ROONORIOS OF RUCLEAR POWER POR I0uWA

by

Edward Mary VYelsh

4 Theslec Submitted to the
Gredaate Paculty in Partial Mulfillment of
The Requiremente for the Degree of
HASTER OF SCIENOE

Hajor Subject: Huclsar iAnglneering

Signatures have been redacted for privacy

versity
et o R W AR & mﬁl#ﬂ
Ames, Iowa

1963



i1

TABLE OF OONTEETS

INTRODUCTION

REVIEW OF CURRENT LITERATURE

BCONOMIC GROWTH AND GENERAL POWER SITUATION IN IOWA
HUOLEAR POWER SYSTEM ANALYSIS

NUCLEAR POWER ECONOMIOS AS APPLIED T0 IOWA

SUMMARY AND CONCLUSION

LITERATURE CITED

ACKNOWLEDGEMENTS

Page

12
22
a7

83
86



INTRODUCTION

The feasibdility of nuclear power for lowa is essentially
governed by economic considerations and it is therefore
appropriate that this thesis should be mainly concerned with
factors which directly or indirectly affeot the economiecs of
both conventional and nuclear power, A detalled examinatlon
of the conventional as well as the nuclear power situation is
of importance since the adoption of nuclear power during the
next decade will certainly depend om ite abllity to produce a
competitive or cheaper unit of electrical energy.

me of the prineipal objectives of this thesls ie to
deternine as precisely as possible when nuclear power will be
economically competitive with conventional power in Iows,
Absolute nuclear or oconventional power costs are then not as
important as are relative power costs, and in order to provide
2 basis for comparison all estimates will be governed by come
patible ground rules, Dlata used throughout will be applicable
to Towa and any estimates or predictions made will be dased
on, snd governed by, conditions pertalning te Iowa,

Mogt data svailable on the cost of electricity from large
seale nuclear plants are based on paper studles. At beet they
represent the consldered judgment of those most famillar with
the various technieal and economic factors involved., In
zeneral the estimated power costs are more strongly affected
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by the verious nonetechnioal assumptions employed, such as
plant write-off, inventory charges and load factor, than by
factors related to resctor technology., Gince the selection of
nonetechnioal agsumptions reflects the degree of optimiem or
pesoimism of those making the estimate, one ocan say that such
projected costs have no real significance, The fact that the
optiniets outnumber the pessimlets and most predictions indie
eate = promising outlook for competitive nuclear power is very
encouragzing, The most important question to be asked now is
in fact, "vhen will we have competitive nuclesr power in Iowa?”
rather than, "Will we have competitive nuclear power?” The
object of thies theels 18 to provide information relative to
answering the question of "when" end in so doing 1t is hoped
that planning for the future expansion of the Iowa Power Grid
will be simplified,

Fuelear power concepts are at & relatively early stage of
developments The growth iz repld and radical changes take
place regularly in every branch, Several different power
syetems are under separate and simultaneous development and 1t
is not possible te predict with any certainty which of these
systems will be most suecessful, Under such conditions 1t is
not surprising that satisfactory power cost estimates are
diffioult to moke and that different estimates for even the
sane systems differ so greatly. Since the field ie¢ new there
is 1ittle past experience to gulde fMuture plamning, However,
use should be made of whatever experience ie avellable and the
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Table 1. Uonstruction wnt«i estimated and sotual, of

specific nuolear plante
- i Y mﬂ“‘, Patinate o %‘:‘;‘:‘mﬁm
— by Sents 30,

W1lloms of & dollars 3960, %

EBWR™ 4,5 346 o6 100

Valleeitos® 5,0 3.4 245 100

Ml 1.8 1.9° 3.9 100

Shippingport 60,0 7.8 T2:9 100

sand 640 3.5 643 100

Yankee  110.0 2.7 46,0° 100

Mk Rivert 22,0 6.2 12,8 9%

Feral 94,0 45,0 56.3 95

Indlan Point 255,0 5245 100,3% 86

Hallem 7540 24,5 45,0° 4

Bonus™ 16,3 11.0 11,0% 1

fnoes not inmelude vest of recent modifications,

Pposs not inelude comt of recent modificstions, Includes
cost of recent fivst cors cost but exeludes 20,6 million for
turbine generstor,

®r4 has been estimeted that the sccelersted construotion
schedule later adopted would have increased this to 52,1 M.

%hoes not inelude §2,3 ¥ for power gemerating equipment,
®maged on recent estimates,

Tinolndes cost of fuel fabrication,

Crnoludes $10,8 ¥ for research and development,

Broes not include cost of land,
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comparison in Table 1 between estimates and actual costs of
specific miclear plants 1o instructive (20, ps 1lel2),

In all but one case the deviation between predicted end
actual consiruction cost has been due to considerable undere
estimation, There are many ressons for these increased cone
gtruction coate, and thelr relative Lmportsnce varies with the
different projeets, For example, in the case of 2RE, several
major 1tems of equipment, such as a metallurgieal hot cell,
gtorage for liguid waste and for dry fuel were added after the
originel estimate, Harked advances iz techmology for e sodium
graphlte syatem occeurred during design and constmction end
were incorporated into the plant as information became availe
able, resulting in the use of more expensive graphite, inereased
eooling for core shielding, increased soflum pre~heant equipe
ment, ete, |

The inereases from Mareh 1955 to September 1957 in the
estimated costs of the Indian Point muclear plant have been
explained by the Consolidated Pdison Company of New York as
follows (20, pe 12)1¢ |

Milllone of dollars

Cost of conventional *tion -
s in aeeis Swestly® e
nersase in gross oopal
changes S

Desti :
' ation 3¢5
Botinate of September 1957 - 45,0

“prom 236 to 275 Hw(e).



Mllione of dollars

Gog% of mc%&a.r pe&rt&.z;m ” . lgng
neresse in gross e
Esealation 201
Waste disposal aysten 2e1
Safety requirements Be2
ingineering, rtncarah and development T«h
Underestinmate aaﬁ a& ch:aft 6.8
Contingencies nterest
during eans%ruatian 4,7
Zstimate of September 1957 &5;3

The estimated total cost of construction therefore inereased
from $52,5 million in Mareh 1955 to #90 million in September
1957, The cost increasses resulting from inoreassed gross
capaclity and excalation represent situations that can also
arlise in the comstruction of fossilefuel plants. With regard
to the other items, the amount of basic nuclesr research and
development involved was much greater than originally esti-
mated and plane were modified a number of times, thereby ine
ereasing the comt of engineering., In addition, many §tems
were underestimated and design changes increased the cost of
the hardwere, ouickly using up the originel allowsnce for cone
tingencies, The most recent coet estimate for the entire
plant 1s £100,3 million, including 10,8 million for research
and development,

In view of such gross initlal underestimates 1t would
appear that future work should err on the side of conservatien

Spatimate of Mareh 1955,
Prrom 236 to 275 Mwle).
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in the hope that these errors will countersct the costs ine
gurred by unforeseen difficulties snd additionsl requirements,.



REVIEYW OF CURRENT LITERATURE

Iittle 1f any 1literature has been published specifically
concerning the feasibility of nmuclear power for Iows, however
o considerable smount is avallable on the more general subject
of the economice of nuclear power for the United States (4, S,
9y 21)s Muoh of this has appeared since 1958 and the growing
interest in economical muelear power, rather than simply
nuclear power iteelf, ls very evident in the steadily ine
mhm quaniity of literature published on the subject.
Since most publications are of a general nature, the informae
tion presented reguires analysis to determine mw;x-‘ it

as 18 direetly spplicabdle to Iows,
be requires modification, or
s 12 not appliceble to Iowa.,

Literature generally avallable in the field may be

elaseified under the following main headings:
8s Unclageified Atomie Energy Commission reporte
be Poriodical 1iterature
¢. Industrisl status reports and articles.
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Unclassified Atomie Fnergy Commission Reports

In 1958 four remotor studies (4) were initiated by the
Divislion of Hemetor Development, U,5, Atomle Energy Oommise
glon, to assess the feasibllity of power generation through
the use of certain types of nuclear reactors., Several cone
tractors participated and in general each investigated and
reported on a particular resctor concept (3. 7. 19, 22). The
reports were made publie in 1959 and were followed by supplew
ments in 1960 whioh introduced several modifications and ree
ported in more detall on certain aspects which were not so
thoroughly investignted in the initiasl study.

The economic data reported by the various contractors ree-
fleoted different design philosophies, different estimating
polieles, and in some osses & technology not verified dy the
AEC definition of current status, In July 1959 Sargent and
tundy was requested to review the reports and to prepare nore
malized coet estimates of esch remctor comcept (18),

The 1959 nuclesr reactor studies and the subsequent
power cost normalization studies in the civilian power resctor
program have provided a basis for the work and development
which has taken place during the lset three years. Also come
parieon of current and 1959 etatus provides a means of
assessing the development of a partioular concept.

The design and coet estimates presented in the study ree
ports do not specifically apply %o = particulsr location,
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lowever, ground miles have been set up so that conditioms and
coste are representative of those exleting in many parts of
the United States, Thue, slthough the studies do not apply
directly to any speeific locatlon and electricsl system, they
conatltute the basies of a particuler design when modifications
are mode to fulfill systen wuquiwuumuxu,‘naa corrections are
made for existing slite conditlons and economic factors
particular to the proposed resctor looation,

Periodical Iiterature

Pevelopmente in the fleld of muclear enginsering have
taken place rapidly in recent years with the result that most
material is outdated soon after 1% iz published, Periodiesl
1iterature provides the necessary current information snd upe
dates existing vreports (10).

The viewe expressed in periedical literature are often
vory different and more varled than thoee found in Atomle
inergy Commission or industrisl reports. ARC reporie are
often subject to misinterpretation due malnly to a different
nethod of cost sccounting. On the other hand, industrisl ree
portes are generslly written with the objective in view of
making the particulsr product of the flrm sppear as attractive
an possible,

Tt may Sherefore be concluded that periodical 1iterature
iz an important source of current information and tends %o
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gontain more original ideas and candid views then would bde
found in either i%C or induelrial reporte.

Industeriasl Reports

As private enterprise is asspuming an important role in
the field of muclear engineering industrial reports form a
slgnificant source of informations It 1s most prodeble that
in future years much more dependence will have to be placed on
these reports, since development will be conducted to u
greater exitent by individual contractors, rather than by the
ARG, There are certain disadvantages associated with euch a
condition since = private enterprise legltimately safeguards
ite importent findings from 1ts competitors and is tardy in
divulging any recent breakethroughs untll such tinme as mare
keting prospects are unlikely to be adversely affected,

The required general basokground information for the
state of Tows 1s aveilable from many and varied sources,
"The Iowa Business Digest” (15) provides dedalls on the come
mereial and economic situation in the state, as well as ine
dienting expected trends from extrapolation of exieting data.
The various U,3. Govermment Census Reporte, in partioulsr
"metorical Statlstios of the U.8." (25) provide the necesw
sary information on such points as population growth, availae
bllity of labor foree, interstate migration, fossil fMuel
deposite, fossll fuel produetion, sand electricsl power
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consumption, "The Hendbook of Beele Beonomic Stetistics,”
published monthly by the Zoononie St¢atistios Bureau of
Washington, D,0., 1o found to be a valuable source of
eurrent information. In particular, the consumer and wholse
sale price indexes, reported each year since 1913, are rew
quired in this study for cost normalisation (26),
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BOONOMIC GROWTH AND GREERAL POWER SITUATION IN IOWA

Town's economy has been cemtered about agrioulture and
only within recent years hae industery shownm any signs of bee
coming the influencing faotor in Muture economic growth,
Study of the industrial development rate within the state 1o
important 1f reliable predictions are to be made of future
power demand and load concentration. The labor foree is of
necessity balanoced between agrioulture and industry., A shift
to industry results in sn ineresse in production and a
greater increase in the demand for power, alno
tends to omune a concentration of power demand and so permits
an inorease in maximunm unit capaoity. Figure 1 shows the
actual and prediocted division of population in Iowa from 1900
to 1980 (12).

A turning point in the relationshiy of industry and
agrioulture came in 1950, For years industrial output in
Towa had trailed the dollar productivity of agriculture.
Industry drew shead, however, in 1950, when industrial output
was estimated at §2,5 billion as comparsd with §2,1 BMllion
for agrioulture, Since then industrial output in Iown has
more than doubled that of the farms, even though the latter
has geined, Industrianl production is nearing £5.5 billlion o
year and agrioulture is ot a $2,5 Mllion a year level (11).
In mid«1961 the Pederal Reserve Bank of Chloage announced
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Tows has the highest growith rate in menufscturing ameng the
ptates in 1%c distriet in recent years (16).

The iadustrial ohift hes brought an onormous shuffling of
people and jobs, The flow ie from fara %o oltys The 1050«
1960 Census shows thet the Towa incresse in industriel
workers was 10 per cent during the deocnde compared with the
national average of 13 per cent. However, there was only a 5
per cent populntion growth compared to 18 por cent nationally
(24, pe 180)s The rate of growth is ineressing, and by 1975
ITows will have a population of 2,28 mililon 41f the rate of
growth s at the same level ss in the 1950%s, or a population
of 3,18 million if the mte of growth contimmes to increase as
it hes eince 1930 (16). Ourves are shown in Figure 2,
that in 1965 there will be 190,000 more members of the farm
labor force then there will be farm jobss The machine age has
vernltted fewer farmers to produce more, In 1950 the produce
tion of one farm werker supported 14,56 persons, in 1060 his
production supported 23.69 persens (11). It ie prodbable that
o large labor foree will become swvsilable each year due to
population growth and to redundancy on the farm,

The availability of labor is a major attraction to
industry, Alse Tows s the only state bordered by two
navigable rivers, the “isslseippi and the Miseouri, The
Hlssleslppl has a stabilized nine foot channel that serves
twelve Iowa communltien with 33 water terminsle. Iowa is
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near the ocenter of a tenestate industrial market in the upper
midwest which employs half the nation's machinery menuface
turing workers and 40 per cent of all employees in fabrionted
metals, primary metals and transportetion equipment, Almost
one-third of the U,S, peopulation, retall sales and effective
buying power is within one day's time of Iowa by truck end
two days' time by rail,

It 12 unlikely that theme attractions will fall to maine
tain the high rate of iIndustrial growth already experienced.
Since industrial growth and the required generating capacity
are olosely assooiated 4t is likely that the demsnd for
electrionl power will continue %o inerease sharply, Dased on
this assuuption the total generating capscity curve for Iowa
is extrapolated to €,000 MW installed by 1980 (Pigure 3).
Thie 12 in line with the assumption often made,; and slso with
past experience, that the genersting capacity doudbles every
ten years, On such 2 basle the capacity in 1980 would bde
5,200 MW, bdbut considering the high rate of industrisl growth
experienced and expected, the estimate of 6,000 ¥¥ does not
appeny exceasive.

At present the industrial growth is more noticeadls in
Bastern Towa and Central Iown, Western Iowa 1s polsed to move
up industrially. Its future depends on the Lmprovement of the
Hissouri River chenmel, scheduled €0 be stabilized to nine
feot as far north es fSloux Clty by the late 1960%s and loecal
initlative 18 sesking new firms,
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Iown's sgricultural background is reflected in the
charscteristios of 1te electrical grid system: large lowe
power density reglons requiring service and few urban areas
vhere the power demsity is high, Such conditions require meny
small power gemeration units, evenly distributed, se that
transmission losees are reduced and the system stadllity
probleme agmociated with long lines averted, Deeplte the ine
efficieney and high operating cost of the small units there
are mony 1 to 5 MV Diesel stations in operation today. MHany
of these small units take up the peak load but s large number
are simply on a stand«by basls,

The average stean sntation capacity in the Iowa Pool
Company grid ie 70 MW and the average diesel astation capeselty
108 4,5 u®™ giving en overall aversge station capseity of only
4345 M,

The installation of so many small and uneconomic stations
in the past hae been caused by the fear that the fallure of a
large unit would effect an extensive area, as well as probably
causing tripping on neighboring overlesded lines, Prior to
the formation of the Iowa Tool less cooperation existed bew
tween the warious power companies and each tended to provide
1tz own reserve capaclity. This mmm in a reserve capacity
of 22 per cent deing dbullt up within the state, compared to o

S1owe Power and Iight Coyy Des mﬂ, Iowa. Intercone
nee tranemdesion systenm ei‘ owa Pool Cos. Private
cation, 19610
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national average of 12,5 per cents The formation of the Iows
Pool and subsequent coordination of the various planning dlvie
slone is helping to improve the situation, The advantages are
sabstantial in the form of economy interchange, lessened costs
of spinving reserves, inoreaged efficlency and lowered unit
cost of larger units, plus greater dependabdility of service to
the consumer,

By 1963 the Iown Pool should be approaching the 14 per
cent reserve level, Thoreafter, 1t 1o hoped te keep 1t in the
10 per cent to 15 per cent range.

The general trend appesrs to be towards planmning on a
"ineeOompany” basis and the adoptlon of three major lond areas
in Town, 2s indlonted in Table 2.

Table 2, MHajor losd sveas 12 Iowa

Losd ares mm muﬂw& umw

st

I mad-0ities area owewIllinels Gas & MMMu Co.
Cedar Rapids ares XM mma b A 8 % & Power Co.
Bastern lown area Iown Southern U tien Co.

I Dea Modnes ares Iown Power & Light Co.
Hareshalltown ares Towa Hleotrie Light & Power (0.
Waterloo area Towe Public m
South central Iowe Iowe Southern Wuﬁw o
Fort Dodge aren IowaeIllinols Gas & m“wia U0

Iz Sioux 04 Iowa Publie Service
Jouneil guth ares lIowe Power & zmw Qo
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These arens are shown on the map in Flgurs 4 and aleo the
four major gensratiag points for future additiens in Iown,
Suech 2 plan would undoubtedly help to reduce operating costs
as well as permit the inetallation of units with greater
eapaolty, Thie lattor point is stressed since 1t will be
ghown to be of primary importance concerning the feasidility
of puclear power for Iown.

A study is now being made for the Iown Pool Cempanies by
the Deotric Utllity "agineering Department of the Westingw
house Flectrie Corporation, The study, using highespeed
computers, 1o being made to determine the optimum mode of
operation for the Pool, that is, whother 1t 13 best to
operate with a few very large plants and high veltages, or
with a larger number of small plants near load centers,
Tefinitive results of the otudy are not yet avellable:s These
results will have an important besring on vhen muolear power
ghould be sdopted by the Iowa Pool companies,



HUCLRAR POWER SYBTEM ANALYSIS

To date the development of a particular resctor systen
has not been influenced greatly by econemies, In fact, most
of the olvilian power resotors in operation, or under cone
straotion, were not intended, and are not expected, to pro-
duce ensrgy at lower than conventionsl power costs, The
primary objective has been to obtain the essential techniocal
information whioch is only avallable frem these largeeplant
prototypes. ‘
study todey, ond 1t ia imposoible %o say with certainty whioh
of these will in time prove 1tself most effective and be
generally adeopted, It is fortunate that work is at present

renkethroughs in ome system may very often be
anaatnmm,mmmmunmtmumw
be compared it should simplify the task of evaluation and
determination of the most sultable system,

Such o diverse nuclear power program iz sadly leoking in
Britain, Thelr firet resotor was gasecooled and nearly all
subgequent work has been based on thie concepts The result
is that now they are forced to continue with gns cooling even
though they may mot comsider it the best, However, their
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initinl movement onto thies path wes inevitable; in 1946 when
work started they had no heavy water for moderator and no

fere in the United States conditlons were different, Due
to the large supplies of cheap conventionsl fwele the nucleer
these resources, After the war, the next logleal military
development in the 1light of requirements was submarine prosule
slen, For this the Pressurised Water Resctor (PWR) was
solected and hos proved very sucscessful, When in 1953, it
was decided to dDuild a land-dased muclear power plant 4t was
satural to bage 1t on the PWR sysltem.

#inoe thenm nuclear resctor mystems have developed nlong
many diverse pathe, The Bolling Water Reactor (BWR) wme
introduced to schieve higher temperaturss in the heat cyocle,
The use of liquid metal coolants, sueh se sodium, have etill
further inoerensed the eyecle temperntures, while on the other
hand the Organie Hoderated & Cooled system (OCR) overcomes
corrosion problems. Hore recent development has indieated the
economic and technical femsibility of the high temperature' Cas
Uooled Henotor (OUR). Haoh of these systems has 1te assoolated
sdventages and disadventages and the choloce of sny partiouler
concept should not only be governed by ite present and
potentisl status, Mt also by the requirements of the asystem
in whiech 1t muet funotion,
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rogeneous fueled,
thernal resotor thet uses ordinary water ne moderator and
coolant, The ayetem utilizes an intermediaste coolant loop boe
tween the renctor and turbines The water in the primery
eoolant loop i maintoined under high pressure to keep the
bulk temperanture of the cooclant leaving the resctor below the
saturation temporature during normal operating oconditiens, A
eimplified flow dimgram is shown in Pigure 5.

] el ’m
The PWR oconcept is at present the most technologleally
then four times as much cepltal has been invested in research

The conslderable experience golned with the PYR has

proved that 1t is safe, dependable and emsy to control.

In order to prevent bulk belling in the reactor, and yet
produce remsomable temperatures, high pressures mist be maine
tained, At present the pressure vessel muet be designed for
operation in the 2,000 peis and 600° ¥ range for the
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generstion by sensible hest sxchange of steam at about 1,000
polie and 550° F. It Lo exoeedingly diffioult and expensive to
deslgn and fabricete o pressure vessel and primary eystem %o
withetand such pressure. Yet, the steam produced does not
iirements of the modern turbine,
The problem of fuel development ie sssoclated with most
Blnoe s low fuel covet s essentlal for competitive
miclenr power every effort is belng made to introduce fabriocew
tlon savings and develop fuels for operation at higher power
densities and longer burnup periods.

It is unlikely that lmprovements in stesm quallty will
continae to be obiained by greater pressurization of the pri-
mary system, m:swtmmmwmmmmmm
the hottest channels and so inovessing noe is now
under study. The system then of course enters the belling
water reactor fleld and has sssoclated with it the prodlems of
core stabllity and heat transfer,

fuel development promises the greatest potential saving
by reducing fabriestion costs and ineressing
Fabricetion coste csn be reduced by developing improved
pelletization toolmiques that will eliminate the expensive
grinding operation and permit lomger pellets to be made,
Thinner oladding would result in better noutron economy and
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hence lower fuel cost. The cladding now must be none
collapsing; should collspsedeclad be feasible, wall thicke
neseses as low ag 0,012 inches may be used, Alsc development
of inexpensive, low-crossesection cladding materisls, euch as
{wonealuminium materials could else improve cladding costs,.
Test date showe that fuel burnup can be extended to at leset
an average 27,500 #Wd/ton in U0, fuels, with pesks as high as
50,000 to 60,000 Mwd/ton,

Previously surface temperature of fuel elemente has been
restricted by desire to avold center melting of the fuel rods.
Teets have indlcated thet thie need not be a source of serious
concern,

Several component developments promise cost reductions,
For example, 1t is expected that less expensive shafteseal
primary coolant pumps will replece present canned motor
pumps, Currently the reactor coolant pumps cost approxizstely
T per cent of the ospltal cost of the plant and this 1e
equivalent to 0.33 mills/EWh of fixed charges., The introduce
tion of pumps employling shaft geals would result in s reduce
tion of about 0,11 mills/¥Wh, Replacement of the present
congervatively designed containment shell with a "burp”
gystem in which the initial steam releamse 1¢ allowsd to escape
to the atmosphere, or with a vapor-suppression system in which
the releamsed vapor is cooled and condensed by large supplies
of cold water stored within the shell, would result in a ree
duetion of aspproximately 25 per cent of the construction cost
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of contalnment, or 0,09 mills/XWh, Since the maxinmum
eredible mceldent does not lead to core melting in most
designs, future designe may be able to eliminate the shell
completely.

Boiling Vater Reactors

Description

The bolling water reactor (BwR) (7) 1s a hateros'nﬁouu
fueled, thermsl reactor that uses light water as moderator and
coolant, There are several variations of the BWR concept.
These are: (1) the direct cycle aystem, in whioh the water is
bolled in the resctor pressure vessel and the steam is bled
directly to the turbine; (2) the dual eyele in which part of
the energy from the reactor forms steam which goes directly to
the turbine and part of the energy is transmitted by hot water
to a steam generator, where additional steam is formed to help
supply the turbine demand; and (3) the indirect oyele which
utilizes a steam generator between the reactor and the turbine,
The BWR ecan utilize natural circulation, forced cireculation,
or a combination of both, Steam can be separated either ine
slde the resctor (smaller sizes) or extermally. A esimplified
flow disgram i1s shown in Figure 6,

Superheated steeam may be produced using a nuclear or
foesil fuel superhester, It is consldered that the use of n
fossil fuel superheater ig only an intermediate step and that
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the nuclear superheater incorporated into the Pathfinder
plant will prove successful, However, there are many probe
lens sssocisted with a nuoclear superheater. These are mainly
concerned with oontrol and heat transfer,

At the Pathfinder plant the nuclear superheater is located
in the center of the reactor, The reactor core consiste of
twvo reglone: (1) an annular boller region in which saturated
gteam 18 produced and flows to the dome of the reactor vessel,
and (2) a central region in whioch the steam is conducted down
through 429 stainless steel clad fuel elemente, The steam at
825° P 1s fed direotly to the turbine,

g2l status

Only #36.7 million has been spent on the research and
development of boiling water reactors between 1950 and 1960 as
compared to §172.,3 million on pressurised water resctors
during the same period, However, the bolling water reactor
has drawn heavily on the technology developed for pressurised
water resctor systems, This 1s true especially in the areas
of fuel and materiasls development, The phyesice of the HWR is
similar to that of the PWR although the system is complicated
by the presence of steam volds, which introduce s variable in
the analysis not found in other reactor types. However, 1t
has been found that by using the proper watereto=fuel volume
ratio, the desired vold coefficlent at a particular operating
condition cen be obtained, OControl of the BWR 1s made
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difficult by the faet that the void coafficlent tends to ope
pose the steam demand changes.

The most widely accepted fuel for the BUR 1s voﬁ. This
is due to 1ts good corrosion resistance in water as well as
its radiation damsge resistance, In general, use has been
made of components and auxilisries already developed for cone
ventional steam plants or for nome-bolling water reactors,
However, the conventional equipment 1n_urtcn the major cause
of operational delays and plant malfunctions,

Bolling water reactors are 1uhcrqnt1y safe since a power
surge tends to reduce power by inoreasing void formation. The
reactor pressure ie less than in the primary eirecuit of the
P¥R, yet the mame pressure is delivered to the turbine. The
elimination ¢f a number of pumps snd heat exchangers tends to
reduce the cost, The adoption of a nuolear super-heating
region in the center of the core promises higher temperatures
and better quality steanm,

It 18 hoped that the use of s low pressure contalnment
vessel and a vapor suppression system in future plants will
provide a capital cost saving of up to £2 million, The 50 MW
BWR Humboldt Bay plant at Fureks, Californis incorporastes the
firet pressure suppression containment system,
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Key probleme

1, The development of high temperature fuel element
capable of operation at 1200° ¥ for 10,000 Mwd/ton, with
geometry sultable for superheated steam,

2, Improvement of superheat technology. It is hoped
that the first nuclear superheater in the Sioux Falle plant
w1l provide the necessary practical experience, |

Dotentiel

The expeocted reductions in power cost are as follows
(27):

1. The successful increase in the power density from 28
to 50 ¥W/liter of core would result in a net saving of 0,63
mills/Xih,

2. The realization of the development program for ree
dueing the requirements of vapor containment elther by the
"burp” method or vapor suppression would result in a saving of
0.09 mills/X¥h,

3« Hajor reductions in fuel oyole cost will oceur through
a lower fabrication cost and inereased fuel exposure, The
estimated fuel exposure from UQ, is 40,000 M¥d/ton maximum by
1968, The reduction in fuel cycle cost going from 13,000 to
19,000 M¥d/ton would be 0.53 mills/Kvwh,

4, The use of an integrsl boller, superheater reactor 1s
expected to reduce costs by 0,73 mills/K¥h., This gain is
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achieved because of an estimated 0,43 mills/X¥h reduction in
caplital cost ms well ms an approximate 0,3 mills/X¥Wh reduction

in fuel costs,

Sodium Graphite Resotor

Deseription

The sodium graphite remctor (3GR) ie a heterogeneous
fueled, graphite moderated, sodium cooled thermal resctor,
The reactor generated heat is delivered through two ¢oolant
loope to the turbine, Radioaoctive modium oclrculates in the
first loop, removing the heat from the fuel and transmitting
the energy through 2 heat exchanger to the secondary loop.
The noneradioactive secondary sodium transmits the heat to 8
stean generator whore superheated steam is formed to drive
the turbine, A simplified flow dliegram of the sodium graphite
reactor plant is shown in Plgure 7.

Ischnologlosl status

The sodium graphlte reactor technology hee drawn heavily
on experience obtained through the Naval Submarine Inter
mediate Remector program (SIR) and the Past Sreeding Reactor
program (SRE), Ixperience to date has ghown the feasibility
of the concept., However, the present complexity, high cost
of the system and the lack of a highetemperature longelife
fuel element make 1t unlikely to be an economic proposition in
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the nesr future., Since sodiumecoocled fast reactors offer
most of the same advantages plus breeding es well, the U,8,
Atomiec Tmergy Commliesion recommends that work on the sodiun
graphite concept not be expanded until operating results from
the Hallam resctor cean be evaluated. This reactor went
eritical on August 27, 1962 and is expected to be at full
power in the spring of 1963,

The SCR system has the advantage of operating under lower
pressures in the primary system because of the liquid metale
relatively high bolling point., Sodlum appears %o be o none
corrosive subetance. The product of & podiuvmewater reasction,
sodium hydroxide, is, of course, extremely corrosive when in o
water solution, This 1s the mein reacon for using e secondary
sodium loop. In the event of a sodlum-water resction the vapor
released would not de radloactive,

s DlLerm
m w“ i

1+ Tuel development is the most important prodlem. The
fuel must have a high thermal conductivity and the ability to
withetand average exposures of at least 17,000 Mwd/ton at a
surface temperaturs of 1400° 7, Uranium carbide looks promising
at present and study is centered around 1t.

2, BSteam generators probabdly have the largest potential
for improvement of any single outesfegore component, The
present design employs doudle walled tubes contsining a
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monitoring fluld and costs could be greatly reduced through
utilization of (2) high strength ferrite steel, (b) "once-
through” concept, and (e¢) singleewallad tubes,

3. Iiquid metal pumps, both mechaniecal and electroe
magnetic, are expensive to maintain because some of thelr parts
are in direct contaect with the radioanotive sodlium,

4, Stopevalves developed so far cost £3,000 per inch of
wlve opening, The potential cost reduction here is cone :
siderable and other types-efreeze senl and belledisk typeses
are being investigated,

Zotentlal

Current estimates for a 300 ¥¥We sodium grephlite resctor
run about 11 milla/¥wh, It is expected that there will be a
reduction of at least 3,5 mills/XW¥h by 1969,

The economic potential of the sodlium graphite reactor is
dependent primarily on the development of 2 ceramic type of
fuel that will provide long exposures, and simplification of
resctor design, The cost of steam generators associated with
the sdvanced sodium graphite resctor is $80/£t.”, e successe
ful development of simplified steam generstors would reduce
this cost to 845/£%,%, which le squivalent to a saving of 0,25
mills/X¥h, The potentisl of the sodium graphite resctor lles
in the development of the uranium carbide or eimilar fuel, The
U«10 w/o Mo currently used 1s unsulted due to high temperature
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1imitations, It L= hoped 1o inersase the average irradistion
level from 10,000 %o 19,000 ¥¥d/ton and reduce the fuel eyele
cost by 0.67 mille/Xwh,

Organie Cooled Resotor

The organie cooled reactor (O0CR) (3) is a heterogeneous
fueled, thermal reactor utilizing an organie material as
ecolant, The reactor is usuelly modevrated by the same fluld
utilized as s coolant, however, other moderator materials can
be used (2). The hent is removed from the fuel by the organiec
eoolant and transmitted to o steam boiler, A simplified flow
diagram of the organic cooled reactor pleant is shown in Figure
8.

The techmolegy of the OCH concept 1s in the early stages
of a«wxmﬁ, Experience with thie concept 1s limited to the
Crganio Hoderated Reactor Experiment end the Ploua reactor, As
indicated by the U.5, Atomle Pnergy Commission, 1t is likely
that the orpanie cooled resctor will be competitive in the high
cost areas by the middle 1960's and in meny other areas later,
The concept is expected to reach this stage with less research
and developnent snd fewer experimental and prototype plants
than will be required by the other resctor concepts, This will
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be possible because the system ls relatively simples it has been
zble to dorrow much from waterereactor techaology and the
developmental difficulties encountered so for have bean

eanily overcome, ‘When the more immedlste problems of the
organic concept have been solved, the development effort will
swltoh to an investigation of plutonium reeycle and other ade
vanced features for organic systems,

The organic cooled reasctor has meny sttractive features:

1. Low pressure in the primary system for temperatures
4n the range of 600° ¥ to 800° 7,

2. Yo corrosive diffioulties or hasardous chemical Tee
sotions with the fuel or core materiale,

Be Standard materials and components for construetion
(aluminum for fuel ¢lsdding and low carbon stesls in standard
pipes).

4, TLow induced activity in coolant, Since the pressure
iz also low, contolnment coste are greatly reduced,

S« Fluld mederatore-coolant gives large negative
temperature coefficlent of resctivity,

Zsy probleme

1, Heat transfer iv a limiting factor on performance bee
cauge of the low thermal conductivity of the organice. Develope
ment work is intended to aseertsin whether improved forced cone

veetion or nuelear boiling is the best wey %o Lmorease heat
tranafer,
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2, Fueleelement development, the most oritical area for
the organie reactor, aime at a long burnup olement with a
large heat transfer surface area, Uraniumenolybdenum metal
alloy is presently belng developed., The most important item
is o cladding meterial with a high thermal conduetivity which
can be easily extruded with fine and is compatible with the
eoolant up to 900° P, The most promising oladding materisl so
fay 12 & sintered aluminum containing 6«8 per ceat ugoy

3« Organice are subject to radlolytiec decomposition, A
high decomposition rate can result in high coolant makeeup
gonte,
lotentlel

The successful ecomomic potential of the organic reactor
concept 1s dependent on schieving a fuel capable of a high
heat transfer rate to the organic ccolant and high burnup, Ine
cressing the power demsity from 19 to 44 K¥/liter of core will
permit & reduction in core gize and nunber of control rods. A
saving of 0,3 mille/Xvh ie estimated, It 4 hoped to increase

the fuel exposure from 11,000 to 19,000 HWe/ten with a cost ree
duetion of 0,61 mille/Xih,
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fas Joolad Reaotor

The world's first commercisl nuclear power station eme
ployed gas cooling (air) and natural ursnium as a fuel, Since
then the concept has been developed conslderably by the United
Tingdom Atomic Emergy Authority, but until recently, when the
enriched highetempereture gas cooled conoept was developed,
gas cooling has recelved 1ittle attention in the Usited States,
Enrichment permits use of higheretemperature fuel element
materials and also sllows o smaller core volume, Helium ia
used as a coolant rather thon carbon dioxide in order to aveld
the cardon dlioxide grephite chemical problem on reactors where
the temperature would be 500 to 600° ¢, Hellium 1s chemically
inert and compatible with the fuel and moderantor matericls
throughout the temperature range of interest, The helium
eoolant is transmitted to s stesm generstor in current designs,
A slmplified flow diagranm is showm 4n Plgure 9.

The technology of enriched fuel gas reasctors has not yet
been fully demonstrated., All present deelgne use U0, and the
recent HTCR concept employs fuel elements consieting of a
homogensous mixture of 25 wol, per cent and 75 vel. per cent of
U0, and graphite respectively., The fuel element 12 unelad and
designed for surface temperatures up to 2,000° P, The Atomie
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faergy Commission is encouraging two versions of the concept:
the Experimental Gas Jooled Reactor (BGUR) at Oak Ridge
Hational Lab., snd the figh Temperature Cas Reactor (HTGR)
being bmilt at Peamch Bottom, Ps. Further resctor oconstruction
iz to awalt the oparating results from these two projects.
Ley problens

A% present most prodlems are assoclated with laek of test
Gdata, However, the Z00R at Cak RMdge will mexve ap a flexibdle
facllity in whioh to test asdvanced fuels, amaterials and
components. |

1. A reanlistic methed of determining helium leakage is
not known snd preessure experiments on bdlowers, valves and
piping are not yet compleoted,

2, Fuel handling equipment and remote maintenance
techniques require development,

3+ Poseible colutions to the piping prodlems of high
tempersture gas systems nust be found and the blowers for
eirouleting the gae coclant are & psrticularly important
component.

Potential

There is considerable seope for improvement in current
design besed on experimental results, Al)l current designe
employ a gas-stean oyocle between the recctor and turdine.
However, since the primary coolant e a gas 1t appears likely
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that with the development of lmproved seals and gas olemnup
practices a direct gas oyele between resotor and turbine will
be feonsible, Such an imnovation would eliminate the costly
steam generators and assoclated valven, dlowers and punps, asp
well as inereasing the oyele efficlency and reducing the ocome
plexity of the plant. Much will depend on the results of the
EGOR and HTOR projects.

Properly desizned ges coolsd resotors may require no
containment. This is decsuse (1) the energy released upon loss
of coolants in gas systems 1o mueh less than in wmter systems,
and (2) the solid moderator aots as a heat sink and linite
temperature excursion, Furthermore, 1t appears possible teo
design gae cooled renctors so that no single aceldent can lead
to complete loss of coolant, :

Conelusions

If 1t were desided that comstrmetlon on a muclear power
station should start immediately in Iown then the cholce would
surely be limited to a pressurised or bolling water system, If
the most relisble system was the governing factor then a
presourised water plant would be the cholee, Host of the
bolling water resotor troubles have been resolved since the
starteup of the Shippingport plant in 1957, This plant
generated 1tz billionth kilowattehour of electriecity in
December 1957 and the Yankee plant, alszo designed by the
Westinghouse Atomie Power Division, generated 1ts billionth
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kilowattehour in February, 1962, Thres other Vestinghousew
designed pressurised water reactor plants, ranging up te 260
Wiy are in various stages of construction. A letterwofe
intent existe for = 375 MW plant, and serious negotiations are
underway for even larger units, These latest reactor plants
are belng offered to major United States utilities on the

basis that the plante are competitive with fossil plants of the
same Tating in the higher foosil fuel cost areas, The plants
thempelves are offered on o firm price, turnkey basis,

On the other hand, the natural cireulation bolling water
reactors have a small capital cont advantage over nressurised
water reactors in ratinge up to adbout 150 MY and foreed cirou-
lation belling water resctors have a similar advantage over
prespurised water reactors in matings up %o about 300 v,

Thus, from a cost view polint the bolling water remctor ias more
attractive, At present the decision must be based on whether
the initial saving in capital cost will compensate for the
sost of unexpected operating difficulties,

Then, in sunmary! |

1, Immediate plams for s nuclesr power station should de
confined to the belling water and pressurised water resctors
and the final selection should depend on whether the lower
ecapital oost of the beiling water reactor is likely to compene
sate for the operationsl difficulties which may be encountered.

2¢ Tlans for adeption of nuclear power in the near
future should prebably be confined to the bolling water
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reactor only; the use of nuolear or fossil superheat being
dlotnted by results from the Pathfinder and ¥k River projects,
Plans for the late 60's and 70%s should mot de confined
to any particular project, Sines there are so msny variablas
involved, froem fuel fabrication coste to the development of
completely new econcepts, gpuch as & practionl fusion system, =
more genersl outlook should be sdopted. Projection of future
patterns of disoovery, technology of utilization and demand for
snergy resources is, at best, a kind of luformal speoulation,
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BUCLEAR POWER ECOHNOHICS AS APPLIED 70 IOWA

If the merits of a system under economic study are to be
significantly evaluated, then s comparison must be made between
it and come similer system (18), In the osse of a nuelear
pover cost study the basls for comparison is the conventionsl
system existing in the reglon for which the study is being
made. Therefore, the cconomlosg of the conventional power
system in Iowa must be thoroughly investigated 1f wellefounded
and reliadble conclusions are expected from the subsequent
nmuclear study.

The most important objective of the study 1s to determine
as speoifically as possibdle when nuclear power costs will bdee
come equal %o, or less than, conventlonal power costs for the
Iown Pool system, and more gemerally, when muclear power will
be competitive in Iows Gtate as o whole., Prediotions will be
nmade for the twentyeyesr period from 1960 %o 1980 and all data
end information used will pertain as closely as posnible to the
regions served by the Iowa Pool companies,

system ap a whole, or from unite alresdy installed, are not of
groat significance in this study. The system contains a large
asgortment of eguipment and many very small unite which produce
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‘relatively expensive elootrical power, have poor load factors
and many other charmoteristics mnd peculiarities which on
aversging with the more normal units would give an erroneous
basls for comparison., Hoet of the existing small unite would
pet be deemed necessary 1if the whole system was being installed
today. The existing power grid and power stations axre
characteristic of s graduslly growing asgrioultural community
where small and inefficlent units were instelled %o meet the
immedinte neads of the day.,

Comparison must be made between conventional and nuclaar
power plants of the same ospsolty, erected under similar condie
tione and at the same time. This necessitates determining the
costs of conventional plants of given capscities over the 1960
to 1280 time peried, In effect, the comparison will be made
between the cost of power from & muclear plant and the cost of
power from the most modern conventionel plant available at the
time, rather than between muclesr power cost and exieting power
cost aversged over the syotem, for from the economie view point
extra power requirements will bde met by the cheapest means
avallable, be 4t conventional or nuclear,

Uplt eapacity

The capacity of the largest unilt installed in a system i
governed by several faotors:

ls The total exioting systenm capaoclity

2, The stability of the system
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3. The avellabllity of emergeney supply from nelghboring
systens

4, The outage frequenay experienced,

The total existing system capacity has a large influence
mmmﬂmmibeswﬁwu A large system in general oan
ascommodate unites of greater capaclity than 2 smaller ons, since
it is the percentage lose of power which determines whether o
recovery is possible. On thie basis an eotinmate may be made
for the aversge percentage of system capacity permitted in a
single generator. The following relationship between unit size
and system oapacity has been obtained from data published by
the Atomic Energy Commimeion (7).

Table 3. Now steameelectric generating unit capacity se per
ecent of total oystem capacity at time of

installati

stem eapaclity before Average per cent of ten ca

%tmmun on olty of new stea g:ﬂa i
penerating unite

Below 500 Mw 35T

501 B¥ to 100 MW ago?

001 MW to 1500MW 14,9

1501 HW to 2000 ¥V 11.3

2001 M¥ to 2500 MW 1048

2901 MW to 000 MW 9eh

A 3000 1Y 8.4

Spor all oteaneslectric unite installed in 1988,

Prhere 15 o range within esch of the indlcated average
perecantagen,
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In 1960 the total system capacity in Iowa was 1300 MW and
therefore from Table 3 the maximum system capacity permitted
pould have been 14,9 per cent of 1300 MW, whiech is 194 Mw,
Assuning s doubling of capacity every tem years the total
capacity of the Town system in 1980 should be 5200 MV, pere
mitting a maximum unit capaclty of 8,4 per cent total, L.8+s
440 uv,

It must be remembered that the above results are bdased on
total system capaclty considerations and will require modificaw
tlon when the remsining governing factors are investigated,

Systen stabllity. Any glven transmission line has a
maxinmun value for the power whioh 41t ocan tranemit and still
maintain stability. This wvalue is governed by the characterise
tic impedance and the lemgth of the line, The reactances
apgociated with the transmission llne cause phase shift bee
tweon the voltage at sending and receiving ends, As the
tronemitted power is inoreased, the phase difference inereaces
until & point is reached where the product of recelving end
voltage, mmtsndpmrmmsm Any further
inerease in load resulte in instabllity. |

Thls mey be demonstrated mathematically using a simple
cage and applying "Squiwvalent n " analysis methods, Figure 10
showe the Bgulvalent r eirouit for a single tranmsission line
fod at o voltage U; end loaded at the other end, where the
voltage iz U,s The linme has total egulwalent resistance,



',!‘h

Ry j Xn

C~> ][, %, w| @,

Qxor-

ienrs 11, Veotoy dlecren f9

Megare 12, Veotor dlagran for WMam iine with
geonetric constraction



52
induotance and suscepteanse of R, , ¥, and !y respectively, 2
eurrent I, feods the load,

The vector disgram in Pigure 11 shows relative phsses and
magnitudes of the ourrent and voltage vectors. The phuse angle
at the load is & snd the phase sngle between sending and row
celving ende 1a © . Using the geometrionl construotion in
Hegure 12, a relationship may be obdteined between the power
transmitted and the other variables,

o= DO « DB
I;2, oo &= ﬁim(x “-? )} - Ugtono y where < =
tan*lz /2
I Ug008 8 = M = Ppy whioh is

2
the power tranemitted to the load. On differenticting the
above expression and setting equal to zerot

Therefore for maximun power transfer © =, Thus the maximum
power is tranenmitted when the phase shift between sending and
recelving end voltages is oqual to ten™ %, /R, , whieh is a
characteristic of the line.

In praetice the line is not loaded above the dynanmie
stabllity limit, which is often set at 50 per cent of the
maximum power rating. This 1imit provides for oscillatione due
to switehing, lightning and other surges,

4 lomg, lightlyeloaded line may aleo prove unstable if
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resonances are set up between the apsociated induetive and
capacitive elements, It is apparent, therefore, that a aystem
with long tranemiession lines 12 likely to have stabllity 4iffi-
oulties, and more especially 1f a small number of large unite
are installed.

The need for system stadility has been one of the factors
influencing the erection of go many small ceapscity uanits ia
Iowe. In 1959 the average steam plant unit capacity in Iows
was TO MY compared with 132 MW averaged over the United States.
In view of this fact the initial walues for meximum unit capae
eity, derived from total system capmcity on the basie of a
United States average, require reduction, The reduction factor
for 1959 ies 70/132 or 0.53. On the basis of this reduction
factor, the estimated maximum unit capacity for 1960 is 104 MW
and for 1980 is 235 Mv,

Avalladility of emergency supplies. Avallability of
emergency supplies from nelghboring systems plays an important
part in determining maximum unit capaecity. If the intere
system linke are strong then all the spinning reserves need
not be provided from within and so provision for large unit
failure 1e not as expensive,

Prior to the formation of the Iowa Pool each company
tended to rely on 1ts own spinning reserves, and as s result e
reserve capaclty of 22 per cent wes bullt up within the state,
compared to a national average of 12,4 per cent. Present
cooperation and plamning has reduced the reserve to 15 per



54

gent and 1t is hoped te¢ masintain this between 10 and 15 per
cent, As well se interual supplies, Iows has relatively strong
transmisgelon links with the Minnesote, Omahe, Kansas Cilty, 8¢,
‘Louis and Decatur, Illinois grids,
frequen Some systems are much more susceptible
to fallure than others. Natural causes such as frequent
thunder storms, or strong winde are often the cause, However,
the use of modern fast reclosure ¢iroult-breakers and protection
equipnment can greatly reduce the frequency of outage, and so,
with the danger of supply fallure reduced, unit capacity nay be
increased,

Replacement of superseded equipment is underway in the
Iows Pool systen,

In light of the above factors the estimate in Plgure 13
is made for future maximum unit capacity. The capaelty of 150
My for 1960 is consistent with sotusl installation and the
exponential inerease to 300 MW by 1980 is a conservative estie
mate and 1c coneldered reasonable by Iowa Power & ILight

Cempany engineers,

Jonventional power oot

For the sake of simplicity the value of the U.8, dellar
¥ill be considered fixed at its 1960 level and all data used
will be normalized to this date. Such procedure will not dee

tract from the value of the study simee 1t s the relative cost
of conventional and muelear power which is being considered,.
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