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DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 
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LIGHT WATER REACTORS 
F O R  NUCLEAR POWER IN THE U.S. 

There  a r e  68 commerc ia l  nuclear  r e a c t o r s  in 
t h e  U.S. today producing f r o m  50 megawat ts*  
(MW) ( L a c r o s s e  Reac to r )  t o  1,130 MW (Trojan 
Reac to r )  of e l ec t r i ca l  power. The  h e a t  f r o m  
nuclear  fission conve r t s  w a t e r  t o  s t e a m  which in  
t u r n  dr ives  turb ines  t o  produce e lec t r ic i ty .  

The  l a t e s t  genera t ion  of r eac to r  (Table 1) 
typically: 

- g e n e r a t e s  1,000 MW of e l ec t r i c i t y  
- c o ~ t a i n s  about  100 m e t r i c  tonnes** of 

uranium fue l  in i t s  nuclear  c o r e  
- s h u t s  down o n c e  e a c h  year  t o  d ischarge  

( replace)  par t  of t h e  uranium fuel. 

* Megawat t  -- a million w a t t s  of e l ec t r i ca l  
power. 

** M e t r i c  t onne  -- 1,000 kg o r  abou t  2,200 Ib 
compared  t o  a s tandard  t o n  of 2,000 Ib. 
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a A measure of  t h e  Euel burnup o r  consumption. 
F r a c t i o n  of  t ime r e a c t o r  i s  o p e r a t i n g  a t  
r a t e d  ?ewer. 

TABLE 1 
CHAFACTERISTICS OF TYPICAL LIGHT WATER REACTORS 

B o i l i n g  
Water 

Reac to r  

3 ,300 

1 ,000  

23,000 

0.70 

760 

176 

142 

3 7 

Thermal power (MWT) 

E l e c t r i c  power (MWe) 

Megavatt  day pe r  m e t r i c  
tonne of  Euel (E~~ . ID/MT)~  

Capac i ty  f a c t o r  ( c F ) ~  

No. >f  a s s e m b l i e s  i n  
r e a c t o r  c o r e  - 
Assembl ies  d i s c h a r g e d  
p e r  y e a r  

MTU p e r  r e a c t o r  c o r e  

MTU d i s c h a r g e  pe r  y e a r  

P r e s s u r i z e d  
Water 

Reac to r  

3 ,300  

1 , 0 0 0  

31,000 

0.70 

190 

5 9 

8 7 

2 7 



The corn=* pwer rezcton;s, in this, 
c ~ u ~ r y  use ar&a~py water as a C O ~ J , ~ %  and, thus, 
w e  called hght ~teactlr& 4EWEie3i. Tkte-  are 
two types 0% mactars whose names are dkivedt 
gram3 the c~&iron at the watiel; cxmEmlt within 
a h  reactcx- They are: 

- Bressurizc;d; water rea&ot.x WVRI 
- Baiihg water rez%ars (&W Rf- 

LWR FUEL ASSEMBLIES 

DESCKIPTTQN 

The power source in a fight water power 
reactor is a number o i  bundles of uranium-filled 
rods called fuel assemblies. IFlie fission process 
within the  uranium' produces heas from which 
electric power is  derived. Each: of the  fueB 
assemblies 

- consists af many small metal tubes* 
[cladding) filled. with uranium dioxide 
(UO*) pellets 

- has the  fissionable mass 235 isotope af 
uranium ( 2 3 5 ~ 1  increased to 2 t o  4% of 
the  totak uranium weight 

- is designed for either a PWR or BWR 
reactor (Figure 1) 

- is 5 t o  8 inches square and k3 to 15 feet  
long (Tabh 2). 

* Each tube is caEEed a fw& GO& 



A. Typlcrl PM Fuel Assembly B. Typlul Fwl Rod 

C. Typical BUR Furl Asscnbly 

FIGURE 1. Typical L igh t  Water Reactor (LWR) 
Fuel Assembl i es 



TABLE 2 

Assembly length, ft 

Assembly width, in. 

No. of fuel rods 

Fuel rod ciameter, 
in. 

Weight of uranium 
Metric ton 
(lb) 

Total assembly 
weight , 

Metric ton 
(lb) 

2 6  1 - 

64 
(17x17 arrayla (8x8 array) 

PWR 

a Array -- the regular arrangement. 

BWR 



IRRADIATION PROPERTIES 

'#hen ce r ta in  conditions a r e  reached, t h e  
reac to r  i s  shut down and new fue l  assemblies a r e  
put i n  place of partially burned ou t  assemblies. 
The no-longer-usable fue l  assemblies a r e  called 
spent fuel. Only one-fourth t o  one-third of t h e  
assemblies a r e  discharged each year. Reasons for 
discharge may be  t h e  fuel  has accumulated 
maximum licensed burnup [2], o r  t h e  fuel  does  not 
economically sustain t h e  reactor. 'Some of t h e  
fue l  may be discharged prematurely because t h e  
uti l i t ies must consider peak e lect r ica l  demands, 
scheduled inspections, and maintenance 
requirements before shutt ing down t h e  reac to r  
again. Discharged assemblies: 

- have a t o t a l  U 0 2  weight of about 30 
metr ic  tonnes 

- produce ionizing radiation and h e a t  
- contain a t o t a l  weight of about 290 kg of 

23% t h a t  was not burned and 220 kg of 
fissionable plutonium (Pu) t h a t  was pro- 
duced in t h e  reactor  (PWR assemblies). [3] 

The irradiation process produces radioactive 
isotopes within t h e  uranium and t h e  m e t a l  pa r t s  
of t h e  assemblies. Isotopes also cling t o  t h e  
su r face  in a layer called crud. This radioactivity 
requires c a r e  in handling fuel  to: 

- shield people f rom radiation which remains 
for  hundreds of years  (Figure 2) 

- remove hea t  which continues t o  be 
produced by t h e  radioactive decay a f t e r  
irradiation (Figure 3) 

- remove and contain loose part icles on t h e  
cladding surf ace or  f rom small  
penetrations of t h e  fuel  cladding. 



0.1 1 10 100 

Years Since Fuel Removed From tbe Reactor 

FIGURE 2. R a d i o a c t i v i t y  Due t o  F i s s i o n  
Products i n  Spent Fue l4  

Years Since Fuel Removed From the Reactor 

FIGURE 3. Heat Produced by'LWR Fuel 
Assembl i e s 4  
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The irradiation process c a n  cause  fai lures in 
t h e  fue l  cladding which allow a small  portion of 
t h e  radioactivity t o  escape. The defect ive  
assemblies: 

- have decreased in number in recen t  years  
[4] due t o  improved fabrication and design 
(Figure 4) 

- do not constrain s torage pool design o ther  
than requiring water  cleanup. 

The large  number of fue l  rods in  a n  assembly 
account fo r  t h e  large  percent of assemblies with 
at l sas t  one failed rod. Actually, less than  0.3% of 
t h e  fuel  rods have leaked radioactivity in t h e  
reactor  [5] and investigation indicates [&I t h a t  
these  do not continue t o  deter iora te  or  re lease  
fission products while s tored underwater in a 
st orage pool. 

FUEL MANUFACTURERS 

Fuel  assemblies a r e  made by f ive  commercia l  
companies in t h e  U.S. (Table 3). All companies 
except  Exxon also manufacture  power reactors. 

REACTOR OUANTITIES 

The number of nuclear reactors  t h a t  will be 
operating in t h e  U.S. has been es t imated f rom 
announced plans. Commitments  and plans show 
about 180 CWe* of nuclear power will be  
available by t h e  year 1993 (Figure 5). With th is  
es t imate ,  t h e  number of reactors  beginning 
operation e a c h  year will peak at about 23 in  1986 
(Figure 6). I t  i s  expected t h a t  ac tua l  growth in t h e  
1990's will be higher (Figure 5, Low Growth 
Projection) because utility plans for th is  period 
a r e  not y e t  completed. 

* 1 GWe -- 1,000 MWe which is about t h e  s ize  of 
the la tes t  generation of power reactors. 
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Number of Discharged Assemblies 

FIGURE 4. Trend o f  Defective LWR Fuel 
Assembl ies  

TABLE 3 
MANUFACTURERS OF LWR 

FUEL ASSEMBLIES IN THE U.S. 

Name PWR BWR - - 
Exxon x x 
Westinghouse x - 
General Electric - x 
Babcock & Wilcox x - 
Combustion Engineering x - 



- Current U t i l i t y  Plans 
and Comni tmen t s  

d 
200 - # 

owth Projecticn 
(Department o f  Energjr - 
Energy l n  formati on 
Administration) 

Year 

F I G L R E  5 ,  Planned and Projected Cumulative 
Nuclear Power  ene era ti on in the U.S .  

i geo 1985 1990 1995 

Year 

FIGLRE 6 .  Planned Number o f  Nuclear Reactors 
Starting Up Each Year i n  the U.S. 



UPJDEKWATER STORAGE OF  
IRRADIATED FUEL 

All of t h e  spent fuel  discharged from 
commercial  LWrl power reac tc r s  i s  stored in 
water pools. Underwater storage of spent fuel  i s  
also planned for  a l l  fu ture  reactors  and fo r  
existing o r  currently planned away-f rom-reactor 
(AFR) facilities. 

Underwater s torage of spent fuel: 
- has been used successfully for  30 years E61 
- h a s  not harmed Zr-c13d, U.S. fuel  

assemblies t ha t  have been stored 
continuously for up t o  20 years [6] 

- provides a n  efficient me t t od  of removing 
residual heat  from t h e  fuel  

- allows easy movement and inspection of 
fuel  while shielding people f rom radiation 

- retains most of t he  radioaztivity released 
f rom t h e  fuel  so  t ha t  it can  be collected 
and safely packaged for disposal. 

The pools ?re designed t o  s tay watert ight fo r  
a l l  credible accidents (including design basis 
tornadoes and earthquakes). Systems a r e  provided 
t o  remove heat  and impurities fr0.n t h e  water. A 
typical  underwater s torage pool is shown in Figure - 

STORAGE AT THE REACTOR 

Fuel assemblies discharged from reactors  a r e  
initially stored underwater in reactor  s torage 
pools. Generally reactor s torage pools a r e  
rectangular, made of reinforced concrete,  and 
lined with stainless steel. 

These reactor  s torage pools: 
- vary from as small as I I f t  by I I f t  

(Lacrosse  Reactor) t o  as large as 40 f t  by 
60 f t  (Donald C. Cook Reactor) 

- a r e  26 f t  (Humboldt Bay Reactor) to 45 f t  
(Donald C. Cook Reactor) deep with at 
least  12 f t of water above t h e  fuel  

15 



FIGURE 7. Fuel Storage Pool - G. E. Morris - 
Water Depth, 28.5 ft 



- are maintained below 50oC with less 
than 5 X 10-4 curies* of rzdioactivity in 
each cubic meter (m3) of water. 

Originally, the  pools at the  reactors were 
expected t o  store only a few years of discharges 
before the  spent fuel would be removed t o  be 
chemically reprocessed. AdditionaJy, there was 
enough empty space reserved in the  pool so that  
all of the  assemblies En the  core could be fully 
discharged at one time if required.+* The space is 
not mandatory but is highly desired for 
operational flexibility and potentially lower power 
costs. In the  past, reactors have had t o  make a 
full core discharge 50 times, [7] Recent studies 
show consumer rates may be higher from a utility 
without FCR space. That utility must buy 
replacement power if an outage occurs and pay 
for additional transportation charges t o  move the  
necessary spent fuel to another pool. 

INCREASED STORAGE CAPACITY 

As reactors discharge spent fuel assemblies, 
many storage pools are  gradually filling. 
Additional storage capability for these assemblies 
is being obtained by: 

- replacing their old fuel storage racks with 
new, more efficient racks that  allow the  
fuel t o  be stored closer together 

- shipping fuel t o  an  existing AFR storage 
pool at inactive reprocessing plants 

- shipping fuel t o  newer reactors that  have 
not yet  filled their pools (this practice is 
called I1f uel transshipmentvv) 

- limited use of FCR space. 

* Curie - A basic unit t o  describe intensity of 
radioactivity. 

** This space is defined as  full-core reserve 
(FCR). 
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The total amount of fuel stored in reactor 
pools at the end of 1979 was 5,900 MTU (23,000 
assemblies). An additional 160 tons was stored a t  
the KFS site, West Valley, N Y  and 350 tons a t  the 
CE site, Morris, IL. As the number of nuclear 
reactem increase, the amount of fuel in stwage 
will increase to 19,000 MTU in 1985 and to  39,000 
MTU in 1990 (Figure 8). 

Year 

FIGURE 8. Accumulation o f  Amount o f  Spent Fuel 
Discharged from U.S.  LWR 
Bower Reactors* 

*Based on firm u t i l i t y  planse 
18 



, CURRENT METHODS OF INCREASING 
STORAGE CAPACITY AT THE KEAC.TOR 

The original racks used in water pools t o  
s tore  spent fuel were designed with open frames 
of s teel  or aluminum. Racks kept t he  BWR 
assemblies LO t o  13 inches and PWR assemblies 18 
t o  22 inches between centers. This separation 
distance resulted in a fuel storage density of less 
than 0.25 M T U / ~ ~ ?  Distance prevented 
criticality* even if unirradiated fuel in which no 
23% had been burned were put into the  rack. It  
was recognized tha t  t he  fuel could be stored 
closer together if storage racks contained a 
material  tha t  absorbed neutrons (a I1neutron 
poison"). Three types of racks were developed and 
licensed: 

- stainless steel racks which s tore  t he  
assemblies 8 (BwR) t o  13 (PWR) inches 
between centers  t o  achieve a fuel storage 
density of up t o  0.39 ~ T ~ / f t 2  

- racks, made from stainless steel, t o  which 
boron (a  neutron poison) was added, 
allowing 6.5 (BWR) t o  10.5 (PWCIR) inch fue l  
spacing- with storage densities up t o  0.58 
M T U I ~ ~ ~  

- boral racks in which boron carbide is 
dispersed in  aluminum and sandwiched 
between aluminum plates, allowing the  
same spacing as with borated stainless 
steel. 

* Criticality - The state of balance between 
production and loss of neutrons. 
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FUTURE METHODS OF INCREASING STORAGE =I hp 

AT THE REACTOR AND AWAY FROM THE 
L = REACTOR .-c- , i 

$ 5 
Ibrleihods currently - p L  us& for -myw sa ely storing fuel 

assemblies close together (high storage density) I 1 -  : 
depend on adding neutron poisons t o  storage 
racks. Methods for closer spacing of fuel (higher 
storage density) are  being investigated. [91 Closer 
spacing in similar racks is allowed if water around 
the  fuel is decreased (storage densities up t o  1.1 
MTUIft2 -- Figure 9). 

The higher densities can  be obtained by: 
- Placing spent fuel assemblies inside cans 

and filling all spaces between rods with 
small metal beads (shot filling). This allows 
assemblies t o  be stored with a density of 
0.75 M T U / ~ ~ * .  

- Uniformly compacting assemblies (crushing 
the  fuel spacers) until rods a r e  nearly 
touching. This allows a storage density of 
about 0.95 MTu/ft2. 

- Kemovihg individual fuel rods from an 
assembly and storing more than one 
assembly in a can  with rods touching. This 
allows a storage density of about 1.1 
MTu/f t2 in a can about the  same size a s  
t he  original fuel assembly. 

Of these, individual rod storage is being studied 
further because i t  appears t o  be the  most 
feasible. Rod storage could double or  triple t he  
amount of fuel stored a t  a reactor, greatly 
decrease the  need for AFR storage, and decrease 
t h e  cost of fuel disposal by reducing the  fuel 
volume transported. The limiting factor for 
advanced storage methods i s  t he  load carrying 
c a ~ a c i t y  of existing pool walls. 



Storage Concept 

FIGURE 9. Comparison o f  Fuel Storage Density 
f o r  A l te rna t i ve  Methods of Stor ing 
Spent Fuel i n  Water Basin9 



STORAGE AWAY FROM REACTORS 

Some U.S. reactors  a r e  storing fue l  in thei r  
F C R  space. If t h e  utilities took no action, t h e  
number of reactors  in th i s  position would increase 
e a c h  year. Even a f t e r  t h e  planned expaision by 
the utilities, t h e  number af  r eac to rs  with fue l  
s t a r e d  in t h e  FCR space will increase rapidly in 
t h e  1980's (Figure 10). 

Thus, even with great ly  expanded spent fue l  
s t a rage  at reactors, it will be  necessary t o  s to re  
s o m e  fue l  away f rom reactors, The quanti ty of 
AFR storage space required depends on: 

- ex ten t  of utility rerack e f f o r t s  
- t h e  number of reactors  operating 
- t h e  amount of transshipment* t h a t  occurs. 
- t h e  t i m e  each reactor  c a n  run on a given 

quanti ty of fue l  (fuel  exposure and reac to r  
capaci ty  factor)  - whether FCR is  maintained at t h e  reac to rs  

Util i t ies without FCR space will probably charge 
consumers higher r a t e s  t o  rep lace  power lost 
during reac to r  outage and t o  pay f o r  spent fuel  
t ranspor t  t o  another pool. 

Existing Away-from-Reactor S to rage  

Although most U.S. spent  f u e l  i s  stored at 
reactors,  the re  a r e  th ree  AFK locations t h a t  may 
be  suitable for  storing LWR fuel. These  are: 

- Allied-General Nuclear Service (AGNS) at 
Barnwell, South Carolina (designed f o r  400 
MTU) 

- General  Elect r ic  (GE) at Morris, Illinois, 
(current capacity of 700 MTU) 

- Nuclear Fuel Services (NFS) at West 
Valley, New York (current capaci ty  of 250 
MTU). 

* Transshipment - Moving spent  fue l  from a full 
pool t o  another reactor  basin with available 

22 space. 



All th ree  pools were designed t o  provide 
inventory storage for spent fuel chemical 
reprocessing plants. The AGNS pool has never 
been used or licensed. The NFS pool has unused 
space but i s  not receiving more fuel. The GE pool 
is  actively receiving fuel. Each of these facilities 
can be expanded as shown in Table 4. Their 
current status i s  shown in Figure 11. 

0 

1980 1985 1990 1995 

Year 

FIGURE 10. Cumulative Number o f  Reactors 
Losing F u l l  Core Reserve8 
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New Away-from-Reactor Storage 

An AFR facility might also be established at 
sites other than those designed originally for 
commercial reprocessing. Several designs have 
been made of facilities designed specifically for 
interim storage of spent fuel and independent of 
reactor complexes. [12] These facilities (Figures 
12 and 13) provide many functions. 

A standalone facility should: 
- receive, handle, decontaminate, and reship 

irradiated fuel casks - remove the  fuel from the  casks, put it in 
storage baskets, and transfer the  baskets 
t o  a storage pool ( a typical pool is shown 
in Figure 7) 

- remove fuel from the  storage pools and 
reload fuel into shipping casks (when 
shipment t o  a geologic repository begins) 

- cool and control the  quality of the  water in 
the  pools 

- t r ea t  and immobilize waste material 
- provide a reservoir of water for emergency 

cooling 
- provide support services such as a power 

plant for heat, sanitary and other 
nonradioactive waste treatment, electrical 
services, and administrative off ices. 

Basin facilities that  depend on a nearby 
reactor complex for support are possible [13] and 
a re  being studied. They a re  called 
at-reactor-basins (ARB). 



FIGURE 12. Artist's Conception of a New 5000-MTU 
Away-From-Reactor Storage Faci 1 i ty 



FIGURE 13. Conceptual Layout o f  a New AFR 
Storage ~ a c i l  i tyl 



COMPARISON OF AFR DEMAND A N D  SUPPLY h ;  

DOE encourages domestic utilities t o  provide 
their own spent fuel storage requirements and i s  
condu~ t ing  research and development programs 
for even greater  capacities in existing facilities. 
But, the  best effor ts  of the  industry may not 
guarantee adequate storage will be available in  
the  mid and l a t e  1980's. 1141 Any forecast of spent 
fuel quantities or timing of additional capacity 
will change with utility plans and t h e  ability of 
these  plans t o  be licensed and approved by 
regulatory bodies. 

Most of t h e  current reactors tha t  increased 
their storage space will eventually require 
additional capacity. This need will occur before 
either permanent disposal or  possible reprocessing 
of fuel is available. For example, Carolina Power 
and Light's (CPL) Robinson-2 reactor solved early 
storage problems by using higher density racks in 
1976. Their spent fuel i s  currently being shipped 
t o  CPL1s Brunswick reactor basin. However, both 
reactors will lose FCR around 1982. 

Interim storage of spent fuel is one element 
of baste management and a necessary par t  of t he  
present nuclear fuel  cycle. Storage in reactor 
pools, in pools near reactors (ARB), or at AFR 
pools will be temporary. Ultimate disposal will be 
instituted by the  Government, probably about t he  
mid- 1990's. 

The availability of a geologic repository or 
fuel reprocessing has t he  greatest  e f fec t  on AFR 
storage requirements. If either were available in 
1988, AFR storage requirements t o  maintain FCR 
would be  2,000 MTU (Figure 14). As geologic 
storage is delayed, the  AFR requirement 
increases t o  7,000 MTU for a year 1993 
availability. The number of new, large AFR 
facilities required i s  shown in Table 5; other 
conbinations (Table 4) a r e  also possible. 



20.000 

AFR Storage Requfred if .6eologic Repository 
is Delayed untfl 1998 

15.000 AFR Storage Required if 6eologic Repository 
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FIGURE 14. Effect of Geologic Repository 
Startup Date on AFR Storage 
Requi rements 

TABLE 5 
NUMBER OF NEW AFR FACILITIES 

REQUIRED FOR STORAGE OF SPENT FUEL 

Number of 5,000 MTU 
Year Geologic AFR Storage 
Storage starts16 F a c i l i t i e s  Required 



DRY STORAGE OF SPENT FUEL 

Several concepts other than water Basins 
have k e n  considered for interim storage of spent 
fuel. These dry storage concepts [I 71 include: 

- Concrete Surface Silo - sealing fuel into 
steel cans inside concrete cylinders (tested 
in Canada for heavy water react& fuel and 
in the  U.S. for LWR fuel) 

- Air-Cooled Vault - hanging car;mned fuel 
inside concrete vaults (used in the  U.S. for 
gas-coo2ed reactor fuel from the  Fort St. 
Vrain R e c t o r )  

- Dry Caisson (Figure 15) - hsertilng canned 
fuel inside a steel-lined hole in the earth 
(tested for high temperature gas reactor, 
heavy water reactor, and LWR fmo 

- Transport Casks - placing fuel into spent 
fuel shipping casks (being considered in 
Germany and the  U.S.). 

Although none of these cbncepts have been 
used for LWd fuel, they are  being considered 
because they could be less expensive, provide 
flexibility in site selection, require kss 
precautions against loss of coolant and criticality, 
or produce iess waste. Dry storage for LWR fuel 
ca?. have the  disadvantages 131 of: - requiring, wet  storage for 3 to 5 +ears until 

air cooling is adequate 
- requiring canning - higher fuel temperature 
- somewhat larger land requirements - lack of experience and previous litensing. 





TRANSPORTATION 
-,\-i.. - . ' , ~ h  , ;tll+-* 

DESCR~PTION OF SHIPPING CASKS 
Irradiated fuel  is moved between reactors  or 

between a reactor  and a n  AFR in heavy shielded 
containers  called casks (Figures 16 through 18). 
Three types  of casks [18] are used fo r  spent fuel: 

a Truck Casks (legal weight) - weigh less than 25 t ons  
- contain only one or  t w o  fue l  assemblies 
- c a n  be unloaded in  less than 12 hours 
- result  in maximum exposure t o  personnel 

during unloading (about 194 rnrem/MTU) 

a Overweight Truck Casks 
- weigh up t o  35 tons  and a r e  res t r ic ted in 

movement 
- contain t h r ee  to seven fue l  assemblies 
- c a n  be unloaded in less than 16 hours 
- cause about 74 mrern/MTU of exposure 

during unloading 

Rail  Casks - weigh up t o  100 tons  
- contain between seven and 32 fuel  

assemblies 
- c a n  be unloaded in  28 t o  36 hours 
- minimize personnel exposure (about 54 

mrem/MTU) 

The names, capacities, and quanti t ies of 
existing U.S. casks a r e  summarized in  Table 6 and 
shown in deta i l  in  Appendix B. These casks a r e  
designed t o  ship fuel  tha t  has been out  of t he  
reactor  as f e w  as 120 days. 
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FIGURE 16. Spent Fuel Cask and Carrier (GE-IF)  

TABLE 6 
CURRENT U.S. SHIPPING CASKS FOR L a  SPENT FUEL 

Cask Cask Capacity 
Weight, PWR BWK 

Transport Mode Cask Name tons Assemblies Assemblies 

Legal weight NFS-4 22.4 1 
truck NAC- 1 22.4 1 

NLI-112 22.0 1 

Overweight TN 8 34.3 3 
truck TN 9 34.4 7 

Rail GEIF-300 63.3 7 18 
NLI 10/24 90.0 10 26 
TN 12 97.0 12 32 



> 
FIGURE 17. Details o f  WL-10124 Cask  

FI6UE 38, T w ~ k  Cask Loaded on a 
Special Trailer 
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CASK TESTING 

Crash rests on full size casks 119J show them 
t o  be safe for transporting spent fuei. Impact 
tests for both rail and truck casks were made at 
speeds up to 135 kmlhr (82 rnj/hr) against a 
concrete wail. These severe tests were made t o  
gain a better perspective on transportation risk, 
accident severity, and t o  reduce concerns of 
government, industry, and the  public. Figures 
19-22 show stages of one crash and the  minor 
damage t o  an unirradiated fuel assembly. 

CASK REQUIREMENTS 

To use AFR space far  spent fuel storage, the  
fuel must be transported from the reactor 'to the  
AFR facility, Figwe 23 shows the calculated 
number o$ sail and truck casks required f o r  
shipments to AFRvs. Both types of transportation 
are required became some reactors 'cannot handle 
rail c a s k s  These cask requirements assume the 
AFR demand of Figure I4 and no sh$pments 20 a 
geologic reposiqcwy (this is quivaient  t o  assuming 
geologic repository startup &tea the year 19931. 

Other aswm~ms were: - domestie qm& ;fuel only 
- two AFR sites are availabke: $Morris, IL 
prior to 198ts, Barnwell, SC starting in i 9B# - d l  reactors with rail access use a cask that 
accepts 10 PWR or BWR assemblies - 0-s lqal might t ~ k s ,  



FIGURE 19. Truck Cask Just Before H i t t i n g  
the 626 MT Concrete Wall 

FIGURE 20. Cask and Truck H i t t i n g  
the Wall a t  135 KmJhr 



FIGURE 21 - Minor Danrage t o  Cask 
Af ter  Impact 

FIGURE 22. Unirradiated M. S, Savannah Fuel 
Assembly i n  Cask [Damaged but 
Unbroken: 
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FIGURE 23. Spent Fuel Shipping Cask ~ e q u i  rements20 
t.o AFR 



CASK AVAILABILITY 

Currently,  the re  a r e  I I t ruck  casks and six 
rai l  casks  in t h e  U.S. If a l l  were  used f o r  a single 
trip, thei r  combined capacity would be 28 MTU. 
Up to eight additional t ruck casks have been 
ordered. This f l e e t  of casks should be sufficient  
fo r  t h e  projected demand until 1986- 1988. 
Because 1 t o  4 years  a r e  required t o  duplicate a n  
existing -ask and 6 t o  8 years f o r  casks of new 
designs, a large  lead t i m e  is needed on cask 
orders. Once  production has  s tar ted,  it should be  
possible f o r  industry t o  m e e t  t h e  projected 
demand. 

Recent ly  announced cask programs [I 81 
include: 

- Transnuclear - intends t o  fabr ica te  six 
TN-819 and six TN-12 casks  in Europe by 
1951-1982. 

- Nuclear Assurance Corporation - has 
applied fo r  a license for  a n e v  rail cask. 

- Some companies a r e  studying designs t o  
l icense a cask specifically for  5 year or  
olcer fuel. A truck cask of th is  design is 
expected t o  carry  twice  t h e  fuel  load of 
existing t ruck casks due t o  t h e  lower hea t  
and radiation levels in older fuel. 

SPENT FUEL STORAGE OUTSIDE THE U.S. 

The  fue l  assemblies irradiared in LWR 
reac to rs  outside t h e  U.S. look very similar (and 
a r e  somet imes identical) t o  those in t h e  U.S. 

The design of spent fue l  s torage pools outside 
t h e  U.S. d i f fer  f rom those in t h e  U.S. Some 
countr ies  require lower water  temperatures,  
g rea te r  redundancy of t h e  pool cooling system, 
and more  protection against  t h e  possibility t h a t  
a n  airplane o r  o the r  missile might crash in to  t h e  
pool. There  a r e  f ive  existing AFR's outside t h e  
U.S.; most a r e  par t  of repiocessing plants. 
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-. 
OTHER LiEACTOR FUELS 

TI-e t h r e e  major reac to r  t y p e s  other  than  
light water  reactors  are: 

- Heavy Water* Reactor  (HWR) with fuel  
consisting of shor t  bundles of Zr-clad 
natural  uranium (Figure 24) 

- Gas-Cooled Reactor  (GCR) with fuel  
I consisting of enriched uranium and thorium 

carb ide  par t ic les  in a graphite matr ix  
(Figure 25) 

- Fas t  Breeder Reac to r  (FBR) with fue l  
consisting of hexagonal a r rays  of rods 
made  up of stainless s t ee l  clad mixed 
uranium-plutonium oxide pellets  (Figure 
26). 

Sat is factory  methods of storing, transporting, 
and reprocessing each  of these  fue l  types have 
been demonstrated on a relatively Large scale. 
AFR's f o r  CCR a r e  in operation in t h e  United 
Kingdom, France,  and t h e  U.S., and planned fo r  
t h e  Federal  Republic of Germany. 

* Water in  which hydrogen a t o m s  have been 
replaced with deuterium, a naturally occurring 



FIGURE 24. Thirty-Seven Rod HhR Fuel Bundle 
(CANDU) 
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~OR~ZOITAL sEcnoa NIL ASSEYBLV 

25. Fuel Assembly for Gas-Cool 
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ed Reactors 
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FIGURS 26.  Fast Breeder Reactor Fuel Assemblv 
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a The uti1irie.q a r e  c a t e p r i r e d  a #  k i n g  loca ted  i n  o w  of t h e  n ine  regions  defined by t h e  Rational E l e c t r i c  R e l r a b i l i t y  
C w o c i l ,  MEW. 
Capacity e s t h a t e d  us tng campurer program DISFUL 'ude.ll 
Spent l u o l  Pvul us Pools shared by roaetors .  
Assumes maximum u t i l i t y  plans f o r  increas ing s t o r a g e  capaci ty  and m, transshipment b e t w e n  r e a c t o r  b a s i n s  within each 
u t i l ~ t y .  
Asst,.-% currept  ~ t x l i t y  plane t o r  increas ing s torage  and no transshipn$ent. 
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Wisconsin Klec. Pwer Co. 
C Wisconsin lichigan 
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Wireomin Public Service Carp. 
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Startup Reactor Electr ical  Capacity. 
Date Type Power. We MTu) 

1970 PUR 497 
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b s c r o r s  
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YearR When 
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Jersey Ceotral P 6 L Co. 
Oyster Creek 1969 BWH 6 SO 223 21.5 106.4 1984 19& 

Metropolitan Edison 
TItremMile Island-1 1974 PWR 837 2 30 20.9 82.1 1998 1998 
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Ph i lde lph ia  Electr ic  Co. 
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Cwncil. UKRC. 
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Yankee A r r i r  ' leocrif $0. 
Ywhee-Para 

Wien Sr 
Alabuls  Pavnr lh. 

Parley-1 
C l m l i n a  P-r 6, Light Co. 

b b t w o n - 2  
B~n(1wick-2 
J L m ~ ~ i c k - I  
hk PDVIC CO. 

B s n n e h l  
Oeones-2 
aOonce-3 

F l o r i d a  P a n r  Corp. 
C r y s t a l  R i v e r 3  

Flor ida  Power 6 Light Co. 
Turkey Point-3 

Present 
Storage  

Star tup  Uasctor t l e c t r i c a l  C a p c i r y .  
_DOC% rp. Pn~dv. W a b -  

PYR 
PWSL 
PUB 

PUR 

P W I  

Annual Fuel Weight of  
D r .  Fual i n  

Ro.e t o r  mu -- 
Yeare When 
R8.C t o r s  

F i r s t  Lose 
FCP 

Turkey Point-4 1973 PUP. 652 203 19.2 71.6 1981 1981 
St. Lucie-1 1976 PUI $10 2113 21.0 8L.2 1987 1987 

Georgia Power Co. 
Hatch-1 1975 M U  786 23.0 103.6 1997 1983 

2OTC Ilatah 9 1070 RUI1 195 21.0 103.6 1997 1983 

a rke u c i l i c i e s  a r e  c a t e g o r ~ t e ~  r s  belng 1-.red i n  one 01 tb nine r s s i o n s  GsEiatd by che Motional E l e c t r i c  R r l i e h i l i t y  
Council,  NERC. 
Capacity estimated using computer program OISFUL 
Spent Fuel Pool o r  Pwls shared by reactors .  

4 Assumes maximtn l l r i l i r y  plana Eot i n s r s r r i n g  s t o r a g e  capaci ty  and no transshipment between r e a c t o r  bas ins  v i r h i n  each 
u t l l i r y .  ' Aesumes current  u t i l i t y  plana f o r  incresaittg rLusase and n s  Cranzskipmcnt. * lot y~ CL%eens&. 

- - 



 cud When 
Reactors 

f i r s t  Lose 
PC* 

Year* Phcn 
Bsactorr 

F i r s t  LoSe 
FCR 

Present 
storage 

Electrical Capacity. 
 ewer.^ W I V ~  

Imnnual Puel 
Bischargc. 
m 

Wright of 
Pval in  
Reactor 

s tar tup 
Date - 

Tennessee VaLLey Authority 
Brswns ferry-1 
Brwns ferry-? 
BrWns Ferry-3 

Virginia Electr ic  & Pow6 Co. 
Sunry-1 
Surry-2 
North Anna-1 
North ~ m a - ~ f  

Region 7. 
Arkawes Power b Light Co. 

Arkamas Nuc 1- One-1 
Arkansas Nuelear Qne-2 

Region 9" 
PlLClfic Ge6 6 Electr ic  GO. 

Humboldt Bay 
Portland General ElectrSs Co. 

Trojan 
Sacrawuto Nunicipal Ut i l i ty  
rvirrrsict 

Raneho SCEO--1 
SrmMern California Edison Co. 
Sm Onofre-1 

BUR 
I)YR 
BWR 

P WR 
PWB 
PUR 
PUK 

PWR 
PWR 

a The u t i l i t i e s  ere categoriaed as  b e i ~  located in one of the nine regions definsd by the Natienal EEectric Rel iabi l i ty  
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Asswits c w e n t  u t i l i t y  plans for  inareasing storage and w tranashipmmt. 
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Nvclear Fuat Bemiaen, k~r l e a r  Arsuraocc W9., 
Wret Val leyI N,Y. Atlmta,.Ceorgie 

Car* name WS4 NAG-# a 
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, APPENDIX C 

GLOSSARY O F  TERMS A N D  ABBREVIATIONS 

ac t iv i t y  
Rad ioac t iv i t v  o r  r ad ioac t ive  mater ia l s .  A 
m e a s u r e  of t h e  r a t e  at whici3 a m a t e r i a l  i s  
e m i t t i n g  radiat ions;  usually given in t e r m s  of 
t h e  number  of nuc lear  d i s in tegra t ions  
occu r r ing  in a given quan t i t y  of m a t e r i a l  ove r  
a uni t  of t ime .  The  s t anda rd  uni t  of ac t i v i t y  
i s  t h e  c u r i e  (Ci). 

AFA - 
An a c r o n y m  for  Away-from-Reactor .  
S o m e t i m e s  used as AFR basins o r  fac i l i ty .  

ARB - 
At- reac to r  basin. A fac i l i ty  c o n s t r u c t e d  
a d j a c e n t  t o  r e a c t o r s  t o  provide i n t e r im  
s t o r a g e  of spen t  fue l  t o  minimize  r isks t o  t h e  
public a s soc i a t ed  wi th  t ranspor ta t ion .  

BWR - 
A boiling w a t e r  r e a c t o r  i s  a r e a c t o r  in  which 
boiling l ight  w a t e r  i s  used as t h e  coolant .  

c a s k  - 
A con ta ine r  t h a t  provides shielding and  
c o n t a i n m e n t  f o r  t h e  sh ipmen t  o r  s t o r a g e  of 
r ad ioac t ive  mater ia l .  

c u b i c  m e t e r  (m3) 
A vo lume  measur ing  I m e t e r  i n  length,  width, 
and  depth.  

c ladding  
T h e  o u t e r  jacke t  of a nuclear  f u e l  e l emen t .  



- 
compac t ion  

.. 

Reduct ion  in  t h e  spacing of r acks  t h a t  hold 
spent  f u e l  in a wa te r  s torage  basin so t h a t  
t t e  basin c a n  hold m o r e  fue l  a n d  s t i l l  r ema in  
scbcri t ical .  

c o n t a n i c a t i o n  
The deposi t ion of rad ioac t ive  ma te r i a l  on  a 
sur face .  

c r i t i ca l i t y  
S t a t s  of being cr i t ica l ;  a self-sustaining 
neut ron  chain  r eac t ion  in which t h e r e  is a n  
e x a c t  ba lance  be tween  t h e  production and 
lcss  of neutrons. 

c u r i e  
Tne basic unit  used t o  descr ibe  t h e  in tens i ty  
o l  rad ioac t iv i ty  in a sample  of mater ia l .  O n e  
c u r i s  (Ci) equals  37 billion d is in tegra t ions  per  
seccnd.  

deut&ium 
A na tu ra l  i so tope  of hydrogen with o n e  
neut ron  and o n e  pro ton  in i t s  nucleus ( a romic  
weight  = 2). 

disposal 
The  planned r e l ease  of r ad ioac t ive  and o t h e r  
was t e  o r  i t s  p l acemen t  in a manner  which i s  
cons idered  pe rmanen t  s o  t h a t  recovery  is not 
provided for .  

DOE - 
D e p a r t m e n t  of Energy ( c rea t ed  Oc tobe r  I, 
1977). Includes f o r m e r  Energy Resea rch  and 
D e ~ e l o p m ~ e n t  Administrat ion.  

DOT - 
D e p a r t m e n t  of Transportat ion.  



en r i ched  uranium 
Uranium in which t h e  p e r c e n t a g e  of t h e  
f i ss ionable  i so tope  2 3 5 ~  has  been increased  
above  t h e  0.7%- normally found in na tu ra l  
uranium. 

f e d e r a l  reposi tory 
A U.S. government -cont ro l led  fac i l i ty  t o  be  
used f o r  t h e  disposal of nuc lear  waste .  

f iss ion (nuclear)  
T h e  spontaneous  o r  neu t ron  induced sp l i t t ing  
of a heavy nucleus i n to  two  n ~ c l e i  o r  m o r e  of 
d i f f e r en t  mass, with t h e  emission of t w o  o r  
m o r e  neut rons  and  subs t an t i a l  energy.  

f u e l  (nuc lear  r eac to r )  - 
Fissionable m a t e r i a l  used as. t h e  s o u r c e  of 
ene rgy  when placed in a nuclear  r eac to r .  

f u e l  a s sembly  
A grouping of fue l  rods  which i s  no t  t a k e n  
a p a r t  during t h e  charg ing  a n d  discharging of 
a r e a c t o r  core.  

f u e l  rod 
The  sma l l e s t  s t ruc tu ra l l y  d i s c r e t e  pa r t  of a 
r e a c t o r  assembly  which h a s  nuc lear  f u e l  a s  
i t s  pr incipal  cons t i tuent .  

ful l -core r e se rve  
Space  in t h e  r e a c t o r  basin t c  a c c o m m o d a t e  
a l l  of t h e  fue l  con ta ined  in t h e  r eac to r .  

f ull-cost recovery  
Includes cha rges  t o  t h e  user t k a t  c o m p e n s a t e  
t h e  gove rnmen t  f o r  budge ta ry  spending, f o r  
c a p i t a l  and  ope ra t ing  cos ts ,  f o r  r e tu rn  o n  
inves ted  cap i t a l ,  and  f o r  c o s t s  t o  cove r  
unusual hazards,  e.g., insurance  ' p r emiums ,  



premium pay f o r  hazardous  work, workmen's 
compensa t ion ,  etc. 

g e o i ~ g i c  s t o r a g e  
S to rage  in a reposi tory cons t ruc t ed  in a 
geologic f o r m a t  ion. 

Give - 
Gigawa t t s  e l ec t r i c ,  i.e., I billion (109) 
w a t t s  o r  1,000 megawa t t s .  

h e ~ v y  wa te r  
Deu te r ium oxide, D20;  Water  in which 
hydrogen a t o m s  have  been  replaced  with. 
deuter ium.  a toms.  

i so tope  
Any of t h e  t w o  o r  m o r e  f o r m s  of t h e  s a m e '  
e l emen t ,  conta in ing  t h e  s a m e  number  of 
pro tons  but  d i f f e ren t  number  of neutrons. 
The  i so topes  a r e  chemica l ly  s imi lar  but  have  
d i f f e r e n t  a t o m i c  weights. 

kilo - 
A pref ix  indicat ing 1,OO.O (103) t i m e s  t h e  
af f ixed  unit,  abbrevra ted  (k). 

ki.l.3gram 
kg = 1,000 grams.  

k*h - 
kilbwatt-hour, a unit  of ene rgy  gene ra t ion  o r  
consumpt ion  in  a g iven  hour. 

(LW R) 
A light  wa te r  r e a c t o r  uses  l ight  wa te r  
(H70y as coolant  and  a s  t h e  modera to r  f o r  
slo\ing. f a s t  neutrons. Most common  t y p e s  
a r e  pressurized wa te r  r e a c t o r s  (P W R )  o r  
boiling wa te r  r e a c t o r s  (BW R). 



m e t r i c  t on  (.MT or tonne) 
Unit of weight; 1 MT = 1,000 ki lograms 

mil l i rem 
one-thousanth of a rem.  

m l  - 
milliliters.  

MW - 
Megawat t  (1 MW = 1 million ~ a t t s ) , .  a unit  of 
t h e  r a t e  of energy  production o r  consumption.  

IV1 WD/MTU 
Megawa t t  days  per  m e t r i c  t o n  of uranium. A 
unit of uranium consumpt ion  c r  burnup. 

m.rem 
millirems. 

MTU 
~ e t r i c  tons  of uranium (2,200 pounds o r  1,000 

kilograms). 

neut ron  
An uncharged e l emen ta ry  pa r t i c l e  with a 
mass  nearly equa l  t o  t h a t  of t h e  proton. 
Neu t rons  sus ta in  t h e  fission. cha in  r eac t ion  in 
a nuclear  reac tor .  

nonproliferat ion 
L imi t s  t h e  number of- na t ions  c a ~ a b l e  of 
producing nuclear  weapons wi thout  l imi t ing  
worldwide use of nuclear  powe.7. 

N R C  
~ u c l e a r  Regulatory Commission ( inc ludes  t h e  

regula tory  branch of t h e  f o r m e r  AEC). 



nuclear  r eac t ion  
Neu t ron  r eac t ions  with m a t e r i a l s  t h a t  c a u s e  
f ission with t h e  s imul taneous  r e l ease  of 
energy.  

nuclear  s a f e t y  
The  appl ica t ion  of t e c h n i l a l  knowledge and 
adminis t ra t ion  cont ro l  t o  prevent  a n  
unplanned, uncontrol led nuclear  cha in  
react ion.  

plutonium 
. rad ioac t ive  e l e m e n t  with a n  a t o m i c  
number  of 94. I t s  most  impor t an t  i so tope  i s  
f issionable 2 3 9 ~ u ,  produced by neut ron  
i r rad ia t ion  of 2 3 8 ~ .  

pool 
A c o n c r e t e  chamber  f i l led with wa te r  t o  
provide  shielding for  i r rad ia ted  fue l  e l emen t s .  

r ad ioac t ive  
Slnstable in a manner  shown by spontaneous  
nuclear  d is in tegra t ion  with accompanying  
emission of radiat ion and part icles .  

rad ioac t ive  decay  
The  spontaneous  d e c r e a s e  of a r ad ioac t ive  
subs t ance  d u e  t o  d i s i l t eg ra t ion  by t h e  
emls-,ion of ?ar t ic les  and radiat ion.  

radi,oact ivi ty 
The  spontaneous  decay  ~f d is in tegra t ion  of 
uns table  nuclei accompanied  by t h e  emission 
of  rad ia t ion  and part icles .  

r e a c t o r  (nuclear)  
A dev ice  in  which a fission chain  r eac t ion  c a n  
be in i t ia ted ,  maintained,  a n d  control led.  



r em - 
A unit  used in radiat ion pro tec t ion  t o  expres s  
t h e  e f f e c t i v e  dose equiva lent  f o r  a l l  f o r m s  of 
ionizing radiat ion.  

reposi t  o r  y 
A fac i l i ty  o r  designated s i t e  fo r  s t o r a g e  o r  
disposal of high leve l  wastes.  

reprocess ing  
Dissolving spent  ' r e a c t o r  fue l  t o  r ecove r  
useful  ma te r i a l s  such a s  thorium, uranium, 
and plutonium. Othe r  rad ioac t ive  ma te r i a l s  
a r e  usually s e p a r a t e d  and t r e a t e d  as waste.  

risk - 
The  product  of a n  event 's  f requency and i t s  
consequence  yielding a n  e s t i m a t e  of t h e  
expec ted  d a m a g e  r a t e  (e.g., population dose  
per  year )  f rom a specif ied event .  

shielding 
The  ma te r i a l  in te rposed  be tween  a sou rce  of 

' 

rad ia t ion  and t h e  envi ronment  fo r  pro tec t ion  
agains t  t h e  danger  of radiation. Common  
shielding ma te r i a l s  a r e  concreye,  wa te r ,  and 
lead. 

shipping cask  
A s ~ e c i a l l v  d e s i ~ n e d  con ta ine r  used fo r  " 
shipping r ad ioac t ive  ma te r i a l s  ( s ee  cask). 

spen t  fue l  - 
I r rad ia ted  nuclear  r eac to r  fue l  at t h e  end  of 
i t s  useful  life. 

st o r a g e '  
Re ten t ion  of was t e  in sorne t y p e  of 
man-made device. 



s torage basin 
A water-filled, stainless s t ee l  lined pool for 
t h e  interim s torage of spent fuel. 

t o n  - 
L n i t  of weight, 1 ton  = 2,000 pounds ( I  short 
ton). 

tonne  -. 
Unit of weight, 1 tonne = 1,000 kg (1 metr ic  
ton). 

transshipment 
Shipping spent fuel  from one reactor  basin t o  
a n o t h e r  reactor  within t h e  utility system 
with available space. 

t r i t i cm 
.\ radioactive isotope of hydrogen containing 
:wo neutrons and one proton i,n the  nucleus, 
with a n  a tomic  weight of 3. I t  is -heavier than 
deuterium (heavy hydrogen) with a n  a tomic 
weight of 2. 

I 

UrantJm 
A naturally radioactive e lement  with t h e  
a tomic  number 92 and an a tomic  weight of 
approximately 238. The two  principal 
naturally occurring isotopes a r e  t h e  
fissionable 2 3 5 ~  (0.7% of natural  uranium) 
snd t h e  fe r t i l e  2 3 8 ~  (99.3% of natura l  
uranium). 

uranium dioxide (U02) 
Stable chemical  compound of uranium and 
oxygen which ,does not readily decompose in 
t h e  reactor.  

waSte, radioactive 
Equipment and amaterials (from nuclear 
operations) t h a t  a r e  radioactive or  have 



r ad ioac t ive  contaminat ion  (and fo r  which 
t h e r e  i s  not  recognized u s t  o r  f o r  which 
r e c o v e r y  i s  imprac t ica l .  
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