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Fading Power

Total domestic
production of
energy from
geothermal, wind,
waste, wood,
photovoltaic

and solar thermal
sources.
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AT ISSUE

Powering the State: An Uncertain Future

New Jersey depends heavily on nuclear
power to generate its electricity. But
shutdowns at the Public Service Electric
and Gas Company's Salem nuclear
reactors have raised both the cost and
the prospect that the state may have to
look to cheaper alternatives.

4 k: -
STATE
PKWY.—~ 3.

b """"'\?SS:XE?':-%:-:\}""“::?

£

i,

Salem I, |
Salem Il and ™
Hope Creek

!‘-.“,.; {i\s

Sources: N.J. Board of Public Ulilities, Prudential
Securilies '

WHERE IT COMES FROM
Sources of electricity in New Jersey, 1990

PETROLEUM 3% NUCLEAR
¢ | 40%
NATURAL 1

GAS 6%

COAL ———8 ™

22%

IMPORTED FROM
OTHER STATES 29% —>»,

WHAT IT COSTS

P.S.E.&G. rates
United States averages, 1995

CENTS PER KILOWATT-HOUR
0O 2 4 6 8 10 12

RESIDENTIAL
COMMERCIAL
INDUSTRIAL

AVERAGE

The New York Times




Altered Economics
In Connecticut Lead
To A-Plant Closing

By ANDREW C. REVKIN
-. Faced with high operating costs

and rising competition from other -

electricity sources, the owners of a
Connecticut nuclear power plant
with one of the best longterm per-
formance records in the nuclear in-
dustry decided yesterday to shut it
down permanently.

The decision to close the Connecti-
cut Yankee plant, in Haddam Neck
on the Connecticut River about 20
miles southeast of Middletown, could
signal that similar plants, including
New York’s Indian Point 3, may also
be imperiled by changing economics
and the availability of abundant pow-
er from non-nuclear sources, power
industry experts said. Except for

. Shoreham on Long Island, which was
never fully operational, Connecticut
Yankee would be the first commer-
cial plant in Connecticut, New York
or New Jersey to close in 22 years.

Although it is the oldest active
commercial nuclear plant in the
United States, Connecticut Yankee
generated power more than 71 per-
cent of the time in its 28 years of
service, putting it in a performance
category with many plants half its
age.

But lately, Federal nuclear inspec-
tors had identified a spate of safety
problems at the plant and three oth-
ers in Connecticut — Millstone 1, 2
and 3 — run by its primary owner,

Continued on Page B14, Column 1
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CONNEGTIGUT

——

A CLOSER LOOK L J

Making Do Without Nuclear Power

._..rm owners of the Connecticut Yankee nuclear plant — shut down
since ,E_.< for safety reasons — have decided to close it permanently
Connecticut's three other reactors are also out of service. Here is .
where the state will get its power this winter, expressed in megawatts.

_HOmw__..Em_- Hydroelectric Electricity
burning and other imported from Other
plants plants other states sources
2,777 MW . 970 MW 2,100 MW 225 MW

| | N

.All| Load on an average Winter day 4,750 MW llv, i
,AII Load on a peak winter day 5,300 MW ; :
— Total capacity this winter 6,072 MW : :

) -

Lost @.m:m&m:o Connecticut Yankee Millstone 1, 2 and 3
Capacity because of © 583 Mw 2,670 MW

closed nuclear plants: :

: %
Source: Northeast Uilities § §§§
Comparing the Costs
Rising costs were a ﬂoﬂoq in'the decision to close Connecticut
Yankee. Here is how its operating, maintenance and fuel costs
compare with those of power plants nationwide. Figures are the five-
year averages, 1990-94, expressed in dollars per megawatt-hour.

Connecticut Yankee :
Nuclear power plants
b .ﬁ:u plants

.n..w.mm..mmaim plants

.mmm_...vca_:m U_m:wm.

Sourcs: Utility Data Institute

The New York Times




Figure 11.26. By Region, 1993

Nuclear electricity gross 900 .
generation (Annual 752
Energy Review 1993) »
=]
_$ 600
t
5
X 300
c
L
E
0
North, Western Eastern Far East
Central, Europe Europe and
and South Africa
America
By Major Producers, 1980-1893
700 -
2
=
0
<
=
2
o)
¥
=
2
E
By Country, 1993
(7]
5 525 -
5]
5
T
350
5
¥
6 175
E
0 o
w ® £ > ®8 ® F ® £ @ £ E £ T T ®© 2 g
] g c c 'c re
EEE R EEEEEREESNEREE
= P E 3 E ot 2 o n 2w § g 2 5 3
w L ey ©® & x =2 [T ﬁ ir 2 2 b
o & O g 2 @ £ o = m I 5
£ 2 * " £
2



Table 10. World nuclear powzr: capacity (net gigawatts), generation (net gigawatt-years), and fraction of
all electricity.

Status (6/30/89)" Annual generation”
Percent
Number Capacity (GWyr) nuclear®
Country of units (GWe) 1976 1988 1988
United States 110 97.6 21.8 60.1 19.5
France 55 52.6 1.7 29.7 70
USSR 56 338 2.7 23.3 13
Japan 38 28.3 4.0 18.7 23
Germany, West 24 22.17 2.7 15.7 34
Canada 18 122 2.0 8.9 16
Sweden 12 9.7 1.7 .9 47
United Kingdom 40 124 4.0 6.3 19
Spain 10 7.3 08 5.5 36
Belgium 7 5.5 1.1 4.6 66
Korea, South 9 72 0.0 43 47
Taiwan 6 49 0.0 34 41
Switzerland 5 3.0 0.9 2.5 37
Czechoslovakia 8 33 0.0 24 27
Finland 4 2.3 0.0 241 36
Hungary 4 1.6 0.0 1.4 49
Bulgaria 5 2.6 0.5 1.3 36
South Africa 2 1.8 0.0 1.2 7
Germany, East 5 1.7 0.6 1.2 10
India 6 12 0.3 0.7 3
Argentina 2 0.9 0.3 0.6 11
Yugoslavia 1 0.6 0.0 0.4 5
Netherlands 2 0.5 0.4 0.4 5
Brazil 1 0.6 0.0 0.03 0.3
Pakistan 1 0.1 0.1 0.02 0.6
Mexico 1 0.7 0.0 0.00 0
Italy 2 i 0.4 0.00 0
World Total 434 316.4 46.0 202.4 17

a. Data from Ref. 21, p. 63.
b. Data from Ref. 18: IEA 1983, p. 26; IEA 1988, p. 24.
c. Data from Ref. 22, p. 1. .



Seven years after the accident at Three Mile Island, a much more serious acci-
dent occurred in the former USSR at Unit 4 of the Chernobyl nuclear plant, about
80 kilometers north of Kiev in the Ukraine (plate 43). The accident was clearly

due to a chain of inexcusable operating errors by the staff of the power station.
The combination of their fundamental violations of safety rules made the reactor
unstable. The technicians lost control of the reactor, which suffered a prompt
neutron power burst, At 1:23 A.M. on April 26, 1986, Unit 4 reached one hundred
times normal power. Some of the fuel disintegrated and evaporated the cooling
water. This caused a steam explosion, which sheared off the top of all 1,661
pressure tubes in the graphite-moderated tube reactor, lifted the 1,000-ton cover
off the core, ruptured the inadequate containment, dislodged the refueling crane,
discharged hot molten and/or pulverized fuel to an altitude of at least 7.5 kilome-
ters, and started some thirty fires. The release of radionuclides, which was the
largest ever recorded in a technological accident, continued for ten days. Dis-
persed radioactivity reached all of the countries in northern Europe and trig-
gered emergency protection measures in many European countries (May 1990;
Hohenemser, Goble, and Slovic 1992).

Dry weather, favorable siting, evacuation of 116,000 people, and—above
all—dispersal of radionuclides to high altitudes (see fig. 11.36) contributed to
holding the immediate deaths to thirty-one. However, some estimates suggest
that the worldwide dispersal of reactor core material may lead to as many as
50,000 to 100,000 cancer fatalities worldwide over the next 50 years (see, for
instance, Hohenemser 1988 and Chernousenko 1991). Since these fatalities are
spread over such a long time period, the projected cancer fatalities are expected
to exceed normal cancer fatalities by more than 1% only for the evacuees from

the vicinity of Chernobyl. For non-Soviet Europe the projected increase in the
cancer fatalities is only about 0.1%.

Since the accident, the stricken reactor has been encased in a concrete shell,
which is cracking. A new containment shell is to be constructed. A second reac-
tor was shut down after a fire in 1991. The other two 1,000-megawatt reactors at
the site are still in operation at the center of a restricted zone roughly 30 kilome-
ters in radius, which is managed by the Pripet Research Industrial Association
(PRIA). The zone will probably require special management for 100-150 years.
PRIA employees live outside the zone, but about one thousand people have re-
turned to live inside the zone, mostly pensioners who expect the health risks of
Chernobyl to matter less in old age.

About one million cubic meters of soil have been scraped up and placed in
some six hundred trenches. Hundreds of artesian wells have been drilled to re-
place the contaminated water supply of a large part of the area (Ausubel 1991).
Pulses of heavy metals and radionuclides have washed down through the Dnie-
per River basin, where tens of millions of people obtain their drinking water. The
major ecological problem during the next few years will probably be due to the
presence of radionuclides—particularly strontium, cesium, and plutonium—in
the soil.

The events leading up to the Chernoby] accident involved a dramatic sequence
of faulty judgments and arrogance on the part of the operators. It was also a
consequence of deliberately overriding safety devices and procedures. As a re-
sult, the scale of the accident was equal to “worst case” projections for pressur-
ized water reactors. Since the design of the Chernobyl reactor differed substan-
tially from that of Western LWRs, the accident says little about the likelihood of
a Chernobyl-scale accident in the United States.
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Binding energy Per nucleon (MeV)
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Binding energy per nucleon (MeV)
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TABLE 4.23. DISTRIBUTION OF FISSION ENERGY

Kinetic energy of fission fragments 162 Mev
Beta decay energy 5
Gamma decay energy 5
Neutrino energy 11
Energy of fission neutrons 6
Instantaneous gamma-ray energy 6

Total fission energy 195 Mev
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" Density
Zoaﬂ.m\.now gm/cm3

H.0 1-00
D20 (pure) 1-10
D20 I°I0
(99-75% by
molecules)

Be I-85
BeO 2-8

Graphite 16

TABLE 3. Moderator Cross-
Slow a Fission Neutron Do
graphite the density and cro

45

oc in barns . Atomicor N,
(2200 m/sec) Molecular (approx.
| Weight
0664 (per molecule) 18-02 20
I'I4 X 1073 (per molecule) 20-03 36
2-8 x 1072 (per molecule) 20-03 36
I0 X 103 9-0I 88
I0 X 103 25-0I 105
4°5 X 1073 1201 IIS

Sections and Numbers of Collisions to
wn to Thermal Energy. (In the case of
ss-section are representative values)

Useful  modspnton frpeties

0\@%\%#;\\,\\4 swal]
° \m?ci Q/\\\S\\bl

&\vﬁ. S %n.n.qf.o.;\(




£d19us woxnau jo q.oﬂoﬂﬁ S® UOIOq JO WOIPI0S SSOI)  °Q/°¢ *OI

A3 ‘A9Y3IN3 NOMIN3N
0001 00l ol o't o

Lo

L L 1L 111 11100 £ A

LN L LU

T T 1

=INEETIEE ITEE TIEE g

Jpy  Jo)on af praw
— YT e Mg N\Né\ %ﬁ!é

TN

M

TN

b
ot
ol0]}

SNYY8 ‘NOILO3S SSOYD TV1OL

0001



dwny
131ep Atepuoodag

BHESIAU
m:__ooolo 13suapuoy
< auiqun |
lolesauar

o
L

dwny
131BA0
Alewniy

I
't

~(On

\%

121

1a1epp

Jojesauan
wealig

Q@

131ep0

spoy
josiuon

ainlonng
luawuieluoy

[3sSaA

aInssaly

J03loeay

2109

(2261 dnorg

Apmig Aolod ABisug
Jes|oNN) "wWiaisAs
Jemod (Yand) Jo1oesd
Jerem pazunssaid

B JO weibelp oewsyog
"FE"L I 2anBiy



*1010831 9y} UI 19]oNU NJ PUE [}, IU3sa1d 2y}

woJj uoissyy Jod pauLIo] 1A[ONU ng I[QISSY JO JIIQUINU Y} ST UMOYS OIIBI UOISISAUOD Y L4
*1010831 Pa[009-seT a1njeradwd-y3iy = YO LH 10108l

WNIUBIN-WNLINNP ueIpeue) = NANVD JI9S) 1010831 Sy} Ul PI]eIdUaT ST Wesls )
319U ‘1010821 Ia1em Suljioq = Y g ‘198ueyoxa 1eay & Aq dooj puosss & up padnpoid sl
Wes)S "UONBULIO)j Weals s1uaadld ainssard oyl 219ym 1030831 191em pazunssald = YMd»

(1ony uol/TMIN)
LL 0T 6T $°LE 1omod oyadg
\...O ~ C ._u.o ~ m .O ~ m.o =~ aOﬁmu commuo\fcoo
(ed .01 = 1eq)
Om ow Nh m Cl ~0mm0> J0]oeal cm uhzmmo.ua—
6€ 1€ 123 1% (%) Aouamowys 19N
01¥1 00S1 6281 88L1 (Do) 21njeIodWa) [on) WNWIXBIA
SSL €6T 98¢ 433 (D,) 0 1uER[00D
OLTT 00S 0021 0STT (° M) Tamod o11199[g
SH o'd O%'H O°H 1ug[00)
snyde1n otd O°H O%H 101BIPON
S'€6 [einieN 6T~ QTR (Ngez Vo) YusIYOLIUT
‘ouLoN ‘on ‘on ‘on [enyg

IOLH NANVO IMd dMd

‘(G—t£9 dd ‘2661 MIOA MBN ‘AS|Ip ‘SISAjeuyy 101083y 1e3/aNnp
‘uo}jiwey " SINoT puelpeisiapng " SaWwel Wwoi} suosS Aa|Ip uyor jo uoissiwiad Ag
paanpoidai pue pszuewwng) ,'SI010Bal JB9|INU JUS1NJ UO elep |eoidA]l gt @jqel



Nowwn boy m\.wﬁu.# P2 on s “\N\gahn@ P sl R
Sva\m\Pl\ @ \SL.QSC@ \SVQE.?S\K (.79 NwaPJ.\

\qﬂ oC.coF I (235) x 2.5 —  4.3%

0.00% amrTommwwv T 0.993 o (238)
— T =1.33
.—.O —_— / ﬁ\a.r_..._h‘qs.ﬁaf\\_. ,ml{@
U“ rsonance
\ﬁ.ﬁmﬂﬁ
e oheba ity f= modiecter
\.u ?NV.S\\W&J.?\( T
O Nvd&m;b\;_ @

L I ] L]
20 40 100 400 1000 4000
Nnoa/Ny —» log scale

Figure 4.40 Reactor physical parameters for natural uranium as a fuel and D,0 as
a moderator. Horizontally one finds the ratio of their atoms or molecules. (Reproduced

by permission of H. van Dam/J. E. Hoogenboom from Dr J. E. Hoogenboom lecture
notes, IRI, Delft, Netherlands)



Table 9.10.

World Production of
Uranium, 1992 (in million
pounds equivalent U,Og)

e ——————
Western Production

Canada 24.2

Niger 1.7

Australia 6.1

France 5.6

United States 5.1

Namibia 4.3

South Africa 4.3

Gabon 1.4

Others 2.0

Total 60.7 «— 730, Ovo

Eastern Fons/ i

Production ca. 34 =

Source: NUEXCO, 1992. m}w{w\
voldonde g,ﬁf-~@
i V”J M/H Mf(
s 2 -{bq Tons



Figure 9.20.

The Athabasca Basin in
Saskatchewan, Canada.
{Rich, Holland, and
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Figure 9.23.

The distribution of
uranium in the Earth’s
crust; a plot of the
estimated amount of
uranium versus ore
grade in parts per million
of uranium. The bars
represent various
categories of uranium
deposits or repositories
of uranium in
descending order of
uranium content. The
three bars on the right
represent deposits of
the type now being
mined specifically

for uranium. For
approximately every
tenfold decrease in
grade there is a thirtyfold
increase in the amount
of recoverable uranium.
(Deffeyes and
MacGregor 1980)
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Figure 4.37 Binding energy per nucleon versus the mass number A for stable
nuclei




The first such possible series was suggested by Bethe;? it is called
the carbon cycle because the first reaction involves an atom of 12 which
is successively transmuted by the addition of protons and by 6+ -decays,
finally to yield an a-particle and a *C atom:

(a) 20 4+ p— BN 4 v
() BN — 13C + B+ + »

(c) BC 4 p— UN + 4

@ UN +p o 50 + y )
(e) _ : 150 — BN 4 g+ + »

(f) 1N 4 p— 120 + 4He

Using an obvious notation, the above reactions may be abbreviated

2C(p, 1) PN (B+»)*C(p,7)*N(p,v)*O(8*2)*N(p,a)2C
More recently, another series of reactions, in which only hydrogen is
needed as the original reactant, has been devised. This series is called
the proton-proton cycle. In the abbreviated notation used previously,
it is |
'H(p,8*»)*H(p,v)*He(*He,2p)*He
L (@) Be(e ) Litp,)*Be(e)He  (2)
L (p,7)*B(6+5)Be(a) *He

The first reaction of this series amounts to a ft-decay of *He formed
by the collision of the two protons: Even though the lifetime of 2He
against decay back into two protons is extremely short, the stupendous
number of collisions that occur inside a star allows a modest rate of
formation of deuterium. The second reaction is well known and occurs
rapidly, even at the low bombardment energies prevailing in stellar
interiors. Since *He does not react with either 'H or 2H, its concentration
builds up until further reactions remove it as fast as it is formed. The
reaction *He(*He,2p)*He was first suggested by C. C. Lauritsen and
has been detected in the laboratory. The participation of the reac-
tions starting with *He(e,v)"Be in stellar energy generation processes
has been treated by Fowler! who points out that they are probably
the dominant ones for the sun.
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CENTRAL
TOROIDAL-FIELD TRANSFORMER VERTICAL-FIELD
MAGNET MAGNET MAGNET

PLASMA

Figure 4.41 Principle of the Tokamak design. The main magnetic field is toroidal;
the vertical field provides a centripetal Lorentz force by which the ions follow the
main toroid. Other magnets produce induction currents that heat the plasma as far

as required.
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" Last Run for Reactor

PRINCETON Scientists at'the Princeton 2
| Plagma Physics Laboratory are preparing:.”
|thé Tokamak Fusion Test Reactor for what' “»
|theéy hope will be'a glorioiis last Fun béfore |
itis shut down permanently Congress re-ix
| cehtly ordered the reactor to'be turned off &7 -7
land dlsassembled when the cydle of experi-*a"‘“é
ments to bégin in‘Januaty ends'in March, i '
. One of the experlments will test a solution :-*
to fhe potential probTems identified recent- " |
Iy in the planned $10 billion International -f-:i-,:v_ ‘-
Thérmonucléar Experimental Reactor, -]
The Tokamak reactor has' achieved the ;-
world § highest controlled yield of fusion
enérgy.Yet one-third of the lab’s overall ,-;;-;g; I
budget: has been cut over the past. two "
years'== to $58.7 million'this year — reflect- 1
ing asimilar decrease in the total Federal
budget.for fusion research. After laying off
246'workers last year, the’ lab has dlsc}oeed |
_ pIansto eliminate another 60 jobs thise ' .. g
s sprmg ‘While the lab will stay open, re-. . i
|search will be curtailed, Anthony R ‘De-,. * i
{Meo, a- spokesman for the lab, said yester- --}- :
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Figure 4.47 The nuclear fuel cycle. From the reactor one either uses the residual U
and Pu again by reprocessing or prepares the fuel elements for storage as radioactive
waste (no real cycle)
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Figure 11.31.
Schematic diagram of a
pressurized water
reactor (PWR) power
system. (Nuclear
Energy Policy Study
Group 1977)

Figure 11.32,
Schematic diagram of a
heavy water reactor
power system (HWR) of
the CANDU type.
(Nuclear Energy Policy
Study Group 1977)
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