts and 
unrecovered plutonium .  The toxic i ty index is re lated to the cubi c 
meters o f  di lution water needed to produce permi s sib l e  drinking water 
leve ls . Figure 7 shows a comparison o f  inges tion toxi c i ty i n  wes tern 
coal ash and nuclear reactor di s charge s . Duri ng the first 500 years , 
Sr-90 exerts a strong in fluenc e , thereafter the toxic i ty i s  le s s  than 
that of ash from coal containing 24 ppm of uranium . l S 

The subj ect o f  criticality a lways seems to be o f  real concern to the 
layman . Criticality events have occurred in nature and the re sults o f  
recent s tudi es a r e  providing a n  insight i nto the movement o f  radio
nuc l i des . At Ok lo , Republ i c  of Gabon , los s of fi s s iogenic i sotope s 
during reactor operation ( 500 , 000 to 2 , 000 , 000 years ) was restri c ted 
to noble gases . Later , some Cd , Mo , Rb ,  Sr , Cs , and I los s deve loped . 
The rare- earth elements were retained ( roughly 100\ ) unti l the pre 
sent . 6 • 7 

TABLE 2 Classi fication o f  I ssue s  

Ri sk o f  Radioactivi ty Re lease 
E f fe ct o f  Radioactivity on the 

Biosphere 
Methods of Pos sible Radioactivity 

Escape 
Operationa l Period 

F looding 
Vent to Ai r 
Was te/Rock Interaction 

Corrosi on 
Brine Behavior 

Post-Ope rationa l Period 
The rmal Period 

Therma l ly Induced Fracturing 
Gas Generation Induced 

Fracturing 
Groundwater Transport 
Man-Caused Intrus ion 
Container Movement in the 

Formation 

Water Intrusion 
Cri ticality 

Actinide Decay Period 
Climati c Changes 
Sei smi c Changes 
Groundwater Transport 
Man-Cause d  Intrus ions 
Water Intrusion ( Boreholes ) 
Criticality 

E f fects on the Geologi c Formation 
The rma l Effects 
Was te/Rock Interaction 

Socioeconomi c Impacts 
New Community E f fects 
P sycho logica l 
Aes theti c 
Civi l Liberties 
Costs 
Distribution of Costs 
Impaction on Nuc lear Pro l i -

feration 
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Sociopolitical -Economic Considerations 

There is no ques tion that radioactive waste management has become a 
worldwide problem .  Yet , there exist di sparate publ i c  concepts as to 
the bas i s  of disagreement surrounding the nuc lear ques tion . For example , 
to one s egment of the populace nuc lear powe r i s  an important part o f  
the energy sys tem that i s  e xpected t o  spur economi c growth and create 
j obs . 1 8  To many , energy is the driving force for economi c parity , and 
thi s  signi ficant fraction of the population is not ready to dump nuc lear 
unl e s s  they are sure that the o ften-m�ntioned substitutes wi l l  keep 
thi s  country going . Yet , in a country such as the United S tate s , where 
publ i c  participation i s  only one e ssential element o f  a publ i c  accep
tance program , gove rnmental e f forts primari ly desi gned to re solve con
f l i cts may in rea l i ty fos ter adversarial re lationships . In the United 
States , i n  the system o f  widely di sseminating alternative cons idera
tions , 4 it i s  not uncommon for those committed to e liminating nuc lear 
powe r for thei r  own ob j ectives to use the waste i s sue in initi ating 
adversarial propaganda .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

O u t l o o k  f o r  N u c l e a r  P o w e r :  P r e s e n t a t i o n s  a t  t h e  T e c h n i c a l  S e s s i o n  o f  t h e  A n n u a l  M e e t i n g - - N o v e m b e r  1 ,  1 9 7 9 ,  W a s h i n g t o n ,  D . C .
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 5 6 8
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The prob lem has become even more complex because the re are those 
among us who choos e  to degrade the competence that exists in managing 
radioactive waste . The media c a l l s  it , " degrading the techni cal mys
tique . "  The erosion o f  con fi dence is brought about by a determined 
e f fort to retard the understanding of the soci al acceptance of commer
c i a l  nuc lear reactors and not permitting the development of waste 
management in a s tepwi se orderly manner .  

I f  each i s sue can be separated from speculative commentary such as 
" a lmos t  ava i l able c l e an energy , "  " sociopo l i tical consequences , "  and a 
host o f  other equal ly vague statements that lead to further dec l i ne o f  
publ i c  confidence in technology ' s  abi l i ty t o  dea l  wi th the problem , pro
gre s s  may be reinstated . 

I t  i s  recogni zed that there need not be a " crash "  program to place 
the first repository into operation . However , it i s  a fact that the 
l ack of federal was te management to proceed expeditiously is seen by 
some people as a demonstrated lack of capabi l i ty for managing these 
wastes and there fore the nuc lear option i s  not viable . 

The placement o f  a moratorium or prohibition o f  dep loyment o f  the 
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F I GURE 7 Compari son o f  inge stion toxi city in we stern coal ash , high
leve l was tes , di s charge fue l , and mi ll tai lings ( uranium fue l 3 3 . 0  
MWD/kg , coo led 0 . 4 1 yr be fore reproce s s i ng . 1 5 

nuc lear power option because o f  a perceived lack o f  technical competence 
for nuc lear waste management is j us t  not j usti fie d .  

According to the Atomi c Indus trial Forum , in 1 9 7 8  a nuc lear k i lowatt
hour of e lectri c i ty cost about 1 . 5 cents to produce , or the s ame as in 
19 7 7 . However , coa l- and oi l-generated k i lowatt-hours cost , respec
tive ly , 2 . 3 and 4 cents in 1 9 7 8  as compared to 2 and 3 . 9  in 1 9 7 7 . A 
National Economi cs Re search Associates s tudy es timates that the U . S .  
pub l i c  wi l l  have to pay an extra $ 1 1 9  bi l l ion for e lectri c i ty during the 
next 20 years i f  no nuc lear powe r plants were a l lowed to s tart up . 
Further ,  the cost of waste management i s  not a si gni fi cant deterrent 
for the deci sion to use nuclear-generated powe r .  Es timate s charged for 
having spent fue l , either on interim or ul timate di sposa l  bas i s , have 
been about 0 . 15 to 1 mi l l  per ki lowatt-hour . 

On the international scene , the United States has much to learn . 
Advanced programs exi st i n  the Uni ted Kingdom , Belgium , France , and the 
Fede ral Republic of Germany . Simi larly , the Bri t i sh inc inerator des ign 
concept has been used in the Uni ted S tates . I t  appears that the tran s
portation programs o f  Japan , the Uni ted Kingdom , France , and the Federal 
Repub l i c  o f  Germany are of intere s t  to the United S tate s  because of the 
incre asing techno logy for package de s ign , testing , and ri sk acce s sment 
that is be ing deve loped by these countri e s . 
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The Uni ted State s has four bi lateral agreements re lating to nuc l e ar 
waste management . The s e  are wi th Sweden , Canada , the Federa l Repub l i c  
o f  Germany , and the United Kingdom . Agreements with Belgium and Japan 
are pending . 

RESEARCH REQUIREMENTS 

Although techno logy i s  ava i l able to i ni tiate one or more demonstration 
s cheme s  for e i ther surface or subsurface deployment , there is a lways 
room for continuing re search . Continuing research and ongoing field 
demons tration go hand in hand . Re se arch in the " Sys tem Deve lopment " o f  
nuc lear waste management , i . e . , s torage , transportation , and di sposal , 
must warrant high national priori ty . Thi s re search wi l l  a s s i s t  in 
de fining the longer-term ( 5 - 10 year)  nuc lear was te management framework 
k nown as " System Deployment , "  i . e . , deve lopment of s trategi c options , 
mi lestone de fini tions , and re so lution o f  uncer tainti e s . 

Candidate re s earch areas are : ( a ) improved separation o f  transuranics 
and i sotopes such a s  s trontium and cesium from reproce s sed was te s , ( b )  
deve lopment o f  solidi fi cation alternative s , ( c )  measuring containment 
ves s e l  interaction wi th sol idi fied mas se s , and ( d )  evaluating inter
action o f  various engineered envi ronments with al ternative subsurface 
geo log i c  medi a .  Al l of thi s new found in formation wi l l  be he lpful in 
uti li zing future s i te-speci fic data more e f fici ently . 

The national rese arch and deve lopment program can become more e f fec 
tive by : 

( a )  e liminating pro l i feration o f  research into every conceivable 
"what i f "  ques tion and proceeding wi th all avai lab le re sources a long 
pathways that have the potential of success as measured against an inte
grated and logi cal sys temati c a s s e s sment ; 

( b )  es tabl i sh ing rea l i s t i c  fai lure scenarios ; 
( c )  proceeding to obtain that basi c data that contributes to the 

ma j or source of gaps in geologic repository knowledge , i . e . , site
spec i f i c  data : encompas sing geo logi c ,  hydro logi c ,  geophy s i ca l , geo
chemi ca l ,  and othe r in fo rmation ; 

( d )  proceeding wi th i n- s i tu tests to provide the in formation needed 
to deve lop sys tems designs that are con servative and workable ; 

( e )  di f fe renti ating between containment , i . e . , protec tion o f  water 
s uppli e s , and i so l ation , i . e . , protection against intrus ion ; 

( f ) de l i neating the first generation repo s i tory and waste forms so 
that engineered systems can be designed to mi tigate risks , i . e . , esta
b lish gui de l ines so that the rma l input s can be contro l led and the reby 
meet temperature re lated criteria ;  and 

( g )  providing a workable and i ntegrated assessment of " gaps and 
uncertainti e s " in scienti fic and technical knowledge re lated to geo logic 
reposi tory . 
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CONCLUSIONS 

Whi l e  it has not been pos sible in th is bri e f  di s cus sion to deve lop the 
ful l logic to support any e xtensive conc lus ions in thi s  important are a , 
the author has taken the libe rty to state the fo l lowi ng conc lusions , 
whi ch , in h i s  j udgment , can be supported and are fundamental in re com
mending a nationa l policy on high- leve l  radioactive waste management . 
Thes e  are : 

1 .  There is a we l l-deve loped techno logy that can be used to e s tab l i sh 
a geologic repo s i tory for pi lot and demonstration purpose s . The re 
appears to be no technical obstacle to the se lection of appropriate s i te 
and the des i gn , cons truction , and ope ration o f  a subsurface repo s i tory . 

2 .  There i s  a proven techno logy for the se paration of radioactive 
waste from nuc l ear fue l ; was te can be concentrated and so l idi fied ; 
re s i dues can be incapsulated and transported ; and the se wastes can be 
s tored e i the r on the surface of the e arth under interim-s torage condi
tions or placed into a suitable geo logi c reposi tory for demons tration , 
study , and ultimate di sposa l .  Basi cal ly , the se storage probl ems pre sent 
no new di fficulti e s , because throughout the history o f  the nuc lear 
industry , it has been ne cess ary to cons ider , eva luate , and uti litze 
the multiple barrier concept for radi ation contro l . 

3 .  The heat source term i s subj ect to direct contro l by aging and/or 
di lution of the waste , waste package con fi guration , and repo s i tory 
emplaced spacing . Basi c rock mechanics and heat trans fer analysi s are 
sufficiently advanced to enab l e  conservative assessment and desi gn o f  
s torage faci liti e s . 

4 .  There i s  an erosion o f  publ i c  confi dence in te chnology to re solve 
the radioactive was te management prob lem . Much of thi s  erosion has 
or iginated from those who use radioactive waste management , as a lmos t 
any other waste management prob l em ,  to attack a primary target . I t  i s  
time for the po litical leadership t o  recogni z e  that nuc lear powe r i s  a 
vital part o f  thi s country ' s  we l l -being and that technology i s  ava i l ab l e  
t o  safe ly s tore and demons trate disposal . 

RECOMMENDED HI GH-LEVEL RADIOACTIVE WASTE MANAGEMENT POLICY 

There i s  an urgent need for a c lear policy statement by the federal 
government to proceed wi th a comprehensive plan for the management o f  
commerica l ly generated hi gh- leve l  radioactive was te s . The fol l owing 
e l ements should be inc luded in such a po l i cy statement : 

1 .  The federal government must make it c le ar that i t  has so l e  re s
pons ibi l i ty for the management and final disposal of a l l  commerc i a l ly 
generated high- leve l radioactive waste in a manner that i s  safe both 
for the present and future generations and wi th minimum impact on the 
environment . In support of thi s  re spons ibi lity the federa l government 
should estab l i sh the ne cessary regu lations and procedures to cove r : 

• processing o f  waste for acceptance by the government , 
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• desi gnation o f  time of acceptance , 
• desi gnation o f  place o f  de live�y ( including away from reactor 

[ AFR ] fue l s torage , 
• acceptance o f  a l l  future l i abi li ty , 
• fixi ng compensation for res idual value o f  spent fue l , 
• fi xing cost o f  s torage o f  di sposa l . 
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2 .  The federal government should proceed immedi ate ly to deve lop a 
waste di sposal demons tration program based on the use o f  deep geologi c 
repos itori e s . The demonstration program shal l provide continued research 
and deve lopment in both waste management technologi e s  and the geophys ical 
c onsi derations o f  a geologic repos i tory . Further cons ideration of other 
a ltern ative s  to geologi c di spos a l , wi th the exception of deepsea bed 
d ispo sa l , shal l  not be requi red for NEPA , l i censing , or program planning 
purposes . 

3 .  Waste w i l l  be s tored on an interim bas i s  in engineered surface 
s torage systems unti l such time s  when a final deci sion on waste repro
cessing has been made . The was te may continue in s ur face s torage unti l 
they have cooled to a leve l  that wi l l  minimi z e  the potenti a l  uncertain
ties caused by the therma l behavior a fter di sposa l  in a deep geologi c a l  
reposi tory . 
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Future Nuclear Systems Technology 

HARVEY BROOKS * 

The remarks that I have been asked to make pertain to future nuc lear 
systems , and that is a rather large order . I n  the short time ava i l ab l e , 
what I wi l l  t ry to do i s  to indi cate whe re I thi nk various di rections 
o f  advance i n  nuc lear sys tems are likely to go . 

I gue s s  I would have to s ay at the outset that thi s  i s  a l l  predi cated 
on the assumption that the re wi l l  be a nuc l ear i ndustry , somethi ng that 
cannot be enti rely taken for granted . I myse l f  subscribe rather s trongly 
to the view o f  the future that Wol f  Hafe l e  pre sented so eloquently thi s 
morning , but there i s  real doubt as to whether thi s wi l l  survive in the 
pre s ent pol i tical debate . 

I t  seems to me that one can i denti fy five directions o f  evo lution of 
nuc lear sys tems , pos sibly a si xth . The se are , fi rst , and perhaps mos t  
important , toward a means o f  extending fi ssi le resources through improve 
ment o f  the e f fi c i ency of the i r  use ; s econd , improvement s in nuc lear 
safe ty ; thi rd ,  reduction i n  the envi ronmental impacts o f  nuclear elec
tric power generation , parti cularly wate r requi rements ; fourth , improve
ments in pro l i feration res i stance of the nuclear fue l cyc l e ; and , fi fth , 
improvements i n  economi c s . And I would add as a si xth , and somewhat 
more speculative direction , the use o f  nuc lear power for purpose s other 
than the di rect generation of e l ectri c i ty . 

The first and most immediate area o f  interest i s  that o f  the e xtension 
o f  resources .  The present l i ght water reactor wi th a once-th rough fue l 
cycle , a t  leas t in the present con figuration o f  the reactor , uti l i zes about 
0 . 6 % of the energy potentia l  in natural uranium , about 0 . 4 % of that being 
due to fi s s i ons o f  U- 2 3 5  and about 0 . 2 % being due to fi ssions o f  plutonium .  

One can i denti fy a seri e s  o f  techno logies for e xtending resourc e s , 
whi ch I thi nk are fami l i ar to a l l  o f  you . They can be c lassi fied in the 
fol l owing way : first , ways of e xtending resources wi thout reprocessing 
essenti a l ly through the once-through cyc l e ; second , ways o f  extendi ng 
resources wi th reproces sing ; and final ly , ways o f  extending resources 
through othe r than nuclear fi s si on option , name ly ,  the fusi on option or 
pos s ibly combinations o f  acce lerators and reactors . 

Let me say j ust a word about each of the s e . Firs t , i n  regard to the 
extens ion of resources wi thout the reprocessing option , thi s i s  something 

*Harvey Brooks is Benj amin Pe i rce Pro fes sor o f  Technology and Publ i c  
Pol i cy , Harvard University . 
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that has come into prominence , o f  course , wi th the Pre s i dent i a l  deci sion 
to de fer reproce s s i ng and the breeder . One o f  the main focuses o f  the 
INFCE study i s  to look at ways of extending re sources wi thout reproce s s 
ing . The options are improvements in the desi gn of l i gh t  water reactors , 
inc luding incre ased burnup , changes in enri chment , lowe r tai l s  assay in 
enri chment , and tai l s  stripping . 

Second , under thi s  same rubric ,  there i s  pos s ible further e xtensi on o f  
resource e f ficiency through the use o f  othe r kinds o f  reac tor des i gn s , spe 
ci fically advanced conve rters sti l l  using only the once-th rough fue l cycle . 
I think one has to state at the outset that th e vi rtue o f  thi s  di rection 
of evo lution i s  very s trongly dependent on what one pro j ects about the 
future growth of e lectric powe r .  I f  you thi nk that the kind of s cenario 
that Wo l f  Hafe l e  desc ribed thi s morning i s  a lmos t i nevi tab le , then a l l  
o f  the s e  options rea l ly on ly extend resource s something l ike 2 t o  10 
years and can be regarded primarily as buying time to o f fset unfore seen 
de lays i n  the deve lopment o f  other option s . 

I f  you as sume , as many enthus iasts o f  con servation do , that , i n  fact , 
the demand for e lectric powe r--at least in the advanced industri a l  soc i e 
ties--wi l l  saturate a n d  leve l  o f f  a f te r  the turn o f  the century , then the 
i ntroduction of more advanced reactors , even re s tricted to no reprocess
ing , could extend re source s for periods up to , perhaps , 5 0  years or more . 

The fi gures and tab l e s  in thi s repo rt i l lus trate thi s  point in a 
particular ly graphi c way . They are taken not f rom the CONAES report 
( Commi ttee on Nuclear and Alternative Energy Sys tems , Nation a l  Re s earch 
Counci l ) , but from the Ph . D .  the s i s  o f  an MIT s tudent o f  Davi d Rose ' s ,  
Ri chard Leste r .  Le ster considered three di f ferent options ( Tabl e  1 )  for 
the extens ion of resources , sticking wi th the once - through fue l cyc l e : 
first , extending burnup ; se cond , reducing tai l s  a s s ay from the pre sent 
value of 0 . 2 5 %  to 0 . 0 5 % , beginning in 1988 ; and , thi rd , repl acing the 
present gene ration of l i ght wate r reactors wi th he avy water reactors , 

TABLE 1 Alternative Uranium Conservation Strategies for the Once-Through 
Fue l Cyc le 

Re fer�nce case ( 0 )  : 
a 

All-PWR economy 

Uranium 
Cons e rvation 
S trategy 

A 
B 
c 

0 . 2 % enrichment tai l s  a s s ay 
Average di s charge burn up = 3 0 , 100 MWD/MT 
Capacity factor = 7 5 %  

Reduce Tai l s  Increase Di s - 100% Penetra-
As s ay to charge Burnup tion o f  1 % -U 
0 . 0 5 %  in to 50 , 0 0 0  MWD/ Fue led HWR ' s  
1 9 88 MT i n  1 9 9 0  by 2 000 

Yes 
Yes 
Yes 

No 
Yes 
Yes 

No 
No 
Yes 

Capaci ty 
Factor ( % )  

7 5  
7 5  
7 5 

a
in the United States at present , PWR ' s outwei gh BWR ' s by a ratio o f  

about 2 : 1 . Li fetime natura l uranium requi rements for the two re actor 
type s di f fer at most by a few pe rcent , however , and in light of the 
many other as sumptions use d he re , the error introduced by as sumi ng an 
a l l-PWR economy is re lative ly sma l l . 
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fueled by 1 . 0% to 1 . 2 \ enri ched uranium , wi th 100\ penetration o f  the 
new reactor market a fter the year 2 0 00 . 
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Figure l shows the three case s from Tab l e  l ,  inc luding a b a s e  case , 
which i s  simply busi ne s s  as usua l ; that is to say , the present de s i gn 
o f  a reactor wi th no change and two di f ferent estimates o f  uranium 
r esources , the lowe r one e s s enti a l ly that used by the uranium resource 
group o f  CONAES and the upper one being the somewhat more optimi stic 
in ferences that have been made from recent DOE pub l i c ations .  

But you see in a l l  of these cases that i f  the lowe r va lue for the 
uranium re sources i s  the right one , one begins to be in troub le around 
the year 2 000 . Thi s tab l e  is based on pro j ections of nuc lear powe r that 
give you a capaci ty of the order o f  350 GWe around the ye ar 2000 . 

I think the prob lem i s  i l l us trated more graphi ca l ly , howeve r , in 
Figure 2 ,  whi ch shows things not in terms of the tota l re source s ,  but 
rather based on es timates of the rate s of production of uranium ; again , 
taken from the work o f  the Uranium Re source Group o f  CONAES , whi ch has 
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been publi shed . The three curve s repre sent three scenarios o f  busi ness 
as usua l , mode rate ly enhanced e f forts at production , and the fu l l  
national commitment t o  al l -out uranium production . 

The dotted curve s are annual production curve s , and the so lid curve s 
represent annual requirements . And I thi nk you can see from thi s pic
ture that , given the assumptions ,  only Cas e  C rea l ly i s  compatib le wi th 
the present pro j ections o f  the producibi l i ty o f  uranium . The base case , 
zero , would be compatible wi th the fu l l  national commi tment case of 
uranium production , but that i s  rather deceiving ; because you see the 
uranium supply rather abruptly d i s appe ars soon after the year 2000 , be
cause part o f  that nationa l commitment to uranium production i s  achieved 
at the cost o f  depleting res e rves very rapidly . 

Table 2 i s  an attempt to tie pro j e ctions o f  needed nuclear powe r 
capacity to the actual scenarios that were used in the CONAES s tudy , 
and I don ' t  want to take the time to go into deta i l  in the se scenario s , 
except to s ay that they a l l  repre sent cases o f  3 %  assumed average e cono
mi c growth between 1 9 7 5  and 2010 , and the Roman numerals repre sent a 
four fold increase i n  rea l  pric e s  between 1 9 7 5  and 2 0 10 , wi th very s trin
gent mandatory conse rvation measures , in addi tion . Scenario II repre
s ents the s ame fourfold increase in price s , but wi th l e s s  use of 
regulation . Scenario I I I  repre sents a doubl ing o f  pri ces , and Scenario 
IV e s s entia l ly repres ents cons tant prices between now and 2010 . 

You can , for the moment , ignore the l e ft-hand columns and look on ly 
at the right-hand columns , whi ch give the c apac ity requi red in the year 
2 0 10 to meet the estimated electricity demand under the s e  assumptions . 
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TABLE 2 Ene rgy Used to Produce Electri city ( in quad s )  

Nuc lear 
Coal 
Other 

Tota l  
e lectricity 

Total primary 
energy use 

19 7 5  

2 
9 
9 

2 0  

71 

1 9 7 7  

2 . 6  
1 0 . 1  

9 . 0  

2 1 . 7  

7 5  

2010 
CONAES Scenario 
I I

3 
I I I

3 
IV

3 

8 ( 16 0 ) 18 ( 360 ) 30 ( 60 0 )  
2 3 ( 460 ) 20 ( 4 0 0 )  2 9 ( 3 8 0 )  

8 ( 16 0 )  11 ( 2 20 )  9 ( 18 0 )  

39 ( 7 8 0 )  4 9 ( 980 ) 6 8 ( 1 , 3 60 )  

1 1 5  140 188 

NOTE : Figures i n  parentheses are insta l led generating capacity in 
gigawatts . An approximate conversion factor o f  20 GWe per quad i s  
used for 2 0 1 0 ; thi s make s allowance f o r  a re serve c apac i ty o f  about 
18% . The 1 9 7 7  figures are from actual data . 

71 

And you can s e e , in the case of the stringent Conservation Scenario I I 3 , 
that you can by no means e liminate nuc lear powe r , at least i f  you follow 
the as sumption o f  3 % economi c growth . 

On the othe r hand , 1 2 0  GWe i s  l e s s  than would be pro j e cted on the 
bas i s  of the plants now under construction ; 2 1 0  GWe would be j us t  a 
li ttle bit more than the plants now under construction . With the lowe s t  
growth scenario , and optimi s t i c  assumptions about urani um  s upply , nuc lear 
power might be extended we ll into the twenty-first century and then be 
gradual ly phased out in favor o f  alternative source s , but thi s could not 
be con fidently antic ipated today . 

Some critics o f  the CONAES study bel i eved the predi ctions o f  e lec
tricity growth were l ow ,  given the fact that e lectri c i ty generation i s  
capital-intens ive , so that much o f  the c o s t  i s  at the front end , and 
hence l e s s  sensi tive to rapidly ri s i ng fue l cos ts on a percentage bas i s . 
To test the e ffect o f  alternate as sumptions , I show in Tabl e  3 two 
di f fe rent cas e s  o f  e lectri city growth . One ari s e s  from the CONAES mode l s ; 
the other ,  the high-e lectri fi c ation case , assume s  that hal f  the use o f  
oi l and g a s  in space· he ating i n  the base mode l w a s  shi fted t o  e lectric
i ty .  That i s  an arbi trary assumption , but i t  provides a s imple way of 
getting a somewhat higher e lectri city growth to te s t  its impact .  I t  i s  
as s umed that a l l  the extra e lectricity i s  produced by nuc lear . You can 
see that the total nuclear capacity required in 2 0 1 0  i s  near ly doubled 
in the low-growth case s . 

You can a l so go a l l  the way down to the case o f  cons tant pri ces , 
whi ch , o f  course , I thi nk a l l  o f  us would agree now i s  a rathe r absurd 
assumption , but put in mere ly for exploratory purposes . You can get up 
to 8 2 0  GWe required in 2010 , whi ch , by the way , I am to ld by the Supply 
De livery Pane l people o f  CONAES , is s ti l l  wi thi n  the capaci ty o f  the 
nuc lear indus try . 

I think the bas i c  conc lusion i s  that , as one looks at a l l  o f  the 
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TABLE 3 The Sensi tivity o f  Outcome s t o  As sumptions About E l ectri fi cation 

QUADS GWe 
2 0 1 0 - -Total 2 0 1 0- -Nuc lear 2 0 1 0 - -Total 2 0 1 0 --Nuc lear 

I 3 (base ) 2 3 6 460 1 2 0  
( hi gh- e l ec- 2 7 . 5  1 0 . 5 5 5 0  2 1 0  

tricity)  

I I 3 (bas e )  3 9 8 780 1 60 
( h i gh-elec- 46 1 5  9 2 0  3 00 

tricity ) 

I I I 3 ( b as e )  4 8  16 960 3 2 0  
( high-e lec- 56 24 1 , 1 2 0  4 8 0  

tri c i ty )  

rv3 ( base ) 7 1  2 5  1 , 4 2 0  50 0  
( h i gh-elec- 8 7  4 1  1 , 7 4 0  8 2 0  

tri city)  

pos sibi l i t i e s  of resource extens ion by use o f  various advanced reactor 
cycles without reproce s s i ng , re a l l y  important extension into the twenty
first century of the nucl ear option is going to requi re reproc e s s i ng . 
And i f  e l ectric powe r growth continue s. at any si gni f i cant rate - -by s i g
ni fi cant , I mean by more than l %  a ye ar--a fter the ye ar 2000 , i t  appears 
that the breeder opti on i s  real l y  the only one that i s  compatib le wi th 
the resource e s timate s  that I have indi cated . O f  cours e , many peop le 
regard the CONAES Uran i um  Re source Group ' s  pro j ections as unduly conser
vative , but the real i s sue is , what i s  a prudent base for planning . So 
the conc lusion i s  that the breeder option domi nates the wides t  vari e ty 
o f  assumptions regarding future demands for e l e ctri city . 

The other a l ternative i s , of course , fus ion . Almost everbody would 
agree wi th the concl usion that fusion is not an option that can be con
s i dered as a serious prospe ct wi thi n the time frame of 1980 to 2 0 1 0 , 
whi ch we have been talking about . Fusion , i f  i t  i s  deve loped , i s  an 
option that come s we ll into the twenty- first century . 

Let me now turn to the next topi c , the ques tion of prospe cts for 
improvements in the s afety , health , and envi ronmenta l e f fects of nuc lear 
powe r . At the present time the LWR i s  the on ly reactor techno logy whose 
sa fe ty has been a s s e s s ed in any detai l ,  and cons equent ly it is probably 
mi s l eading to try to compare di fferent reactor type s . With the LWR the 
task ahe ad is the steady reduction o f  the uncertaint i e s  in the predic
tion o f  accident probabi l i t i e s  and con sequences . Ideally we shoul d  be 
abl e  to reduce the upper l imit of conceivable hazard per reactor fas t  
enough t o  offset the growth in the number o f  reactors . Thi s wi l l  come 
about both from improvements in desi gn and from reduction in the wi dth 
of the uncertainty band . The greate st value of the fault tree method
ology deve loped in the reactor s afety s tudy l i e s  in i ts capacity to 
identi fy priori ties for improvements in s afety through pinpointing the 
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mos t  like ly accident s equence s  and concentrating de si gn improveme nts on 
them . We should avoid the trap of expending our energi e s  on " proving "  
the safety o f  reactors rather than " improving" i t . 

Wh i l e  i t  i s  not pos sible to make care ful asses sments o f  othe r reactor 
type s , there are some trends that can be mentioned . The inhe rent the rmal 
inertia o f  the HTGR appears to be a s a fe ty advantage in principle ; i t  
wi l l  b e  hard t o  con f i rm thi s  wi thout both ope rating e xpe ri ence and de 
tai led experience in the s a fety analy s i s  o f  commercial desi gns . Some 
what the s ame considerations apply to the LMFBR , whi ch has the important 
i nherent advantage over LWR ' s  that the re i s  l e s s  potenti a l  for chemical 
and mechanical ene rgy re lease in case o f  mal function . The sodium coo l 
ant i s  not under pre s s ure , and there i s  thus not the problem of fl ashi ng 
the coo l ant i nto vapor ; furthe rmore , the re is nothi ng anal agous to the 
zirconium-water chemical reaction in case of a temperature e xcursion . 
On the other hand , the fast reactor i s  not in a mi nimum critical mas s  
con figuration , and hence the theoretical pos s ib i l i ty o f  a rec riticali ty 
accident could be higher than for LWR ' s .  

For fus ion the pos sib i l i ty o f  supercri ti cality excursions i s  e l imi 
nated , and i t  seems highly probabl e  that the radi oactive was te prob l em 
wi l l  be somewhat more managabl e .  Howe ver , we c annot be con fident unti l  
work h a s  progres s e d  t o  the point o f  fi rm engineering de si gns of proto
type commercial systems . The radioactivi ty prob l em i s  highly dependen t 
on choices o f  mate rials and detai led con figurations . 

On the next point , reduction o f  water requirements , important progre s s  
can b e  made . Probably the large s t  envi ronmental probl em a s soci ated wi th 
nuc lear , and indeed a l l , electric generation is the large water requi re
ment and the associated i s sues o f  therma l  pol l ution . Thi s i s  true o f  
coal-generated e l ectri c i ty as we l l , but in that case i s  probab ly 
dominated by other envi ronmental problems . Shi fting to the LMFBR or 
the HTGR would make water requi rements comparable to those for othe r 
powe r p l ants . He l i um-coo l ed reactor s , howeve r , are attractive because 
o f  the hope that they could ul timate ly be operated wi th dry cool i ng . 
The HTGR or the gas -cooled fas t  reactor could be ope rated wi th gas tur
bines and thus bypas s large water requi rements . Al though we probably 
have enough access to wate r supplies for e lectric powe r growth based on 
wet coo l ing for the rest of the twenti eth century , dry cool ing techno l 
ogy wi l l  become increasingly important for the twenty- first century i f  
w e  a r e  t o  continue t o  re ly o n  di spersed e lectric powe r generation . 

Wi th respect to proli feration- re s i s tant fue l cyc le s , the mai n  i s sue 
is that of reproce s s ing . The breeder- -and mos t  advanced converters - 
depend o n  recyc ling fue l t o  re alize the i r  resource-cons e rving potential . 
The re i s  a great deal of di sagreement--inc ludi ng that wi th i n  CONAES- -as 
to how important reproce ssing real ly is in relation to the international 
prol i feration problem .  Certainly there are cheaper and easier routes 
to nuc lear weapons than th rough diversion o f  fissionable mate rial from 
civi l i an nuc l ear powe r . On the other hand , civi l i an powe r i s  a very 
good " cove r "  for c l andes tine weapons acti vi t i e s ; a pol i ti c a l  leader wi th 
a nuc l e ar powe r industry , inc ludi ng fue l recyc l i ng , could retain the 
option o f  deve lopi ng nucl ear weapons wi thout commi tting hims e l f in 
advance to dedi cated production faci l i ti e s - -at least that i s  the argu
ment . 
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The big ques tion i s  whe ther there i s  a " techni cal fi x "  for the pro
l i feration prob l em .  One o f  the principal arguments for going the advanced 
conve rte r route in pre ference to fast breeders is the pos s ibi l i ty of 
using a denatured thorium cyc l e . No consensus has c rys talized on thi s , 
and there i s  a real ques tion as to whe ther the extra costs o f  more e l ab
orate fue l cycles can be j usti fied by the rea l  addi tional insurance they 
might provide against pro l i fe ration . Un fortunately , thi s  is probably 
not primarily a techni cal que s tion , because the key parts o f  the i s sue 
i nvolve be l i e fs about plaus ible po litical scenario s . Neve rthe l e s s , I 
suspect that the deve lopment o f  pro l i feration-re s i s tant fue l  cyc les wi l l  
continue t o  receive some attention , although I do not believe they wi l l  
prove t o  b e  determining i n  the choice o f  reactor sys tems . 

On the ques tions o f  nuclear economi c s , the fundamenta l i s sue seems 
to be whe the r resource cons iderations or economi c cons iderations wi l l  
b e  determining . None o f  the advanced reactor types now being di scussed-
even the s l i ghtly enri ched CANDU wi th a once- through fue l cyc l e --are 
economi cal ly competitive at current uranium pri ces . Much hinges on how 
fas t urani um  pri ces wi l l  rise , and whe the r it i s  nece s s a ry to develop 
and �ploy uneconomic but resource- e f ficient reactor and fue l cycle sys
tems in anti cipation of future fue l s carci ties . One argument would be 
that the lead time for reactor deve lopment is so much gre ater than the 
l e ad time for findi ng and mi ning urani um that we can a f ford to l e t  
uranium e conomi c s  dominate the choice o f  reactor designs . Thi s  i s  in 
turn bound up wi th the di stribution o f  uranium ore grades . I f  there i s  
a continuing i ncrease o f  total contained uranium wi th declining ore 
grade , as some think , then the economi c approach s eems reasonab l e . But 
i f  there are bi g gaps in di s tribution , with sma l l  resources in ore s o f  
intermedi ate grade--as the CONAES Uranium Resource Group thi nks --then 
there is a case for deve loping more re source e fficient sys tems we l l  i n  
advance o f  thei r  economi c competitivesne s s . 

On the final i ssue , that o f  the use o f  nuc lear ene rgy for nonelectric 
purposes , I wi l l  not say much . However ,  I do agree wi th Wol f  Ha fe le 
that thi s  i s  being neglected in much current di s cussion . Future advances 
i n  reactor des i gn that lead to greater resource e f fi ciency are going to 
put a higher and hi ghe r premium on usi ng off-peak energy . Or to put i t  
another way , a s  e l ectri city generation becomes more capi tal - intensive , 
o ff-peak electric i ty or the rma l  energy derived from o f f -peak operation 
of genrating p l ants wi l l  tend to become more and more of a bargain . 
Thi s  should s timulate a search for e f fective ways of us ing thi s cheap 
source o f  energy , e s sent i a l ly by s toring i t  for use at di f ferent time s  
or in readily transportable form . 
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