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PREFACE 

Systematic development of the information presented in this report was completed 
in September 1985. Delays in funding and review have prevented timely publication. An 
attempt tias been made to include new infomation where substantial changes in programs 
or designs have occurred, but it has not been possible to bring the report fiillly up to date. 
Subsequent developments and events, particularly the Chernobyl accident, may alter some 
of the findings. 

... 
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ABSTRACT 

Innovative reactor concepts are described and evaluated in accordance with criteria 
cstnblished in thc study. Thc reactors to be studied were selected ton the basis of three 
ground rules: (1) the potential for ccsmme-rcializartion between 2000-2010, (2) cconornic 
competitiveness with coal, and (3) the degree of passive safety in the design. The 
concepts, classified by coolsnts, were light water reactors, liquid metal reactors, and high- 
temperature rcnctors, and most were of modular design. A1 though the information 
available is not adequate for a definititie evaluation of economic competitivenes, all of the 
concepts appear to Ix potentially viable in the time frame sclected. Public and institutional 
iicccptance of nuclcar power was found to be affected primarily by four issues: 
( I )  operational safety, (2) waste handling and disposal, (3) constniction and operating 
costs, and (4) the adeqiiacy of irianagenient and regulatory controls. 
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1. INTRODUCTION 

The Nuclear Power Options Viability Study (NPOVS) was initiated at the beginning 
of calendar year 1984 by Oak Ridge National Laboratory (ORNL). The objective of 
NPOVS was to explore the viabilities of several nuclear electric power generation options 
for this country in the 2000-2010 time frame. The identification and development of 
methods and criteria for evaluating new reactor concepts were important efforts. Innovative 
concepts were identified that may be marketable at the time when studies show that the 
demand for new electrical energy capacity is expected to have increased significantly. 
These concepts were considered and evaluated with respect to the criteria and with 
emphasis on cost, safety features, operability, constructibility, regulation, research needs, 
and market acceptance. Nuclear reactors are recognized as a valuable resource to meet 
future energy demands. 

ORNL, recognizing the need for a broad base of knowledge and experience, 
engaged the Tennessee Valley Authority (TVA) and The University of Tennessee to 
participate as partners in the study. TVA concentrated its efforts on evaluation of the 
concepts and licensing. The University of Tennessee assisted in the evaluation of 
construction costs and public opinion issues. Both institutions contributed extensively to 
the evaluation of issues and in review of the reports. In conducting the study, the authors 
extensively contacted segments of the nuclear industry for current information concerning 
the concepts studied and for other valued assistance. 

Many of the problems encountered by the nuclear industry are institutional in nature 
and relate to the way in which the utility companies, designers, constructors, and regulators 
are organized and function. This study attempted to identify these institutional factors but 
has not addressed them in all aspects. It was observed in the study that the institutional 
problems derive in some measure from technical features, which, in turn, originate at least 
in part from the large size, complexity, and exacting requirements for existing nuclear 
plants. Emphasis in the study was placed on the technical aspects that have potential merit 
and on improved design concepts that can help to alleviate institutional problems. Other 
institutional factors are addressed, first, where they are judged to have a substantial impact 
on technical features of design and construction and, second, with respect to market 
acceptance. Consideration of additional institutional aspects is thought to be desirable, 
perhaps necessary, but is beyond the scope of this study. 

The study emphasized criteria by which nuclear power reactors can be judged and 
which are considered appropriate for judging future commercial viability. Other design or 
operational needs that are important but are more difficult to quantify were also considered. 
These are presented as either essential or desirable characteristics. Several innovative 
reactor concepts are described and evaluated with respect to these measures. 

This study differs in several respects from other studies concerning the future of 
nuclear power in the United States. The first is the time frame of interest. The FJPOVS 
effort was focused on a little later period (2000-2010) than most studies. For the near 
term, existing Light Water Reactor (LWR) designs, or their evolutionary modifications, are 
available nuclear choices if there is a sufficient demand for increased electrical generating 
capacity. Projections by the electric industry indicate that new base load capacity will he 
needed before the year 2000. Therefore, it is highly probable that decisions to order 
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bawled capi:itY will bc made by 2000-2010 (Kef. I) and, flit ilieniiiure, that thc  reactor 
concepts disciissed in this report have the potential for competing with exirting LWR 
designs or Cd-firCd plnnts ; I t  i’rrai tiI11e. 1 or the niOre distant fuluic, rruclear p h t  conceptc 
incorporating more innovative, if not revolutionary, fearurcs could be the best choices. 

The second aspect making this study different is the kvel of technical detail 
considered i1-t cvaluating the \pecific designs. A significant amount of dcsigri information 
was genelared En thc  last three years by all of the nuclear designers involved with 
innovative concepts, and much of thiv information was made available t o  the NPOVS. 
Recognition has k e n  given to the special features of each concept and thus to the role that 
each may achieve in a matiirc nuclear economy. 

‘I’he ME’OVS program proceeded in steps: (1) a literatiire scrirch and development 
of a bibliography; (2) development of criteria for cvaliiation of ~luclear pla~it designs and 
plans; (3) evaluation of selectcd design concepts using thcsc criteria as a g~iide; a id  (4) 
recomniendatiohs for areas of rescaich and develoyilien~ ( R B  1 ) )  needed to reduce 
uncertainties in the viabilities of o$oiis. ‘I he approach used in evaluatio~i was to compile 
detailed info1 niation on the various reactor concepts of interest, synthesize that informition 
i n  accordance with specific technical arcas, develoy, an  understanding of how design 
features influence the overall cost of generating power, and consider how changes in the 
design might accomplish improved economic perfoirnancc aiid acccptance by regulators 
and the public. In addition to technical cvaluations, assessrneiits were made, of the various 
nontechnical factors that influence commercial use, for example, regulatory requirements, 
industry perspectives on future technologies, market acceptance, electric power growth 
needs, and economic conditions. 

‘The report of the NPOVS is organized into four volumes, as follows: 

Volume I, Executive Summary 

Volume BV, Bibliography.4 

Volume 11, Reactor Concepts, Descriptions, and Assessments2 
Volume III, Nuclear Discipline Topics3 

2.  CRITERIA FQR EVALITATION- OF CONCEPTS 

An early effort of the study was to develop critccria that rcactor designs would have 
to mcet to become viable in the future. In thc reactor assessments, these criteria were used 
as a guide to assess nuclear concepts. In most cases, lack of data necessitated the use of 
engiiicering judgment to determine the status of, or potential for, conformance with the 
criterix Often such judgments must be supplemented by the formulation of further RRtD 
needed to facilitate more reliable conclusions. These rieeds arc identified for each of the 
concepts. 

‘I’he evaluative critzrin established in this study are as fc,llows: 

1. The calculated risk to the public due to accidents is less than or q u a l  to the 
calculated risk associated with thc best modern LWMs. 

2. ‘I‘he probability of evenrs leading to losc of invcstnierit is less rhan or q u a l  to 10-4 
per year (based oil plane costs). 
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3, 

4. 

5.  

4. 

7. 

The ~ C Q ~ ~ I T I ~ C  performance of the n u d e n  plant i s  at least equivalent to that for- cc)al- 
fired plants, (Fhiaatcial goals for the utility are met, and busbor costs are accepbic 
to the public utility r;ornrnissions.) 

The design of each plant is complete enoiiglir f o r  analysis to show that the 
~ ~ o ~ ~ ~ ~ ~ ~ t y  of bignificanr cosgkd~dule O Y ~ ~ A I I S  is acccptkbly low. 

Official approval of a plant design must be given by the U,S. Nuclear Kegulntory 
Coxmrnission (NRC) to assure tl-ic investor and the public of a hig p ro-cshab i I. i t y t h at 
the plant will be licensed on timely ba4s if c6snstraicteil in aucordamce with [he 
approved design, 

For a new concept to become attractive in the marketplace, dcancinxtratisn of its 
readiness to he designed, built3 and liceimsed and to begin operatinn$ o n  time and at 

The design should include only those nuclear tecktiologies hi: which the 
prospective ~ w ~ e ~ ~ ~ ~ e ~ a ~ ~ r  has demons~sated competence or can acquire conrpctent 
niai~agess and operators. 

COS1 is necesstq. 

Thcse cxiteria ~ b - ~ i o ~ s l y  are not independerrr since items 1 and 2 deal with the 
probabilities for successful operation or failure? items 3 to 6 are primarily econemiic, and 
item 7 relates to cmorxtrated oyeratiojzal experience. l-Honvcvcr, we deem each criterion io 
have sufficicent stand-alone rncsits to justify separate cor1sides.mtion. 

The criteria 4xe ~u~~~~~~~~~~ by a list of characteristics that proavidc: further guidance 
for properties judged te be of ~ ~ ~ ~ o ~ a ~ ~ ~  to nucletu powcr viability. The characteristics 
chosen are not as uantiiiable or denrernsbrable as are the criteria and X-rave k e n  chosen to 
include k a m e s  that ~ o ~ p l ~ ~ ~ ~ ~ ~ t  and amplify the criteria. ?lie essential characteristics are 
as follows: 

0 Acceptable front-end costs and risks 

- Consauction economics 

Low costs associated with accidents 
b w  costs associated with c ~ ~ i s ~ ~ ~ ~ ~ ~ ~ ~ ~  delays 
Low custs associated with delayed or unanticipated actions by regulatory bodies 
Low costs associated with delayed or unanticipated actions for environmental 
protection 
Unit sizes to match load growth 
Uncertainties in technology and experience not likely to negate investment 
economics 
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Minimum cost for reliable axid safe operation 

- High availability 
- 
- 
- 
- Low fuel cycle costs 
- Adequate seismic design 

Ractical ability to construct 

Minimum requirements €01- operating and security staffs 
Designed for ease of access to facilitate maintenatsee 
Simple and effective modern control system 

- Availability of financing 
- Availability of qualified vendors 
- Availability of needed technology 
- 
- 

Adequately developed licensing regulations applicable to the concept 
Ease of construction enhanced by design 

Public acceptance 

- 
- 
- Low radioactive effluent 
- 
- 
- Utility and regulatory credibility. 

Operational safety of power plants 
Safe transportation and disposal of nuclear wastc 

Low effect on rates of construction and operation 
Adequate management controls on construction and operation 

Related desirable characteristics are as follows: 

1. 
2. 
3. 
4. 
5. 
6 .  
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 

practical rzsexch, development, and detnonstration iequlrelncnts, 
case of siting, 
load-following capability, 
resistance to sabotage, 
ease of waste handling and disposal, 
good fuel utilization, 
ease of fuel recycle, 
technology applicable to breeder reactors, 
high thermal efficiency, 
low radiation exposure to workers, 
high versatility relative to applications, 
resistance to nuclear fuel diversion and proliferation, 
on-line refueling, 
low visual profile. 

Several of these characteristics are not readily determined quantitatively and 
therefore are applied primarily by judgment. They indica,tc areas and issues of interest and 
importance. As a rule, an individual characteristic should not determine the fate or viability 
of a concept. 
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3. CONCEPT SELECTION AND CLASSIFICATHBN 

1.  

2. 

3. 

In selecting the concepts to be studied, three ground rules were used: 

The nuclear plant design option should be developed sufficiently that an order could 
be placed in the 20-2010  time period. 

The design option should be economically competitive with environmentally 
acceptable coal-fied plants. 

The design option should possess a high degree of passive safety to protect the public 
health and property and the owner's investment. ["Passive safety" refers to the 
reliance on natural physical laws and properties of materials to effect shutdown and 
radioactive decay heat removal without relying hewily on mechanically or electrically 
activated and driven devices as employed in active (engineered) systems.] 

The concepts selected and described in Volume II of this report2 are considered 
advanced and have various degrees of innovation as compared to current concepts. For 
convenience, the selected concepts were classified in the traditional way by their coolants 
and respective generic names. The concepts selected are: 

1. Light-Water Reactors (LWRs) 

PIUS (Process Inherent Ultimate Safety) - promoted by ASEA-ATOM of Sweden5 

* Small BWR (Boiling Water Reactor) - promoted by General Electric (CE)'j 

2. Liquid Metal Reactors (L1MRs) 

PRISM (Power Reactor Intrinsically Safe Module) - The GE advanced concept 
supported by DOE7 

* SAFR (Sodium Advanced Fast Reactor) - The Rockwell International (RI) 
advanced concept supported by DOE7 

LSPB (Large-Scale Prototype Breeder) - The Electric Power Research Institute- 
Consolidat& Management office (EPRI-CoMO) concept supported by EPRI and 
DOE* 

3. High-Temperature Reactor (r-fl?R> 

* Side-by-Side Modular - The core and steam generator in separate steel vessels in a 
side-by-side configuration. The concept is supported by DOE and promoted by 
Gas-Cooled Reactor Associates (GCRA) and industrial firms.9 

These concepts are judged to be potentially available in the chosen time period, are 
estimated by their promoters to be economically competitive with coal-fired power plants, 
and have varying degrees of passive safety attributes. Although the designs are too 
preliminary for a complete and definitive assessment, each is believed to have potential for 
a significant future role. The Advanced Pressurized-Water Reactor (APWR), the Advanced 
Boiling-Water Reactor (ABWR), and the large W R  are recognized as viable systems that 
could meet electric power generating needs prior to or following the year 2000. These 



6 

rractoi s W‘CK not inchdid in this study except foi i-eferc~lce bccaiise t k y  do 1101 fully meet 
the, third ground rule and because thcy have alteady beerr the szlbject of extensive siudy and 
developmen t by industry. 

4. SUMMARY OF FIhDTNCX FOR CONCEITS 

Most zdvaiiced reactor concepts are smaller than piesen: LWRs; thereforc, they 
suffer the economic disadvantage? whether real or pcrceived, associated with economy of 
scale. ‘This disadvantage is claimed to bc offset QT compeilsated for ia varying degrees 
thioiJgh an improved match ~ i t h  load giowih, reduction in capital risk, increased <hop 
fabrication, shoiter cons-miction time, increased standardization, design simplification, and 
less dcmanding construction management repkerncnts. Ticensing may also be s implifd 
if credit can be tkcn  for passivc safety features such that other ti-aditi~id safety systems, 
required !iy the dcfeme-in-depth philosophy, can he eliminatcd. A substantial problcv, in 
achieving these compei:sations derives from the need for a large fi-ont-end ifivestxneni foi 
certain of thew fcatuies. Automated shop fabrication, in particular, wi!l q u i r e  a 
substantial backlog of sldcx to be eeonomically fcasihle. Nuclear plant standadiedtion is 
wide!y viewed as an important goal for viability. 

To bc concise in this SuiTinaV, we Iiavive a ~ ~ n e d  that the read?; is faniiliai with tlit; 
concepts. ‘T’he claims, advantages, disadvantages, and important devdopment necds will 
be summax-ked in the order irr which the coneepts are desciibed itn Voliime 11 of this 
report.2 it must be noted that each of thcse cc\aacepis is currently in design developi-msnt. 
The descriptions and assessrrlents of this study reflect the statur for each as of 
September 1985 except that some updating has been done where imfc,ima;ion was rmdily 
available. The reader should recognize that fuurthner development is expected to change 
design features and thus affect the conclusions from future evaluations. 

All the concepts clioscn for the study appear to be potentially viable, but thc 
available infommion has been insufficient to fully asscss their economic con-rpetitiveness. 
Specific findings for each concept follow. 

4.1 PIUS 

Thc basic design premise of this concept is to achieve a VCTY high dcgree of passive 
safety with iespcct 10 cquipment failure, operator error, and external threats, The large 
pool of borated water, which can enter the corc without mechanical, electrical, or opcrator 
action, is to provide both shutdown arid sevm days of pa vc cooling for decay hear 
removal. 1 hese claitlns appcar to be justified, althoiigh questions rcmiiii coi1ccming the 
safety of fuel and ecpipment hairdling opeiatioIns within the pool. The availability of watcr 
for introduction to the pool afiei seven days is site depeildeilt but potcniially viabk. 
Overall: the concept appears to be licensable without major redesign, assuming that the 
NRC will accept a reactor with 110 control rods. The featiires that promote safety also 
appear applicable: to protection of the inveshic;it. ASEA-A fr3M ciairiis that thc plant can 
be ~csrmoPnically competitive with coal-fied plants. This may depend PIX further evaluation 
of the identified problems that follow. 

-- 

The steam getleiator locatcd inside thc Prestlesscd Concretr Pressure Vessel 
(PCPV) is of a diffrciilt design with respect to rnaintenmce. This and the pioblclns of 
handling fuel and equipment deep (30 m) in the p o d  icquire careflil design and detailed 



under develiopmeaat in a 
~~i~~~~~~~ in co~p'lmon. 

rogram and arc at 
5: bellefit from the 

high ~ ~ e ~ ~ l .  ~ o n d ~ ~ ~ t ~ ~ ~ ~ ~  sf the codant, 
features pernit the design of primary 

ssive natural convection decay heat removal to 
smaller modular concepts provide potential for testing of the core 
that might result from reactivity increases or fric9rn loss of flow of 
IS respect, smaller reactors, in general, have an adv-antage over the 

LMRs. A l t ~ ~ ~ ~ ~  the h ~ p ~ t ~ ~ ~ ~ ~ a ~  core disruptive accident (E-ICDA) is claimed to be 
ible by the proponents, the case for disregard i s  accident is yet to be a p ~ r ~ ~ ~ d  
NWC. I f  the Clinch River Breeder Reactor R) can be taken as a precedent, 

which are ~~~~~~ 

a t ~ ~ s p ~ ~ ~ ~ ~  air. 
stability for cow 
primary sodium 
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then it would he reasonable to expect that a HCDh would be a beyond design basis event 
(BDBE). Acknowledging passive accommodation of HCDAs could significantly reduce 
design complexity, facilitate licensing, and improve public acceptance. Reliable control rod 
shutdown systems, feedback response from temperature increases, and the resulting 
thermal expansion are important safety features. Although containments or confinements 
are provided, careful design and perhaps testing will be required to ensure that air oxidation 
of the sodium is unlikely. Such containments must be protected from external threats. 

An advantage of the LMR is the extensive operating experience available from the 
Fast Flux Test Facility (FFTF), the Experimental Breeder Reactor-HI (CSR-IZ), and from 
European and Japanese plants. However, much of this experience base is not at the utility 
level, and the loss of the Clinch Wivcr Breeder Reactor (CRBR) slowed the pace of 
development of LMRs in the United States. Even though it appears possible to design, 
construct, and operate a demonstration plant and to reach commercialization within the 
2000-2010 time frame, it would require an early dedication to the task. 

The availability of related experience, the simplicity of the proposed designs, and 
the passive features mentioned above strongly suggest that the licensing of these LMRs 
should be achievable, Standardization of reactor designs should enable a generic license eo 
be. issued by NRC thus limiting licensing consideration, after the initial plant, to site- 
specific issues. An obvious long-term advantage of the EMR is its potential for breeding 
and thereby creating an essentially unlimited extension of uranium fuel resources. This is 
not an immediate objective of the current program, but it should not be overlooked. 

Historically, LMR concepts have had higher capital costs than LWRs. This cost 
experience is manifested in European as well as U.S. designs. Although the cursent 
concepts address this issue, it is not yet adequately resolved. The high bumup core 
designs represent one approach to overall cost reduction. Another disadvantage is the 
requirement for enriched uranium or plutonium as the starting fucl. The former is available 
from U.S. enrichment systems. The latter is at an early stage of both. institutional and 
technical developmerit for acceptable fuel reprocessing plants in this country, although 
considerablc experience exists abroad and in military facilities. Other couritrics offer the 
prospect for purchase of plutonium fucl, but this is unlikely to be an acceptable continuing 
source. Once-through cycles are not adequate for long-term niaclear energy viability; 
therefore, reprocessing remains an important objective for future LMR concepts. Integral 
Fast Reactors, which would be collocated with the supporting fuel reprocessing and 
refabrication facility, face significant institutional problems for the combined operation. 

LMK development needs include advanced core design and proven neutron 
counting systems, improved shielding, and self-actuated shutdown sysrerns. Testing of 
heat removal systems is an obvious requirement. Depending upon the choice of initial fuel, 
the fuel cycle development rcquirements may be extensive. l’he metal file1 cycle, which is 
claimed to offer safety and operational advantages, rcquires an extensive fitel development 
and testing program. Concepts under consideration could benefit from proposed safety 
demonstration tests for licensing purposes; the experience would be valuable and analytical 
methods could be tested. I Iowever, we caution against overly optimistic expectations from 
this approach because many disturbances (such as the effects of severe seismic events, 
interference with air cooling, and sabotage) cannot be fully tested and would require 
extensive analysis for evaluation. A more desirable and convincing approach with respect 
to utility acceptance may be to construct and operate a dernonsiratiolr or prototype plant 
based on an adequate program of analysis, component development and testing, and 
design. This plant probably could achieve commercial operation, but  me iteration would 
no doubt be beneficial before selecting a specific design f ~ r  standardization. 



4.4 MODULAR I9CH-TEMPERATURE CAS-COOLED MACTOW (M€€IR) 
Y-SIDE CONCEPT 

A high degree of public protection is achieved through a capability for extended 
afterheat removal through the vessel wall by convection, conduction, and thermal radiation 
without operator? mechanical, or electrical intervention. This advantage is made possible 
by the very high temperature capability of the fuel, including retention of fission products 
and the slow thermal response of the core, which eliminates the need for a fast-acting 
shutdown system. The same protection applies to the probability of events leading to a loss 
of investment and offers the possibility for advantageous siting of plants. The "low- 
enriched" fuel is beneficial for proliferation resistance but requires enrichment substantially 
higher than that of a conventional EWR (20% vs -4%). The potential for producing high- 
temperature process heat is a long-term advantage. 

A disincentive for the application of an MHTR in the United States is the poor 
performance to date of the Fort St. Vrain reactor (FSVR). However, the difficulties with 
this reactor are unique to its equipment and are not common with the new concept. (In 
many ways, the MHTR design can benefit from the lessons learned at the FSVR.) Also, 
the performance of the Peach Bottom Unit 1 reactor in the United States and of the AVR in 
Germany has been satisfactory. Since the TH'IR-300 reactor in Germany is the latest HTR 
to operate, its perfornlance is important to watch. 

The small base of operating experience in the United States suggests an important 
need for a successful MKTR demonstration plant. Because of the ruggedness and 
resiliency of the fuel and the inherently slow time response for temperature excursions, it 
seems possible that a demonstration plant could be used extensively for experimentation in  
safety and operability and could later serve as a first-of-a-kind power plant. However, 
since the design experience is also limited, it is quite possible that a standardized plant 
design might benefit from the experience of the demonstration. 

Development needs include improved determination of fission product retention by 
the fuel coatings, graphite, and metal surfaces under hypothetical extreme accident 
conditions, Graphite development should indude additional irradiation creep data, a 
statistically determined physical property data base, and evaluated failure criteria. Fuel 
fabrication development is far advanced in Germany and the FSVR fuel has been 
successful; however, the reference fuel for the MI-ITR has higher performance 
specifications than FSVR fuel. Process development and fuel testing are needed for 
production methods to meet the higher specifications. Structural materials development 
needs relate to obtaining physical property data to satisfy code requirements, including the 
effects of neutron irradiation on physical properties. Another important area of 
development is the testing of key components under actual conditions. This is especially 
important in the case of the circulator to assure high availability. Materials and corrosion 
testing for various projected impurity levels in the helium would also be desirable but 
probably is not a requirenient. 

Several subjects that were judged to be important in the evaluation of concepts 
have been considered in detail, both for the evaluations and generically. These topics 
(Construction, Economics, Regulation, Safety and Economic Risk, Nuclear Waste 
Transportation and Disposal, and Market Acceptance of New Reactor 'Technologies) are 
discussed in order in the following sections. 
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5.1. CONSTRUCTION 

'The various consmetibility claims, both expressed or implied, of the six NPOVS - 
selected reactor concepts were first reviewed and tabulated in a logical order (Table 2,l in 
Volume III).3 Factors that were considered include availabiliry of information to support 
claims; design complexity; stawdardieation, modularization, and shop fabrication; 
coiistructiori schedule; constrwaion management; and ncw managenient techrriyues and 
construction tools. Research and devclopment needs in SUpIJOWf of consli ?lition of thcsc 
concqm have also bcen explored. 

A positive factor contributing to the yoterziiiai success of the conceptq studicd is that 
thc designers includcd consauctibility considerations from the outset. Thc coasiractiorn 
$sals arid criteria of most coi9ecpts irnclude (a) simplicity of structural design; ('03 o p h a i  
standaudi/ation, modrilarization, and shop fabricarion; (c) use of heavy-duty trarrsport 
means to ship shopfabricated eompsnents eo the site and heavy-duty crams aadlnr air 
casters io erect heavy modules at the site; (d) use of a limited-size, dedicatcd crew to 
incrcasc field yxductivity; (e) limitation of safety-grade constriction to the naclea island 
with separation from the balance-of-plant (BOP) cunsnruction; (f) shoir conxtruction 
schedules; and ( g )  effcctive project management, 

Seveid design fcamres would facilitate acl-iievitig these goals, Most ccxepts have 
builr-in passive safety systcms to c o d  the r c x ~ m  core far scveral hours before additional 
remedial measures inust be taken. Thew passive safety featurcs ericrhle many concttprs to 
function with a smaller nimber of systems and structures than the niinibc;: xcessary for 
cunrelit LWRs. Reducing the numben 3f safety systems and sornflning them to the nuclear 
island would permit savings in construction material, consrruction requihemenrs, 
construction schcbule, and quality assurance documeiitatiori reqcli rements. 

Oia the @then hand, additional data we iiceded io substantiate the claim that the 
concep{s studicd could be conshucted m o ~ e  easily, faster, and cheaper than cnrrent LWRs 
because of the higher prc3jjected degree of standaadizatiorr, modularization, and shop 
fabrication. These meritorious cast-cutting, prducf t i ty -  and quali ty-increasing tech cn:Pques 
ape more dependent on the assurance of a large order than on specific reactor coileepts. 
Such a large order for reactors without customized demands would allow any concept, 
iricluding LWRs, to bc standardized, tnodularjzed, extensively shop fabricated, and built in 
a period of less than five years, The number of units to b~ manufactured for a given 
addition of powcr is inversely proportional to the size of the units; hence, it i s  more likely 
that thc initial cost for factory automation can be justified for many small units thau for a 
few large reactczrs. However, thcrc may be somc drawbacks in the zonstructibiiiry of the 
concepts studied vis-h-vis large reactors: the commodity requirements per kilowatt 
(electrical) of most sf  the concepts are higher; the steel vessels of the M K R ,  SRFR, and 
PRISM uriits are as lage as those of I.WRs, which have io 10 times the power rating; 
and thls concepts may have to undergo several iniprovemewts before standardization and 
moddaritation will bring any real benefits. 

From the management viewpoint, the sequential construction of smaller units can 
make the job more manageable and productive, but this approach is not the exclusive 
characteristic of the concepts studied. The passive safety features of the conccpts and thc 
proposed separation of the miclear island and BOP construction should definitely help to 
reduce construction costs. However, care must be taken to insure that the total plant 
operates smoothly as a unit even if the BOP is not required to serv'c a qafety function. 
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The goal of the economics effort was to gain an insight into the ~nrany factors that 
rtant to tht. ecommic competitiveness of the various NPOVS cmcepts, 
to rank one concept reflative to the others but to €om a basis h r  fut 
re i s  known aboiat the design and costs of each concept. The economic: evduatim 

uded analyses OB capital investment costs, busbas power generation costs, and 
.~nodities necessaq to biuild the plants. The objective of the ana!yses was to provide a 

perspec~ivh: on ?he r&tive economii;:; of the various conccpts using mdisional methmin and 
not t i %  dfer  a judgment on thcir absdute competitivei~ess. The analyses indicated that 
e ~ ~ ~ ~ ~ t ~ ~ ~  capital isrvesniinent costs for the mod plants generally fall below or at the the 

lur plants. Tlmc results of the analyses dlso showed that the power generation costs of 
concepts fail in the same competitive range, There are, Irowever, large ~~~~~~~n~~~~ 

Rs are scaled a0 the size range o f  the 

in the cost ~ ~ ~ ~ ~ a t ~ o ~  for all of the corrcepts, 

The power generation cost connpt~sons are, wadi tiom1 busbar cost calculatioiis and 
may riot take into ~ ~ ~ ~ i ~ ~ ~ a ~ i o n  factors that are important to the economics 01 sma81 plants. 
Generic* issues germane to the cccsnomic attractiveness of small modular plants relative to 

the BOP, nnudular construction and cost-size scaling, plant 

Although there i s  room for improvement a ~ v ~ ~ ~ a ~ i l i t ~  for plants of all sizes, 
rma"sl-size power plants appear io have id better expelrieaace eanars large-size 

one Barge plant of the same capacity, and, t ~ ~ e ~ ~ ~ ~ ~ ~ ,  less total capacity is 
ultiple small plants than with one big plant. 

&e plants irxcllPde yl t availability and reliability, shop fa~r~Cation, safety separation of 
nuclear island a 

so, fhxe is a sn1alBer ~~~~~~b~~~~~ of losin ~~e~~~~~~ from multiple sniall plaa~s 
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Small plants may have additional economic advantages relative to large plants when 
the utility system is included in the analysis. Some of these advantages include a better 
match to electric growth, thereby lessening overcapacity; shorter lead times for small planes 
than for large ones; better system reliability for a given capaci&y; and better accommodation 
of demand changes. There is also less financial risk, which leads to a potential decrcase in 
the overall cost of money. Estimates indicate that utilities could afford to pay an additional 
25% or more for a short-lead-time, modular plant than for a long-lead-time, large-size plant 
with no increase in average rates to the eonsumer.llJ2 

Plant standardization offers large potential economic advantages. A principal 
advantage is that the design and engineering costs are spread over a large number of units. 
Also, learning takes place as additional units are designed, rhus reducing design cost, labor 
requirements, and lead time. The benefits of standardization apply to large-size plants as 
well as to small ones, albeit probably to a lesser degree, since fewer units would be built. 

The fuel cycles for the PNJS and small BWR are the same as for current LWRs and 
will use similar fitel. The LMR and HTR fuel cycles will involve development and perhaps 
considerable capital invesmcnt to implement. However, HTR requirements are primarily 
for fuel testing and fabrication facilities since a once-through cycle is planned. Economic 
issues involve the cost for reprocessing and fuel fabrication, the economics of integral 
recycle facilities, use of enriched uranium for LMRs, plutonium value and tax treatment, 
and waste disposal issues. Preliminary studies (Appendix E, Volume 11)2 indicate that 
there is a cost disadvantage in small, integrated fuel recycle facilities relative to large, 
common, central fuel recycle facilities. 

Further information, studies, and analyses are needed to properly evaluate the 
economic competitiveness of the concepts relative to current LWR technology atid to coal- 
fired power plants. Of primary importance is the development of basic cost information for 
the concepts, applying consistent ground rules for all concepts. Also, each of the generic 
issues needs to be explored quantitatively in depth to deternine if small plants in fact have 
an economic advantage relative to large plants. 

5.3 REGULATION 

A utility's confidence in its ability to obtain a license to operate a nuclear power 
plant is paramount in any decision to undertake a nuclear project. Experience has shown 
that the licensing process can be cumbersome and unpredictable. A number of steps have 
been proposed which, taken either independently or in combination, would improve the 
regulatory climate both for existing reactor types and for new designs. A better integration 
of the design process, with a complete design available when a license is applied for, 
would facilitate the regulatory review and would reduce the niuniber of changes called for 
during construction. The same design could be used for a series of plants, preapproved by 
the NRC as a standard design. When combined with a preapproved siting policy, 
preapproved standard designs would substantially reduce the front-end risk and would 
accelerate project schedules. There are also strong economic incentives to adopt standard 
plant designs. Several standardized plant programs were initiated in the 1970s but were 
terminated by plant cancellations. 

The extcnsiveness of regulatory, as well as nonregulatory, backfits to operating 
plants and those under construction have been cited by utilities as major reasons for the 
decline of the nuclear option in the United States. Stability and consistency in the NRC 
regulatory process must somehow be achieved to make new nuclear plants viable. 
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‘The adoption of performance-based regulation, as contrasted with the present 
prescriptive mode, has been proposed as a means of stabilizing the regulatory process. The 
adoption of passive safety systems, such as are used in the concepts studied by WOVS, 
may increase the applicability of performance standards. 

The NRC has proposed an advanced reactors policy calling for simpler, more 
reliable reactor designs.13 We believe that the concepts studied by NPOVS are consistent 
with that policy. 

A number of licensing issues appear to be associated with the advanced concepts: 

The NPOVS reactor concept proponents, relying as they do on passive safety features 
to prevent adverse effects of accidents, in most cases claim that nuclear safety-grade 
equipment can be limited to the nuclear island. 

Proponents of some of the concepts believe that minimal or no containment can be 
justified because of a lack of credible severe accident sequences. 

Some proponents believe that a safety demonstration plant would greatly facilitate 
licensing. 

There is considerable support for the concept that very rare accident precursors, with 
frequency below some particular value such as per reactor year, need not be 
considered as design basis events. However, current experience and probabilistic risk 
assessment (PRA) methods may not be adequate to establish such values. 

Potentially large costs are associated with the resolution of these issues; therefore, early 
NRC consideration of these matters would be desirable. 

AND ECONOMIC RISK 

VS criteria address safety and economic risk by providing limits for the 
probability of events related to safety and risk. The criteria require PRA to ascertain 
compliance. Since PRAs are not available for all of the advanced concepts, judgment has 
to be substituted. The broad use of passive safety features may eliminate the adverse 
consequences of many accident sequences, but the PRA would still be useful to identify 
deficiencies and to assure safe designs. 

As the result of passive safety features, much more time would be available to 
reactor operators for the use of engineered systems or other emergency response (i.e., days 
for most anticipated accident initiators). The designers of passively safe concepts have 
responded to this characteristic in the following ways: 

Accident prevention ax opposed to mitigation has been emphasized. 

a 

Few or no operator actions are required. 

Simplified engineered safety systems, with few critical components, are used. 

0 In some cases, it is proposed to demonstrate safety by subjecting a prototype to 
specified accident initiators. 
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(~ircumstances other than accident risk may put the capital investment at risk arid 
might be considered vital by investors. These include political actions (such a,s &e AusWkk1 
Zweiitcndorf Reactor), quality assurance deficiencies (such as at Zimmes), or financial 
problems (such as at Marble IMl). Operation ksk, rclatcd to  unzxpectcd events that affect 
revenue, can have very high costs. New and untested concepts are particularly vulnerabk 
to operation risk. Preapproved standard plant designs with a good operatisrial data base 
wmild tend to minimize the above risks. 

Proponents of thc advanced concepts have not ia g e n d  calciilated so~rce terns for 
their systems. NRC regulations require tirat there be a comtrisinmcnt system to mitigate the 
release of an arbitrary fraction of the reactor's fission products, indcpendent of reactor 
design. This fraction is probably much greater than the actual releasc that would bc 
experienced in most accidents. It is desirablc that containmarts be designed to mitigate 
realistic soiirce terns determined for htle specific design. 

Further investigation and research are required to reduce the unceatairities associated 
with safety and economic risk, These include attention to issues such as: 

Developrnmt of quaititative ~ s k  criteria for advanczd reactors. 

Consideration of the significance of passive safcey features to iislc reduction. 

Determination of the frequency of rare events that would constitute a lwVver limit for 
design basis. 

Appropriate treatment of source term and containment for very safe designs. 

Appropriate focus an  safety and risk reduction in the development and application of 
standard designs. 

5.5 NUCLEAR IVASTE TRANSPORTATION AND 'DISPOSAL 

Legislation has Ixen enacted that (if implemented as scheduled) WQUM provide the 
technology and facilities for waste disposal prior to the year 2000. Utilities choosing to 
build one of the concepts studied by NPOYS should have firm guidelines on waste 
management and disposal by that time frame. The only reactor types catisidered here that 
may require special waste system development are the modular HTR and the metal-fueled 
LMR. For the former it may bc desirable to reduce the high-level waste volume, and for 
the latter a new waste technology is required. 

The public risks due to potential accidents in the transportation and disposal of 
nuclear wastes are exceedingly small according to conventional risk analysis. 
Nevertheless, many members of the public consider the wastes a major hazxd. Some of 
these concerns are likely to persist into the time when concepts studied by NPOVS would 
be deployed. 

5.6 PILOT STUDY OF MARKET ACCEPTANCE OF NEW NUCLEAR 
'I'ECEINOLOGIES 

This part of the NPOVS represents exploratory research designed to provide a. basis 
for assessing the market acceptability of new reactor concepts. The first part of the 
research addressed whether issues are characterized as technical or institutional by 
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pxoponents and critics of nuclear power. Thus the market acceptance rcscxch dealt directly 
with the csnflicis that arise from the ~e r s i~ ten t  debates over rhe technology. The other part 
of the rcseacln soughr to understand the conflict that emerges uver nuclear 
process of chonshg the capacity needed. This research was carried out throe1 
ciise studies of public utilities, public utilisy cninmissioris (PUGS), arid interest groups 
critical of nuckar power. This second study was focused on the ulilities' 
the cilnstraints imposed on these preferences by regulators and public interest poups. The 
two parts of the research were drawn together to define a set of major issues k i t  are likely 
to Ipt: at the core of the a c c e ~ t ~ ~ i l i t ~  question for new reactor technologies. 

5.6.1 General Conditions for a Future Nuclear Markel 

The  in^^ of this pilot study inuse be treated as provisionall, especially as they are 
not entirely consistent with some of the prevailing views of the nuclear power industry. 
Analysis of the interviews conducted for the study indicate that a ce~mrnercial market for 
same sort of nuclear generation technology is feasible after the ttm of the century, sub.ject 
to three necessary, but not sufficient, conditions. These are: 

* a projected need for new baseload capac-ity 

a narrowing of the gap in construction costs between environmentally acceptable fossil 
and nuclear p h t s ;  and 

* the absence of a third option for baseload power to compete with nuclear, 

Even if all three necessary conditions are satisfied, there is no guarantee h a t  nuclear 
options will be chosen. There is a further set of facilitating conditions that would 
substantially improve the position of nuclear technologies within the market. 'I'hese include 
i ~ ~ p ~ o y e ~ e ~ ~ s  in the following areas: 

* suability of the regulatory environment 

* improved accwacy atid reliability of load forecasting techniques 

improved cost controls in nuclear construction and operation, including standardized or 
turnkey plants; and 

= demonstrated technical feasibility of new nuclear reactors. 

The first of these facilitating conditions has k e n  highlighted by many utilities, only 
one of which appeared in the study, as the priinary condition for their ordering new nuclear 
capacity. However, data from the utility respondents and economic behavior in other fields 
suggest that if the economic incentives are strong enough, regulatory difficulties will be 
overcome. This factor in market acceptability of new nuciear technologies, therefore, 
requires further investigation. 

Interviews with decision makers of five utilities revealed the skepticism of the 
~ n ~ ~ u s ~  that these conditions will be met within the 2000-2010 time frame. Consequently, 
utilities indicated no active interest at present in constructing new nuclear units. 
nuclear options are retained in modeling possible alternatives for future baseload system 
planning. 
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5.6.2 Public Acceptance Criteria 

The issues definition research identified four dominant issues that rnay preoccupy 
the prospective secondary consumers of future nuclear technology: the utility customers. 
These issucs are as follows: 

operational safety of power plants; 

transportation and disposal of nuclear waste; 

effect of construction and operational costs of plants on rates; arid 

adequacy of management and regulatory controls. 

To obtain widespread public support, it would be advantageous to any nuclear 
technology competing in the marketplace to show substantial improvements over existing 
nuclear technologies in all four of these areas. 

5.6.3 Generalizations About the Electric IJtility Industry 

Despite the fact that the research identified a variety of preferences in iitilities, some 
generalizations arising from the case study interviews seem to apply across the board. 
First, all utilities will probably choose a mixed generation strategy rather than concentrate 
on a single source of supply, The important question is, "What nuclcar options are likely 
to be chosen by the utilities to fit in with these plans for mixed generation?" 

Second, among those utilities that have a successful experience with LWR 
technologies, there is likely to be a preference for staying with the LWR technology rather 
than switching to a different nuclear technology. 

Third, municipal utilities that we interviewed seem to have a favorable attitude 
toward modular technologies, nuclear or nonnuclear, becausc of the potential benefits of 
adding capacity in small increments when approaching niunicipal electorates for qyrovals 
for capacity additions. 

Several important factors were also identified that result from the institutional 
differences found in the case studies. The choices made by different organizations will 
vary, not just because of variations in market conditions, but also because the organizations 
will have different preferences based on the kind of decisions they are trying to make. This 
implies that there may not be a single set of criteria that all utilities will use for technology 
selection. 

5.6.4 Constraining Preferences of Secondarv Markets 

The research identified that two of the major constraining €orces on the utilities' 
preferred capacity choices, the state PUCs and public interest groups, will have different 
ways of conceptualizing problems i n  three critical regulatory concerns: (a) Is there a need 
for the plant? (b) How are costs distributed? (c) How will the technology be managed? 
The PUCs and intervenor groups tend to have different perspectives on these concerns, 
which, in turn, multiply the constraints on utility preferences. 
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In the absence of political changes, the state-level regulatory process in 2000-2010 
is expected to be similar to that used today, and the delays it encourages are not likely to 
diminish. Similarly, there is no legislative interest in restricting judicial intervention in the 
process, and this open-endedness implies a continuation of delays in building nuclear 
plants and in commercializing new reactor technologies. 

5.6.5 F h it- ti 

The results of the market acceptance pilot research indicate that much can be learned 
about the future of new reactor technologies from a more detailed application of the case 
study approach that focuses on industry decision makers. We recommend that the model 
be validated with a larger sample of utilities, PUCs and interest groups and that the model 
then be used as the basis for surveying the electric utility industry as a whole. The results 
of this survey should provide the necessary data to construct a map of the potential market 
for new nuclear reactors that would be based on the institutional, geographical, and 
economic characteristics of the users. Such a map would be valuable in shaping the 
development of these technologies. 
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