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AB<rRACT 

A comparative evaluation has been performed of the High Temperature Gas Cooled Reactor 
(HTGR) and the Federal Republic of Germany's Pebble Bed Reactor (PBR) for potential 
cawnercial applications in the U.S. The evaluation considered two reactor sizes [1000 
and 3000 MU{t}] and three process applications (steam cycle, direct cycle, and process 
heat, Mith outlet coolant temperatures of 750, 85C, and 950°C, respectively). The primary 
criterion for the comparison was the levelized (15-year) cost of producing electricity or 
process heat. Emphasis M S placed on the cost impact of differences between the prismatic-
type HTGR core, which requires periodic refuelings during reactor shutdowns, and the 
pebule bed PBR core, which is refueled continuously during reactor operations. Detailed 
studies of key technical issues using reference HTGR and PBR designs revealed that two 
cost components contributing to the levelized power costs are higher for the PBR: capital 
costs and operation and maintenance costs. A third cost component, associated with non
availability penalties, tended t- be higher for the PBR except for the process heat appli
cation, for which there is a large uncertainty in the HTGR nonavailability penalty at the 
950°C outlet coolant temperature. jrth cost component, fuel cycle costs, is lower 
for the PBR, but -">t sufficiently lower to offset the capital cost component. Thus the 
HTGR appears to be slightly superior to the PBR in economic performance. Because of the 
advanced development of the HTGR concept, large KTGRs could also be comnercialized in the 
U.S. with lower R&D costs and shorter lead times than could large P8R-. On the basis of 
these results, it is recommended that the U.S. gas-cooled thermal reactor program continue 
giving primary support to the HTGR. At the same time, the U.S. should maintain a 
cooperative PBR program with FRG, emphasizing work in the key areas of reactor control 
and instrumentation. 

I 
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INTRODUCTION 

In the United States the gas-cooled thermal reactor program has centered on the High 
Temperature Gas Cooled Reactor (HTGR) concept developed by the General Atomic Company and 
typified by the 330-MW(e) prototype Fort St. Vrain Reactor (FSVR), which is operated by 
the Public Service Company of Colorado near Plattevi l le, Colorado. The HTGR design u t i l i -
l izes a prismatic-type core consisting of hexagon-shaped graphite moderator blocks loaded 
with fuel rods and arranged in an approximately cylindrical geometry. The fuel rods are 
packed with f issi le UC2 particles and f e r t i l e Th02 particles and are positioned in vertical 
holes in the graphite blocks, with parallel holes providing passageways for helium coolant. 
The active height of the core is determined by the number of blocks stacked in a column, the 
columns in turn being grouped into fuel regions consisting of a central column surrounded by 
six columns. Unfueled graphite blocks placed around the core comprise the side reflector. 

The FSVR went on line in 1976 as only the second helium-cooled commercial reactor 
in the U.S., the f i r s t being Peach bottom Unit 1 , a small [40-MW(e)] prototype plant 
operated by tne Philadelphia Electric Company between 1967 and 1974. Each FSVR fuel block 
is 79 cm high with 36-cm flats and 20.C-cn faces, six blocks comprising a fuel column. The 
overall height of the active core is 4.75 m and its effective diameter is 6 m. The uranium 
in the f issi le particles is 93X 2 3 5U-enriched, and the helium coolant passing downward 
through the core enters steam generator modules at a temperature of 770°C. 

As designed, three graphite dowels served to align the individual fuel blocks and to 
ensure that the coolant holes in each stack were also aligned. However, as the FSVR 
in i t i a l l y approached power levels of about 60 to 70% of the design level , i t experienced 
temperature/flow oscillations that have since been attributed to fuel block movements. 
Core restraint devices (Luci locks) have since been installed to interlock adjacent fuel 
regions, and the reactor is now operating within a 70S power l imit specified by the Nuclear 
Regulatory Commission. This limit could be removed, however, i f present testing shows 
that the core restraint devices have satisfactorily eliminated the temperature/flow 
oscillations at the higher power levels. In subsequent HTGR core designs, temperature/flow 
oscillations should be controllable by decreasing the gap width between fuel blocks, although 
i t wil l be important that a l l factor influencing temperature/flow oscillations be carefully 
considered in specifying fuel block geometries and the associated gaps between blocks. 

In spite of the in i t ia l shakedown problems of the FSVR, the many advantages of gas-
cooled reactors have sustained U.S. interest, and the Department of Energy has continued 
a program to develop design concepts for large commercial HTGR systems for power production. 
More recently, DOE has also considered the development of HTGRs for process-heat production 
with outlet coolant temperatures up to 950°C. 

Concurrent with the U.S. effort on the HTGR, the Federal Republic of Germany (FRG) 
has been developing a helium-cooled thermal reactor identified as the Pebble Bed Reactor 
(PBR). In the PBR concept the fuel elements are fabricated In the form of 6-cm diameter 
graphite-encased fuel balls, and the balls pass continuously through the core (into the top 
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and out the bottom) during reactor operation. Cooling is effected by the interstit ial flow 
of helium. The PBR core has a shape that resembles a somewhat flattened cylinder, and, i t , 
l ike the HTGR core, is surrounded by a graphite reflector. 

The on-line refueling feature of the PBR would appear to offer a significant advantage 
over the HTGR since shutdowns would not be required for refueling. However, operating 
experience with the reactor has been limited to a 15-MH(e) reactor [the Arbeitsgemeinschaft 
Versuclbreacktor (AVR)] that «*ent on line in 1967 near Julich, FRfi, and sone features of 
a large PBR remain unproven. Considerably more experience wi l l be gained with a 300-MW(e) 
reactor now under construction [the Thorium Hochtemperatur Realtor (THTR)], which is es t i 
mated to begin operation about 1963/84. A significant difference between the AVR and the 
THTR is that the control rods for the AVR operate in the side reflector, whereas in the 
larger THTR they will also operate above the core and some wil l penetrate the core. Thus the 
control system requirements wil l be much more stringent for the THTR than for the AVR. 

Throughout the development of the HTGR and the PBR, the two reactor concepts have been 
considered as mutual backup systems, and during 1977 U.S. and FRG representatives signed a 
government-to-government umbrella agreement that covers exchange of gas-cooled reactor 
technology between the two countries. Late in 1979, the U.S. init iated a technical study 
to gain more insight as to how the two reactor concepts would compare for potential commer
cial applications in the U.S. I t is that technical study, for which ORNL had the lead 
responsibility, that is described in this report. Other organizations contributing to the 
study were General Atomic Company, General Electric Company, Management Analysis Company, 
and Gas-Cooled Reactor Associates. On the basis of these combined efforts, specific con
clusions and recommendations have been obtained. However, i t should be acknowledged that 
this was a "best efforts" type study which was performed primarily over a period of only 
about six months duration. 

DEFINITION AND SCOPE Of THE EVALUATION 

The comparative evaluation of the HTGR and PBR was performed for a reference HTGR 
design developed by General Atomic and a reference PBR design provided to General Electric 
by FRG. Approximate representations are shown In Fig*. 1 end 2. The reactors were com
pared at 3000 MW(t) and 1000 MH(t) for application to steam cycle systems, gas turbine 
systems, and process heat systems, the respective outlet coolant temperatures being 750, 
850, and 950°C. Both once-through fuel cycles and recycle systems were considered, u t i l i 
zing both medium enriched uranium (MEU)* and highly enriched uranium (HEL) fuel . Throughout 
the comparisons, primary emphasis was placed on those ar»as that were impicted by the choice 
of the specific core configuration ( I . e . , the prismatic core versus the pebble bed core). 

The reactor pairs were examined from two perspectives: (1) the overall economic 
performance of the commercialized reactors in producing electricity or process heat and 
(2) the research and development (RID) effort and the associated financial investment that 
would be required to bring them to commercialization. In arriving at the R&D costs, and 
also the capital costs required for the economic performance evaluation, the HTGR costs 

•MEU 1s defined as uranium of about 20% enrichment In 23iU. 
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were f i rs t estimated ar •« differences in expenditures required for the PPR were then pro
jected, in a l l cases i reference costs Mere based nn available information, since the work 
scope for this evaluation did not i tse l f provide for detailed :ost analyses of the systems. 

ANALYSIS METHODS 

Capital cost inves'jnent estimates for 3000-MW(t) HTGRs applied to a l l three types of 
systems were available in 1975 dollars and estimates for a somewhat smaller steam cycle 
system were available in 1979 dollars. A comparison of the costs for the two steam cycle 
systems was used es a basis for projecting a l l the costs for 3000-MW(t) systems to 1979 
dollars. These costs were then scaled down for the lOOO-HW(t) i.TGR systems. In order to 
arrive at corresponding PBR capital costs, the two types of reactors in the various appli
cations were studied to identify design differences and estimated incremental cost' 
corresponding to those differences were added to the HTGR estimates. 

In addition to the capital costs, the economic performance evaluation required e s t i 
mates of the costs assoriated with the operation of the systems. Early on, however, i t 
was judged that the uncertainties in the design of and operation of the reactors, as well 
as in their respective costs, made i t inappropriate to compare the reactors on the basis 
of a single-value or deterministic criterion such as would be arrived at by adding total 
estimated costs. Hence a methodology was developed to produce probabilistic r;suits that 
would account for the uncertainties. In addition, the methodology had the capability for 
treating the differences in design and operatfon so that uncertainties in the costs for 
the large components coirmon to both systems would not dominate the results. 

In order to determine the differences between the two types of reactor systems, 
including »ne differences in capital costs, the f i rs t step of the comparative evaluation 
was to identify and study key technical issues. The results of these studies, which are 
summarized later in this Executive Summary, indicated that the differences having the 
greatest Impact were (1) the lower power density of the PBR (5.5 W/cm3 compared with 7.1 
W/cm5 for the HTGR), (2) the more severe reactor control and instrumentation requirements 
for the PBR, (3) more costly consequences of invoking the secondary shutdown system In the 
PBR, (4) the requirement for a permanent radial reflector in the PBR but not in the HTGR, 
(5) the continuous refueling feature of the PBR v?i ins periodic refueling for the HTGR, 
(6) the slightly better neutronic performance of the PBR, (7) the possibility of higher 
**ss Jon-product releases in the HTGR at high operating temperatures, and (8) differences 
in reactor avai labi l i ty. 

Because of lime limitations i t was not possible to perform probabilistic analyses 
considering el l these differences for a l l the combinations of reactor power, application, 
fuel »nrichments, and fuel cycle options. Therefore, the analysis was performed only for 
3000-HW(t) reference reactors applied m a gas turbine system and uti l izing M£U fuel on a 
once-through cycle, with some perturbations Introduced to consider process heat applica
tions. Conclusions for other systems were deduced from the results and other analyses as 
discussed be-ow. 
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CONCLUSIONS 

The specific criterion for the economic performance evaluation was the overall energy 
production costs ( in equivalent mills/kW-hr), which consisted of four cost components: 
capital costs, fuel costs, operation and maintenance costs, and nonavailability penalties. 
In calculatirg these costs, the impact of the design and operating differences between the 
two types of -eactors on the individual cost components was determined. The studies of 
key technical issues showed the impact to be as follows: 

(1) The lower power density ( i . e . , larger core) of the PBR requires a larger PCRV 
and containment building, which contributes to higher PBR capital costs. 

(2) The more complex control system of the PBR, together with the more severe 
environment in which the control rods must operate, contributes both to higher 
PBR capital costs and to increased maintenance costs (to replar. control rods). 

(3) Replacing the PBR control rods requires more time than replacing the HTGR 
control rods plus refueling the HTGR; however, in most cases the times required 
for these activities are less than the times required for turbine-generator 
maintenance. Thus their relative times are important only for those systems 
for which the turbine maintenance is not the crit ical path. 

(4) The requirement for a permanent PBR radial reflector to avoid a high nonavail-
abil-;*y penalty for reflector replacement mandates the development of a superior 
grade of graphite and increases the PBR capital costs. 

(5) The slightly better neutronic performance of the PBR (hig^r fuel conversion 
ratio) results in a smaller in i t ia l commitment of U 3 0 e and separative work for 
the PBR, an advantage that becomes more important with fuel recycle. 

(6} Invoking the secondary shutdown system results in a significantly larger fuel 
cycle penalty for the PBR, especially for the once-throuqh cycle. 

(7) The HTGR may have a higher cost penalty associated with jnscheduled maintenance 
shutdown than the PBR for process nest systems with high outlet coolant tempera
tures since for high operating temperatures the fission-product activity levels 
might be significantly higher in the HTGR. However, the effect of circuit act i 
vity level on th<; maintenance and nonavailability costs 1s very uncertain. 

In the probabilistic o.ialysls for the 3000-MW(t) gas turbine systems ( i . e . , the 
reference systems), the trpected power cost of the HTGR was calculated to be 19.92 
(Mlls/K,-hr, with a probability distribution ranging from 15.69 to 24.30 mills/kW-hr. 
For the analogous PBR, the expected power cost was 0.66 mill/kW higher. The largest 
component of this Incremental increase was +0.90 mill/kW-hr for increased PBR capital 
costs, which was partially offset S»y a -0.42 iMll/kW-hr fuel cycle advantage of the PBR 
over the HTGR. The other components were +0.07 mlll/kW-hr for higher PBR operation and 
maintenance costs and +0.11 mill/kW-hr for a higher nonavailability penalty due to control 
rod replacement requirements. 
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The increased PBR capital costs were due to the larger PCRV and containment building 
(+0.42 prill/Uf-hr), the more complicated control system (+0.35 mill/kW-hr), and the 
assumption that a superior reflector graphite material would have to be developed (+0.17 
mill/kW-hr). Substituting a standard grade of graphite for the PBR reflector reduced 
the capital costs but increased the PBR nonavailability penalty (due to the need to replace 
graphite) to the extent that the incrar-ental increase in the PBR power cost was 0.97 raill/kW-hr 
rather than 0.66 mill/kW-hr. Thus, in both oases the probabilistic analysis indicated that 
the economic performance of the HTGR may be slightly superior to that of the PBR for the aas 
turbine application, and the sane conclusion would hold for the steam cycle application. 

For process heat systems with outlet coolant temperatures of 950°C, the costs 
associated with the possible higher fission-product activity in the HTGR coolant (item 7 
above) must b- balanced against the increased downtime for replacing PBR control rods 
(item 3 above). This was done cursorily by introducing both effects as perturbations 
in the probabilistic analysis for the reference systems. As a result, the expected value 
of the incremental increase in the PBR costs over the HTGR costs was reduced to 0.43 
mill/kW-hr. However, the distribution about the expected value had a wide variance, 
ranging from a PSR advantage to an HTGR advantage. The net result was no apparent pre
ference between the two realtors for high-tenperature process heat systems. 

With respect to the R&D effort required to commercialize the reactors in the U.S., 
i t appears that either concept could be successfully commercia ized. However, since the 
development of HTGR systems has been under way in the U.S. for some time, wher^-s the 
development of PBR systems has been carried out primarily in tht Federal Republic of 
Germany, a larger R&D program *ould be required to bring the PBR on line. The estimated 
costs (in 1979 dollars) for the HTGR R&D were projected to be $300 million to $400 million 
for steam-cycle application, $450 million to $800 million for gas-tjrbine application, 
and $600 million to $1000 million for high-temperature process heat application. The 
increase in these costs for the PBR R&D program was estimated to be $100 million to $200 
million, and the increased time was estimated to be up to four years (for the steam cycle 
application). For both the HTGR and the PBR, the R&D costs to develop fuel recycle 
capability were estimated to be $1400 million to $2100 million. 

RECOMMENDATIONS 

On the basis of these probabilistic results for the reference systems and the overall 
evaluation of all the systems considered in this study, it is recommended that primary 
support of high-temperature gas-cooled rectors in the U.S. be given to the HTGR concept. 
Key issues s t i l l to be.resolved for the HT'.R are (1) fuel performance ( I . e . , fission-
product retention) as a function of temperature, temperature gradient and Irradiation 
exposure, and (2) maintenance costs as a function of coolant circuit activity. 

It ie also recommended that the U.S. maintain a cooperative PBR program with FFG, 
emphasizing work In the key areas of reactor control and Instrumentation requirements. 
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STUDIES OF KEY TECHNICAL ISSUES 

As has been stated previously, the analyses sumnarized above Mere based on data 
obtained from studies of several key technical issues. These studies are described in 
detail in Chapter 3 of the report and are summarized below. 

Reactor Control and tn>Lamentation (3 .1 ) * 

While the control and instrumentation systems for commercial HTGRs have been developed 
to the prototypical stage, comparable systems for the large PBRs are only in the conceptual 
design stage and definitive systems have not yet evolved. Thus the study of this key 
technical issue centered primarily on the development -Mrk s t i l l extant for the PBR. Of 
particular concern is the design and fabrication of the PBR control rods. While the HT6R 
rods wi l l operate in channels in the fuel blocks and under normal operation wil l encounter 
no significant resistance force, considerable force must be applied to insert the PBR rods 
into the pebble bed. Moreover, the PBR backup shutdown mechanism must be powered, whereas 
tre HTGR rods can be inserted by gravity. 

Two types of control rods have been proposed for the PBR: a thrust-type rod designed 
to be pushed into the pebble bed; and an auger-type rod designed to be screwed into the 
reactor core. Since the primary drive mechanism for the PBR auger rods must be capable 
of both translation and rotation, each rod will require ics own drive mechanism, whereas 
in the HTGR one drive wi l l operate two rods. Also, because of the higher stress levels 
th? PBR rods wil l experience, their material requirements will be more stringent than 
those of the HTGR rods and their replacement wi l l be more frequent. 

The consequences of invoking the secondary shutdown mechanisms for the two reactors 
in the two reactors will also differ significantly. In both cases small absorber spheres 
wi l l be released into the core from the top, but in the PBR, removal of the spheres 
(called KLAK) will squire that approximately 15% of the core fuel be removed via the fuel 
discharge machine, which would impose a high fuel cycle penalty (roughly 402 of the annual 
requirements on a once-through cycle). By contrast, the HTGR spheres can be removed after 
depressurization via a vacuum device. 

Finally, the HTGR can more easily accommodate in-core instrumentation. The current 
assumption 1s that ex-core Instrumentation will be adequate for the PBR, but this is s t i l l 
to be verif ied. 

PBR Control Requirements. Primary considerations for normal operation of the PBR 
Indicate that 1f short-time startup and peak xenon override capabilities are required, the 
reactivity needed 1n control absorption Is 0.090. Without these capabilities, only 0.027 

•Number in parentheses refers to section number In Chapter 3. 
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Mould be needed. Also* without short-t4me startup and override requirements, a once-
through system could be controlled with rods operating only in the gas space above vhe 
core. But with the startup and override requirements, some of the rods would have to 
penetrate into the pebble bed. The probability that xenon override will be necessary and 
tha ntrol rods wculd be inserted exceeds 505, with 37* of the primary rods involved 
[a4 : 1 rod per 65 HM(t)]. These would be subject to early replacement. I t does appear, 
however, that xenon oscillation control will not be necessary for PBRs up to the 3000-MW(t) 
size considered here. (HTGR systems of this size would also be stable.) 

Control Rod Damage, Replacement Requirements, and Costs, ihe structural integrity of 
proposed PBR control rod cladding materials (Alloy 800H, Hastelloy X, and Inconel 625) was 
evaluated for a range of mechanical loadings (insertion forces up to 147,100 N), tempera
tures, and neutron irradiations; the effects of the interactions of the rod cladding 
material with surrounding materials were also considered. The results indicated that 
under reasonable operating assumptions and a maximum temperature of 750°C, mechanical 
loading failures of the control rods by plastic yielding should be impossible and that 
failures by coluwn buckling wou.d be highly improbable; even at 950°C the rod integrity 
would be maintained. (The forces required for pebble bed insertion are greatly reduced 
by the injection of ammonia immediately prior to the rod insertion.) With the temperatures 
and irradiation levels expected (nominally 600°C and 10 2 2 neutrons/cm2), the nardness and 
ductility characteristics of the cladding material would be degraded, but no methods exist 
for determining what levels of toughness and ductil ity are necessary; therefore, conser
vative levels based on licensing experience would have to be set. Detrimental interactions 
of the rod cladding with impurities in the helium environment should be inconsequential, 
even at short-term temperatures of 950°C, but questions about the interactions of cladding 
.naterial with the B̂ C absorber and the fuel spheres are s t i l l to be addressed. 

The lifetime for HTGR control rods (clad with Alloy 800H) has been estimated as four 
years for rods that remain i. the core, and about twice that long for the average rod. 
This leads to an average of one-eighth of the HTGR rods being replaced annually. Studies 
of the more severe conditions for rods inserted in the PBR core indicate that a dual two-
year/four-year cycle should be used for the PBR: one-third of the rods (those that pene
trate the core) should be replaced every two years and the remaining two-thirds every 
four years. The most optimistic dual cycle considered is a four-year/ten-year cycle. 

GA's estimate of the costs for a fu l l complement of HTGR control rods is $2.3 
mill ion, and on a relative basis a ful l set of PBR rods should cost about $4 million (51 
screw type for core penetration and 100 push type). The predicted per-year cost for 
control rod replacement is $590,000 for the HTGR and $1.3 million for the PBR. 

Times Required for Control Rod Replacement. Annual replacement of the HTGR control 
rods and control drive assemblies would be performed concurrently with annual refueling, 
and an additional downtime penalty of only 5 hours per year Is associated with the control 
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rod replacement alone. Replacement of the PBR control rods would require reactor shutdown 
specifically for that purpose, access to the control rod drives, and time to replace the 
rods. Under tte assumption of the most optimistic PBR dual replacement cycle (four-year/ 
ten-year), the total PBR downtime incurred for control rod rt .acement would be 298 hours 
per year. 

Reactor Instrumentation Costs- The costs for instrumenting the HTGR and PBR should 
be approximately equal i f ex-core instrumentation is adeo->.te for the PBR. I f in-core 
instrumentation is required for the PBR, a cost penalty of up to $D million is estimated. 

Licet.sability of PBR Control Rod Systems. In general, the detailed technical data 
reeded to judge the suitability of the PBR control system are lacking; however, a review 
of available information has shown that (1) stored energy in the amount of a few tenths 
of a kH-hr per rod would be sufficient fnr control rod insertion, (2) the control rods 
for routine operation and for safety operations could be identical but the "scram" action 
would have to be separated from the control action (presumably by using differential 
drives), (3) the design should ensure th»t no constraints exist to inhibit scram action, 
(4) the control rod force requirements coulc and should be met without a dependency on 
ammonia injection, and (5) potentially costly backup problems associated with testing 
and/or inadvertently actuating the KLAK backup safety system demand careful examination. 

R&D Costs for Control and Instrumentation Systems. Research and development tasks 
tc qualify control rod cladding materials ire estimated to be $2.3 million to $10.8 
million for the PBR and $0.3 million to 32.0 million for the HTGR. The costs include 
studies of PBR coolant-cladding interactions (necessary only i f a new cladding material 
is selected), PBR fuel-cladding interactions, and absorber-cladding interactions for both 
reactor types. They also include in-reactor irradiation experiments for all candidate 
claddings and thermal history studfes of all candidate claddings except Alloy 800H. I f a 
completely new material must be sought for PBR control rod cladding, all costs are unknown. 

The control rod drives for both reactor types can probably be based on proven design 
concepts. Prototype design, proof-testing, qualification, etc. of the drives per se should 
cost approximately the same for the two reactor systems (on the order of $2 million). 
Testing and qualification of the reactor control systems and obtaining statistically signi
ficant information for U.S. licensing could require extensive model tests, with associated 
RftD costs of tens of mi IT ions of dollars. 

Fuel Cycle Analysis (3.2) 

In the fjel cycle analysis for the HTGR/PBR evaluation, mass flow rates and fuel 
cycle costs were compared for 3000-MH(t) reference reactors operating on MEU/Th and HEU/Th 
throwaway cycles. The reference deslgr.s were a scale-down of the 3360-MW(t) conceptual 
HTGR and the German prototype direct-cycle HHT. both of which nave specified fuel zoning 
patterns anc* fuel management schemes. 
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For the reference ME'J throwaway fuel cycles considered in this analysis, the PBR has 
a higher heavy metal throughput and thus ia . higher costs for fabrication, waste disposal, 
etc. However, with its reed fcr excess reactivity at be^inning-of-cycle, the HTGR has 
higher 2 3 5 U requirement and tnerefore highs'- separative work and conversion costs. Based 
on the economic assumptions used here, the HTGP HE'J fuel cycle costs, averaged over 30 
years, are projected to r.r 52 higher thar. those for the P8R. 

On the HEU/Th throwawpy cycle, lower fuel cycle costs are realized for both reactors 
because of improved neutron efficiency due to a higher fraction of 2 3 3 U in the cycle. Ir. 
this case the PRR heavy metal throughput rate is only slightly higher than that of the 
KTGR and the 2 3 5 U requirements only slightly lower. With the economic assumptions usrt, 
in which the HEU fabrication unit cost is higher for the HTGR, the KTGR fuel costs again 
are approximately 5% higher than tlk °BR costs. 

Reducing the PB>! power f.om 3000 M<(t) to 'DOO MU(t) leads to a higher neutron leakage 
from the smaller core and requires approximately 6* more 2 3 5 U per GW(e) on both the HEU/Th 
a I'd the HEU/Th cycle. Again the unit fuel cycle costs are projected to be 5^ higher for 
the- HTGR. 

I t had already been estimated in earlier studies that the ore requirements and fuel 
cycle costs would both be reduced for PBRs and HTGRs using recycled fuel , more so for the 
HCU/Th cycle than for the HEU/Th cycle. However, consistent data to compare the two 
reactors are not available. Based on init ial estimates, the refueling scheme of the PBR 
gives the PBR a recycle cost advantage higher than that for the once-through cycles. 

Reactor Pressure Vessel and Contaiinnent Building Capital Costs (3.3) 

The larger core diameter of the PBR relative to the HTGR dictates that the PCRV 
(prestressed concrete reactor vessel) and containment building for the PBR w i l 1 have 
larger diameters than those for a ccirparable HTGR system. Thus the costs for these 
structures will be higher for trw> PBR than for the HTGR. In the absence of detailed 
designs of these structures for the reactor systems of interest, PBR cost Increase est i 
mates were based on PCRV and containment building designs derived for 3000-MW(t) and 
lOOO-MW(t) systems (850SC outlet coolant temperature) from the best available data (ERDA 
Repcrt 109 and a General Atomic Company memorandum). Two PBR designs were considered: 
one based directly on data in the GA memorandum (P8R #1) and another in which the diameter 
of the PBR core cavity was reduced by 3 meters so that the PBR and HTGR would have 
equivalent core-cavity clearances (PBR #2). Cost estimates were then made for three 
unit costs of concrete: $185, $300, and $500 per cubic yard. The results indicate that 
the cost penalties for PBR #1 would range from $18.1 million to $26,5 million at 1000 
MW(t) and from $25.1 million to $37 million at 3000 MM(t). The corresponding penalties 
for PBR #2 would range from $9.2 million to $H,2 million at 1000 MW(t) and from $15.5 
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million to $23.4 million at 3300 KW(t). These estimates were for gas turbine reactor 
designs, but the cost differentials for steam cycle and process heat applications should 
be similar. A* so, the differential results should be approximately the same for a l l three 
coolant outlet temperatures considered in the PBR/HTGR evaluation (750°C, 85i)"C, and 950°C). 
I t should be remembered, however, that these cost estimates do not represent cost extremes, 
since the installed cost of concrete for PCRVs would probably ^*ceed the $500 per cubic 
yard maximum assumed. 

Fuel Fabrication and Recycle Unit Costs (3.4) 

In the absence of detailed fuel element and fuel cycle designs for the PBR and HTGR 
systems considered here, estimates of the unit costs for the fabrication of makeup (or 
fresh) elements a,-d refabrication of recycle elements were based on data available from 
earlier studies ot selected PBR and HTGR fi-el cycles- For each reactor these consisted 
of a once-through case uti l izing 2 5 5 U ( <2QS)/Th fuel and a recycle case init iated with 
2 3 5U(935)/Th fuel . The 'abdication requirements of each cyc'e were assessed and the cost 
of a commercial plant to support 20 reactors was estimated. The results w~re then reduced 
to process costs per kilo;--a* of heavy metal, assuming that the heavy metal i tse l f v«s 
customer supplied. Because less information was available for the TOR cycles than for 
the HTGR cycles, the uncerrai. ty associated with each cost category was assessed and the 
estimates were adjusted to cbtair. a probabilistic range. Within those ranges, the most 
probable unit costs for makeup fuel fabrication in the once-through cycles were $1170/kg 
K>. for the PBR and i jau/kg KM for the HTGR-, in the recycle cases the makeup fuel costs 
wen* $640/kg HM for the PBR and $800/kg HH for the HTGR. The most probable unit costs 
for lecycle fuel refabrication were $?190/kg KM for the PBR and $1740/kg HH for the HTGR, 
but th? mid-life reload weighted averages were closer together, $1270 for the PBR and 
$1380 for the HTGR. In a l l cases, these unit costs would vary with the heavy metal loading 
of to* elements, the coated particle design, the plant capacity, etc. 

Estimate* of the unit costs for fuel reprocessing were based on the same recycle 
data used to estimate the unit costs for fuel refabrication, again by f i r s t projecting 
the cost of a reprocessing plant to support a 20-GM(e) economy uti l izing each reactor 
type. The resulting unit costs were 5639/kg HH for reprocessing t'.-.e HTGR fuels with 
TRISO-coated f iss i le particles and J4f4/kg HM for reprocessing the PBR fuels with BISO-
coated particles. Us ins the TRISO-coated particles in the PBR fuel would incur about a 4% 
penalty, increasing the unit costs to $500/kg HM. (Note: These differences reflect the 
differences in the fuel loadings in the HTG.' and PBR. For the same carbon and heavy metal 
throughput, reprocessing unit costs would be essentially independent of reactor fuel 
types.) 

Transportation costs for spent fuels were estintued to be $870,000 per GW-yr for the 
HTGR and *1.3, million per GW-yr for the PBR, the higher PBR cost corresponding to a 
higher volume of fuel requiring transportation. 
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The technology for HTR fuel fabricaticn/refabri cation and reprocessing is fairly well 
advanced and auch is essentially common to both reactor types. Thus ro significant 
differences exist in the outstanding ROAD required fo» connercialization. 

Impact of Fission-Product Releases (3.5) 

The normal and abnormal releases of fission products into a reactor's primary coolant 
system impact both the design of many system components and the plant operating and 
maintenance procedures. The relative effects or" such releases on ths P6R and HTGR were 
examined in the several studies swroarized below. 

Coolant Radioactivity During Normal Operation. Under normal operations, the release 
of fission products into the reactor coolant is directly proportional to the structural 
failures of the Vissile and fertile particles, which, in turn, is a function of the 
operating temperature and burnup of the fuel- Utilizing fuel particle descriptions and 
fuel failure models from their 1979 Fuel Design Data Manual, GA calculated the temperature 
distributions and the percent of fuel failures that could be expected in PBR and HTGR pairs 
operating at coolant outlet temperatures of 700, 850, and 950°C (representing steam-cycle, 
gas-turbine, and process-heat applications, respectively). For each pair the calculated 
HTGR fuel temperatures wore consistently higher than the PBR temperatures and peaked 
several hundred degrees above *ne outlet temperatures at fuel zone boundaries, where 
coolant/power mismatches occurred. By contrast, the PBR temperatures never exceeded the 
outlet temperatures by more than ir,~°c and exhibited no peaks; however, the absence of 
peak temperatures may have been due to the fact that an "idealized" PBR model was used in 
which control-rod actions were not considered. 

The fuel failure mechanisms considered were (1) manufacturing defects, (2) gas 
pressure buildup within the p?.rticles, (3) migration of fuel inside the particles, and 
(4) corrosion of the silicon carbide layer on the particles due to attack by the fission 
product palladium and chemically similar materials. In all cases, the calculated per
centage of fertile particle failures remained low, below 0.121 for the BISO-coated 
particles in the HTGR-SC and below 0.07% for the TRISO-coated fertile particles in all 
the other systems. For the 700°C and 850°C systems, the calculated fissile particle 
failures were also low (all just under 0.105); however, the corresponding releases of 
fission products, principally l 3 7Cs and 8 eKr, were greater In the KTGRs because their 
higher core temperatures affect the fission-product retention properties of the graphite. 
At the 950°C outlet temperature, the HTGR fissile particles suffered signifirantiy greater 
failures than the PBR particles, the dominant failure mechanism being palladium attack. 
When the calculations utilized an "Old Pd" attack rate and assumed a 4-yr fuel lifetime, 
the HTGR 40-yr i 3 7 Cs plateout at 950°C was 484 Ci/MW and the circulating 8 BKr was 19 Ci/MW; 
however, with a recently proposed "Rev. Pd" attack rate these values were reduced to 40 
and 2.3 Ci/MW respectively. Corresponding numbers for the PBR were 7 C1/MW for 1 3 7Cs 
plateout and 1.14 C1/MW for circulating 8 8Kr (based on "Old Pd" attack rate). 
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Operational and Public Exposures Due to Noma I Coolant Radioactivities. The fission-
product doses that could be delivered from the coolant to operations personnel and to the 
public were calculated for a l l three PBR/HTGR pairs under the conditions of both on open 
containment (containment building continuously purged up to 1 volune per hour) and a closed 
containment (semiannual purge). The results were compared Kith established ALARA l imits* 
for occupational exposures (100 mrem/week) and public exposures (5 xrem/yr whole-body or 
15 mrem/yr to the thyroid by inhalation). 

In preliminary calculations using the Fu.ton HTGR design as a hase case, i t was deter
mined that the whole-body off site dose would always be reached before the thyroid dose and 
that the circulating noble gases comprised t*>e major radionuclide class cont- "-Kiting to 
exposures of both the public and the operational personnel requiring access to che con
tainment building. 8 8 Kr clearly dominates in a l l cases except for closed-containment 
occupational exposure, in which case I 3 3 X e and 8 8 Kr contribute approximately equally. The 
calculations for the Fulton HTGR also showed that in most cases the inventory of circu
lating noble gases could be substantially increased without exceeding the maximum per
missible dose rates - undar the condition of an open containment with a purge rafe of 0.5 
volume per hour, the noble gas inventory could be 74,000 Ci , of which 14,000 Ci would be 
8 8 Kr , withojt exceeding either the occupational or the offsite lose rates. 

The relative importance of 8 8 Kr having been established, the 8 8 Kr circulating inven
tories and the conservative "Old Pd" attack rate were used as the basis for calculating 
maximum (design) dose rates for the three PBR/HTGR pairs under normal operation with both 
open and closed containment conditions. In a l l cases the PBR dose rates were lower than 
the HTGR dose r a f s by factors of 2 to 4. Also, a l l the PBR off site dose rates were well 
below ALARA limits and al l the PBR operations personnel dose rates wee below ALARA limits 
except for the PBR-GT and PBR-PH cases under closed-containment conditions. By contrast, 
the HTGR dose rates were below the offsite limits only for the HTGR-SC case and below the 
operations personnel limits only for the HTGR-SC case with op#>n containment conditions. 
Thus for most HTGR cases and for at least two PBR cases, rotation of personnel requiring 
containment access would be necessary. On the other hand, i t should be remembered that 
the design dose rites calculated are four times higher than expected dose rates and that 
they were calculated under assumptions that would lead to maximum values. Under expected 
dose rates, exposures of personnel do not appear to place practical limits on containment 
acress times. 

Impact of Coolant Radioactivities on Scheduled Maintenance Activities. In order co 
determine whether the amount of fission-product activity In the coolant would have a 
significant impact on regularly scheduled maintenance and inspection act iv i t ies, 52 such 
activities for the reference 900-MW(e) HTGR-SC were analyzed for fission-product radio
activity levels of O.lx, lOx and 100*, where x was the base case level. Of the 52 act iv i 
t ies, six (12S) were to be performed inside the containment building during reactor 
operation, and for these the controlling source of radiation was gasborne activity plus 
direct radiation from the core. The remaining activities were to be performed at various 
locations during shutdown, and for these plateout was the dominant source. However, a 
*ALARA > as low as reasonably achievable. 
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large fraction of the activities were to be performed by remote operations so that the 
level of coolant contamination was irrelevant. 

As would be ecpected, decreasing the radioactivity to O.lx would have no adverse 
effect on any of t.«* act ivit ies. Increasing the level to lOx or lOOx, however, would 
necessitate that temporary shielding be installed each time for soae of the scheduled 
shutdown act ivi t ies, adding 30 to 56 hours per year to the time required to perform those 
activit ies. For the six activit ies inside the containment during operation, a lOx level 
would require personnel rotation or an increased containment vent rate (assumed to be 0,5 
volume per hour). At a lOOx level , access to the containment wculd not be practical, and 
the activit ies, totalling about 1Z3 hours per year, would have to be performed during 
shutdown. Thus at lOOx, the additional downtime requirements for the regularly scheduled 
maintenance and inspection activit ies would total 153 to 179 hours per year, which would 
be equivalent to a 15% to 18* increase in scheduled downtime. However, many of the tasks 
could be performed concurrently so that the impact on plant availabil i ty due to varying 
circuit contamination could be small. 

Impact of Coolant Radioactivity on Unscheduled Maintenance Costs. Although l i t t l e 
information exists on which to predict the costs associated with unscheduled maintenance 
act ivi t ies, reactor experience has shown that the associated downtime is proportional to 
personnel exposure. For this evaluation the n 7 C s ilateout activities in the coolant were 
used as the basis for predicting personnel exposures, which were then converted to costs. 
The procedure was to f i rs t generate a family of curve:, showing FUR and HTGR l 3 7 C s coolant 
radioactivities versus outlet coolant temperatures for both the "Old Pd" and the "Rev. Pd" 
attack rates. Next, the curves were converted to exposures by normalizing the "Old Pd" 
HTGR activity at 850°C to an exposure of 400 person-rems per GU(e)-yr. I t was then assumed 
that the actual exposures would l i e between those predicted by the "Old Pd" and the "Rev. 
Pd" attack rates, leading to an adjustment of the exposure values at selected (high) 
temperatures where fission-product release by palladium attack becomes important. For the 
PBR, a f irther adjustment was made to account for the fact that fin "idealized PBR" had 
been calculated (see above). Finally, i t was assumed that 800 person-rems per GW(e)-yr 
could be accumulated by reactor plant operations personnel without penalty and that higher 
accumulations would effectively cost C25.00C per person-rem, including downtime costs. 

The result of this procedure was that the effective cost of unscheduled maintenance 
for the PBR was predicted to be zero at a l l outlet temperatures and that the cost for the 
HTGR was predicted to be zero at outlet temperatures of 700°C and 850°C; at 950*C, however, 
unscheduled HTGR maintenance costs were estimated to be $5 million for a three-year fuel 
l i f e cycle and $50 million for a four-year cycle. But i t 1s to be emphasized that this 
metnod for predicting unscheduled maintenance costs 1s highly uncertain, and the penalty 
could be zero for the HTGR. For this evaluation, a value of $5 million per ytar was taken 
as the mean, which is comparable to the estimated maximum effect of high circuit activity 
on scheduled maintenance costs. 
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Relative Risks of Accidents Releasing Fission Products- Insrfficient information 
was available to evaluate the relative safety performance of the PBR and HTGR in a com
pletely quantitative or probabilistic manner; therefore, for this study the risk analysis 
was United to an examination of the apparent relative safety of the two systems and 
identification of the analyses that must precede quantification. Under these limitations, 
the following conclusions were reached: (1) Enormous safety margins exist for DBDAs 
(design basis depressurization accidents), but should they occur, the consequences would 
be 2 to -> times lower for the PBR because of a lower circulating noble gas inventory 
(based on the "Old Pd" corrosion relation). (2) Earthquake safety would be governed by 
the structural re l iab i l i ty of the HTGR fuel blocks and the PBR top cover reflector; rela
tive re l iabi l i t ies are considered comparable because of low failure probabilities of 
both concepts. (3) A postulated drop of HTGR or PBR spent fuel during unloading or trans
fer would net contribute significantly to the overall safety envelope. (4) The risk of 
water ingress in the systems and subsequent release of fission products to the atmosphere 
is similar for PBRs and HTGRs except at the 950°C outlet coolant temperature, where the 
PBR release would be five times smaller due to lower failed fuel fractions. (5) Core heat-
up initiation events and the important subsequent consequences would be similar for PBRs 
and HTGRs. In a l l cases, no significant safety differences were identified. 

Heavy Metal Loadings in PBR and HT6R Cores (3.6) 

The economic performance of PBR or HTGR recycled fuel can be influenced by the con
version ratios that can be attained, which, in turn, depend directly on the amount of 
heavy metal that can be loaded into a fuel element. Thus, one of the studies in this 
comparative assessment was directed at predicting the maximum fuel element loadings attain
able in the two typas of reactors and determining the associated development required. 

PBR Loading Capabilities. The PBR fuel design currently favored by FRG features a 
spherical element with a central core of overcoated HEU fuel particles surrounded by a 
graphite layer. Three particle variants are being considered: two that are one-particle 
designs util izing (Th»U)02 kernels coated with HTI-BISO and LTI-TRISO, respectively 
(Variants 1 and 2 ) ; and one that is a TRISO-coated two-particle feed/breed design uti l izing 
a UC2 kernel in the fueled particle and a Th02 kernel in the fe r t i l e particle (Variant 3 ) . 

In current FRG fabrication techniques the overcoated particles and a matrix material 
are isostatlcally compressed In a rubber mold, a fuel-free graphite outer layer is added, 
and the sphere Is cold-pressed to high density. The heavy metal loading is determined 
by the relative quantities of overcoated particles and matrix material in the central 
core of the element. The loading limits are influenced by the overcoating thickness, the 
allowable particle reject fraction (currently zero), and the required crushing strength 
of the fabricated fuel element (now > 22 kN). FRG experience Indicates that under current 
criteria and with current technology, the heavy metal loading limits are 20 g/sphere for 
Variants 1 and 2 and 15 g/sphere for Variant 3; however, they feel that with several years 



of development they could increase the loadings to 27, 23, and 18 g/sphere, respectively. 
At these loadings, the overcoated particles Mould comprise 65 vol.X of the fueled matrix, 
which FRG considers to be the maximum attainable with che cold-pressing fabrication 
technique. 

The heavy metal loadings of PBR fuel elements could be increased by employing a U.S. 
HTGR feed/breed particle design using uranium oxide/uranium carbide (UCO) for the fuel 
particle and ThO-, for the fertile particle (both TRISO-coated). ORNL calculations per
formed in this study for 65 vol.X particles in the fueled matrix indicate that loadings up 
to 25 to 26 g/sphere in the Th/U range of interest could be achieved. This is as high as 
the loadings predicted by FRG (and also by ORNL) for the ;.8» one-particle designs and 
considerably higher than those for the FRG two-particle design-

The long-range hopes of FRG are to develop a satisfactory hot-pressing fabrication 
method that would avoid the use of overcoatings and allow the 30- to 35-g/sphere heavy 
metal loadings that will be required for breeding and near-breeding systems. Under current 
technology, a PBR (with recycle) is limited to a conversion ratio of about 0.71 at a burn-
up of ilOO Mf(t)-d/kg HM (assumed to be the most econonic exposure). On the other hand, 
with the on-line refueling capability of the PBR, lower burnups might be economically 
feasible with concomitant increases in the conversion ratio. 

HTGR Loading Capabilities. The HTGR core design currently being developed in the 
U.S. utilizes the feed/breed particle concept consisting of TRISO-coated UCO fuel particles 
and BISO- or TRISO-coated ThO-> fertile particles packed into fuel rods that are loaded 
into 10-row or 8-rcw fuel blocks. The steam-cycle HTGR designs, which are the only systems 
for which much fuel cycle data are available, use the BISO-cotted fertile particles. The 
TRISO-coated fertile particles are being developed for the higher fission-product reten
tion thought to be required for gas turbine and process heat systems. 

In this study calculations were performed by ORNL for three HTGR-SC cases to estab
lish the volume percent of the 8-ro<* and 10-row fuel blocks that would be needed for 
particles i f the specified initial core and reload heavy metal loadings were to be met. 
The cases correspond to a reference plant, a lead plant, and a "high conversion ratio" 
plant for which some core design data were available. 

KTGR loading calculations are complicated by the fact that the loadings are not 
constant throughout the cere, flux flattening and other considerations mandating higher 
loadings at the top and edges of the core than at the center and bottom. Thus peak 
loading is the limiting factor. Also, because recycle fuel elements have higher concentra
tions of parasitic Isotopes, they must have higher concentrations of fissile isotopes than 
fresh and makeup fuel. In addition, the relative concentrations of 2 3 3 U and 2 3 5 U In the 
recycle fuel elements affect the total concentration of fissile uranium required at 
different points in the cycle. Because the fuel cycle data available to ORNL for the 
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three cases did not include information on the spatial variatirn in loading (*he so-called 
"zoning factors"), nor on the i so topic concentration of the fissiTe species in recycle 
fuel elements, assunptions Mere made that were based on other cases and may have been 
overly optinistic. Also, i t Mas assumed that 62* of the space in the furl rods Mould be 
available for particles, which is definitely an upper l i n i t . 

The calculations showed that for the reference plant (CR = 0.66, power density = 
8.4 W/cm3), only 70% of the available space was needed foi the in i t ia l core; recycle Mas 
not considered for this case because of inadequate data. For the lead plant (CR = 0.76, 
power density = 7.0 W/an 3), not a l l the available space was needed for the in i t i a l core, 
but barely enough space existed for the recycle elements. For the high conversion ratio 
plant (CR = 0.82, power density - 6.0 W/cm3), the re'uad requirements could not be net. 
The conclusion Mas that current technology limits the conversion ratio for HTGRs to 0.76 
for a burnup of about 65 Hi(t)-d/kg tffl. 

PbR vs. HT6R. The PBR has a greater potential for inci eased heavy metal loadings 
than the HTGR because improved fuel fabrication techniques could be developed for the PBR 
that would reduce the overcoating thickness on the fuel particles and thereby provide more 
volume for heavy metal in a fuel element. Corresponding improvements for the HTGR are not 
apparent. 

Reactor Availability C .7 ) 

The percentage of time that a plant is available for producing electricity (or pro
cess heat) is an important cost factor that must be considered in any economic evaluation 
of a given system. On the surface i t would appear that the PBR feature of continuous 
fueling during reactor operation would ensure that the PUR would have a higher availabil i ty 
than the HTGR since the HT6R must be shut dcwn for refueling. However, i f the HTGR 
refueling can be performed parallel to and within the same time frame as inspection and 
maintenance activities scheduled during shutdown, then the relative availabil it ies of the 
two systems would not be affected by the HTGR refueling requirements. In order to compare 
the scheduled downtimes of the two types of reactors, and also to determine whether HTGR 
refueling does indeed impact the comparison, work flow charts for scheduled shutdowns for 
a reference 900-HM(e) HTGR-SC were reviewed and differences with the requirements for a 
reference 3000-MW(t) PBR-SC were noted. In the comparison, the time intervals between 
refueling, inspection, and maintenance operations of the HTGR were considered to be 1, 
2 or 3 ytars, with corresponding intervals assumed for the PBR. 

The cri t ical path for scheduled shutdown is determined either by the turbine-
generator maintenance or the core-servicing act ivi t ies, the latter Including removal and 
replacement of fuel elements, control rods, control rod drives, and reflectors, plus 
maintenance of core-servicing equipment. The reviews of the work flow charts showed that 
for all three refueling Intervals the turbine-generator ma1nt?nance comprises the cr i t ical 
path for the HTGR-SC, since even the estimated minimum time required for the turbine-
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generator maintenance exceeds the time required for core-servicing activit ies. The same 
turbine-generator maintenance times apply for the PBR, of course, but in genera1 they do 
not comprise the cri t ical path for PB1 outages. Instead, the PBR cri t ical path is 
determined by the core-servicing activities, primarily the removal and replacement of 
control rod;, ,nd control rod drives. As a result, only in one case was the availability 
of the PBR as high as that of the HTGR, a? is shown below: 

Interval Between Availability 
Ztv. .̂ wns HTGR PBI 

1-year, maxim/m T-G maintenance 922 92% 
1-year, minimum T-G maintenance 96% 94, 
2-year %% %% 
3-year 91% 96% 

This analysis i s , of course, preliminary and does not consider possible reductions i n 

PBR 'lowntime requirements by increasing the control rod l i f e t ime and decreasing the number 

of control rods required. I t a?so i s to be pointed out that the equipment for the removal 

and replacement of the PBR reflecto.-^ is s t i l l in the conceptual design s ta te , and i f a 

decision is made to build a PBR in the U.S., then an R&D program for ref lector-handling 

equipment should be mdertaken. The probable cost of such a program would be about $10 

mi l l ion. 

Graphite Reflect>r Damage (3 .8 ) 

The high temperatures and high neutron fluences in HTGRs and PBRs w i l l produce 

stresses and dimensional instabilities in the graphite reflectors that wil l l imit their 
lifetimes. This presents a problem that will be particularly acute for the PBR since the 
PBH side reflectors are also to provide lateral containment of the core and therefore 
T . « i r str.-tural integrity must be maintained. One solution is to replace the reflectors 
periodically. But while this could be accomplished easily in the HTGR during refueling 
operations, replacing the retiector in the PBR could increase in reactor shutdown over 
that required for scheduled -^intenance outages ince i t would require that fuel pebbles 
be emptied from the core at laast to the depth to which the reflector must be replaced. 
Removing the fue pebbles would also introduce a fuel cycle penalty that could be 
especially severe for once-through fueling schemes. The alternative 1s to develop a type 
u.' reflector graphite that will last for the expected 30-year lifetime of the reactor, 
and FRG has already developed several candidate graphites based or coal-derived f i l l e r s . 

When i/radiated, graphite In i t ia l ly undenjoes contraction (to a maximum density) and 
then expa.-.ds. By the time i t returns to its original bulk density, i ts physical properties 
are degrading rapidly -nd microscopic damage increases rapidly as the graphite undergoes 
a net volumetric expansion. Thus the fluence at whlcn the graphite returns to I ts original 
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volume has been conservatively defined as its "lifetir.«:." In ORM. studies of graphite 
lifetimes, six of the FRG-developed graphites, plus one developed by the United Kingdom, 
were irradiated in EDN fluences up to 2.0 x 10 2 2 neutrons/cm2 (EDN = fluence above 0.18 
HeV i 1.8) at 600 to 620°C. Two of the FRG graphites and the UK graphite had lifetimes 
as high as 1.7 x l o 2 2 EDN, but this is less than one-half the lifetime projected to be 
required in a large PBR. Thus a superior grade of graphite must s t i l l be developed. This 
implies an increase in the capital cost of reflectors (in addition to increased develop
ment costs), which could be a factor of 10 greater than the costs of current graphites. 

Seismic Effects (3.9) 

The impact of seismic excitations on the safety of the PTGR and the PBR mu'i be 
established from two different perspectives: the abi l i ty of the reactor to operate 
safely during low-level excitations; and the abil ity of the reactor to shut down sately 
during high-level excitations. Of major concern are the possible consequences of (1) a 
core disarray, (2) a core support fai lure, (3) a core lateral restraint failure (side 
reflectors), and (4) a failure of the top reflector and core to respond to an excitation 
as a unit. 

All four of these safety issues have been investigated for the HTGR by GA, who 
observed in scale model tests that the core behaves as a single unit, and, on this basis, 
developed a number of computer programs for seismic response analysis. GA has also 
performed l imit 'd studies of seismic eff'.cts on the PBR; however, '.ue safety issues were 
not addressed per se. In addition, General Electric's Advanceu Reactor Systems Division 
has done some analytical seismic studies for the PBrc but the results do not permit an 
adequate engineering assessment. Finally, HRB in Germany has performed experimental 
studies on a scaled-down model of the PBR core. Their results also have not been published, 
but HRB has stated that a seismic-caused PBR core disarray would not result in blockage 
of coolant passages or interfere with the insertion of control rods. 

From the investigations performed to date i t appears that the HTGR and PBR can both 
be developed into seismically safe systems; however, a l l these investigations should be 
reviewed and summarized to establish the precise state of the knowledge on seismic effects. 
Only then can the need for future work and the associated costs be determined. At this 
time, i t is not evident that seismic effects are significantly different between HTGRs 
and PBRs. 

Temperature/Flow Oscillations In HTGRs (3.10) 

I t Is recognized that conmerclallzatlon of the HTGR Implies resolution of the tempera
ture/flow oscillation problem that has been encountered in the Fort St. Vraln Reactor. 
The problem became evident when the FSVR was being raised to power levels that were about 
60 to 702 of the design level. The coolant leavinp specific regions of the core was 
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obsenrd to have significant temperature oscillations, with the period of an > scillation 
beim; about 10 minutes. Reactor neutron flux measurements, together with out-tf-reactor 
flow ttsts by GA and FRG, indicated that the oscillations were caused by fuel block move
ments that opened up alternate coolant flow paths. GA developed a "Jaws theory" which 
postulates Miat periodic tilting of fuel elements near the top of the core opens up alter
nate coolant flow paths that could change the fluid flow in a region. However, modeling 
studies at'ORNL showed that the flow variations required to provide the observed outlet 
temperatures (and validate the Jaws theory) were unreasonably large. On the other hand, 
bypass flow leakage into the thermocouple assembly sleeves probably gave erroneous in-core 
tempera aire readings. Thus, it is plausible that the oscillations were indeed due to block 
motion. This being the case, the motion should be controllable by proper core design. 

Plant Capital Costs (3.11) 

The capital costs of the HTGR and PBR were compared by first estimating the costs for 
the HTGR systems and then estimating the change in costs for the PBR systems. The refer
ence capital cost estimates for all the HTGR systems are given as follows: 

Cost Category 

HTGR Estimated Costs ($10 6) (1979 Dollars) 

Cost Category 

3000-MW(t) 
Steam 
Cycle 

3000-MW(t) 
Gas 

Turbine 

3000-MW(t) 
Process Heat 

lOOO-MU(t) 
Process Heat 

Cost Category 

3000-MW(t) 
Steam 
Cycle 

3000-MW(t) 
Gas 

Turbine 
w/o 
IHL 

With 
IHL 

W/O 
IHL 

With 
IHL 

20 Land and Land Rights 2 2 2 2 2 2 
21 Structures and Improvements 135 147 135 144 78 83 
22 Reactor Plant Equipment 282 335 3% 514 205 266 
23 Turbine Plant Equipment 105 78 0 0 0 0 
24 Electric Plant Equipment 48 37 42 43 27 27 
25 Miscellaneous Plant Equipment 12 10 14 14 10 10 
26 Heat Reject System 56 37 - 1 0 0 0 

2 Total Direct Costs 640 646 589 717 322 388 

91 Construction Services 83 69 83 92 52 57 
92 Home Office Engineering 109 90 109 120 87 95 
93 Field Office Engineering 34 28 34 37 22 24 
94 Owners Costs 47 39 Jl 52 30 34 

9 Total Indirect Costs 273 ?26 273 301 191 210 

Contingency (10?) 91. Jl M 102 -51 _60 

Total 1,004 959 948 1,120 564 658 
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These costs Mere obtained by taking in i t ia l cost breakdowns given in 1975 dollars by 
GA and UE&C (United Engineers and Co.ii M-uctors) for 3000-MW(t) plants of each type (HTGR-Sf, 
HTGR-GT, and HTGR-PH) and then updating the costs to 1979 dollar estiwUes on the basis 
of later GA-UE&E information for a somewhat smaller HTGR-SC system. In addition, the 
HTGR-PH estimates, given both with and without an intermediate heat transfer loop (IHL), 
were scaled down to a lOOO-MU(t) plant. The nominal range of uncertainty in the total 
direct costs (Category 2) was taken to be -5* to +1(K,. 

The resulting relative total direct costs estimated for HTGRs and PBRs, based on 
HTGR costs and estimated P6R incremental costs, are given below: 

HTGR Total Direct Costs C$106) PBR Total Direct Costs ($10 6) 

Reference Cost Cost Range Reference Cost Cost Range 

3000-MW(t), SC 640 608 - 704 714 657 - 816 
3000-MW(t), GT 646 614 - 711 720 663 - 823 
3000-MH(t), PH 

(with IHL) 767 c 729 - 844 841 778 - 956 
lOOO-MW(t), SC 346 329 - 381 374 344 - 427 
1000-MH(t), GT 350 333 - 385 378 348 - 431 
lOOO-MW(t), PH 420 b 400 - 462 448 415 - 508 

(with IHL) 
includes $50 million for simultaneous generation of electr ici ty. 

Includes $32 million for simultaneous generation of electr ici ty. 

Reactor Research and Development Costs (3.12) 

Research and development (R&D) costs for HTGRs and PBRs were estimated on a relative 
basis. In obtaining values, the procedure was to f i rs t estimate the HTGR costs and then 
to project the additional expenditures required to develop the P8R in the U.S. 

The costs were divided into reactor costs and fuel recycle costs, with the reactor 
R&D costs estimated to be as follows: 

System HTGR Costs ($10 6) PBR Incremental Costs (S106) 

Steam Cycle 300 - 400 145 (range of 100 - 200) 
Gas Turbine 450 - 800 145 (range of 100 - 200) 
Process Heat 600 -1000 1<"> (range of 100 - 200) 

These estimates cover both base R&D (development of fuels, structural materials, graphite, 
and containment vessels and development of an information base on fission-product behavior) 
and equipment R&D (design, development, fabrication and testing of equipment and associated 
systems). 

http://Co.ii
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The futl recycle R&D costs Mere estimated to be $1400 million to $2100 Million for 
all the systeias. The costs cover be . R&D for head-end reprocessing and fuel refabrication 
and the design and operation (for 5 to 8 years) of a hot pilot plant to demonstrate fuel 
recycle equipment and systems. 

These costs, based on an assumed schedule for the introduction of the lead plants, 
are those considered to be above vendor/utility commercial investnents. They do not, 
however, include first-of-a-kind costs for construction of the early plants. 
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1.0. INTRODUCTION 

The definition and scope of this comparative evaluation of the High Temperature Gas 
Cooled Reactor (HTGR) and the Pebble Bed Reactor (PBR) have been described in the preceding 
Introduction and Executive Summary. Restated brief ly, the comparative evaluation consists 
of a comparison of the economic performance of the two types of reactors as they were 
applied to the production of electricity or process heat. For electr icity production the 
systems considered were a steam cycle system with an outlet coolant temperature of 750°C 
and a gas turbine system with an outlet coolant temperature of 850°C. For process heat 
production, the outlet coolant temperature was taken as 950°C. The reactors were rated 
at 1000 and 3000 Mf(t ) , and both once-through fuel cycles and recycle cases were considered. 

A f i rs t step of the comparative evaluation was the study of key technical issues to 
determine which design or operational differences between the systems would affect their 
relative economic performances. These studies are described in detail in Chapter 3, and 
brief descriptions of those differences that were judged to te sufficiently important to 
be considered in the one-to-one comparisons of the two types of reactors are described in 
Section 1.1 of this chapter. 

As was expected, the studies of technical issues revealed that the design and cost 
information available on the HTGR was considerably more detailed than that available on 
the PBR; therefore i t was determined that the comparative analysis should employ a prob
abil istic analysis technique that woul -' incorporate the different levels of uncertainty 
regarding the two reactcr concepts. I t was also determined that the analysis should focus 
on the differences between the reactors so that large uncertainties associated with com
ponents common to both systems would not dominate the results. Because of time limitations, 
the probabilistfc analysis was limited to reference cases, and a more cursory overall 
evaluation was performed for the other systems. The probabilistic analysis is described 
here in Section 1.2 and the overall evaluation in Section 1.3. The conclusions and 
recommendations resulting from the evaluations are then presented in Section 1.4. 

I t wi l l be noted throughout this report that certain overall assumptions regarding 
each system were necessary owing to the insufficiency of information. For example, I t 
was assumed that the specified instrumentation end controls systems for the PBR were both 
adequate and practical, whereas technical studio described In Chapter 3 indicate that 
the practicality of th'.se systems remains an open question. Also, i t was assumed that 
the flow-temperature oscillations observed 1n the Fort St. Vrain Reactor (FSVR) were not 
a generic HTGR problem and that future HTGRs wil l not be subject to this problem. In 
addition, reference core designs for the HTGR and PBR were used with no attempt to optimize 
them through redesign. Finally, with certain exceptions noted, I t was generally assumed 
that the two reactors can be licensed in the U.S. and will operate at the designed power 
level. The results of these studies are, of course, contingent upon these assumptions; how
ever, i t should be pointed out that non-attainment of a specific assumption may only rein
force the conclusions, rather than change them. 
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1.1. IDENTIFIED DIFFERENCES BETWEEN HTGR AND PBR 

1.1.1. Introduction 

As has been stated, this comparative evaluation of the KTGR and PBR focused on the 
design arH operational differences between the two reactor types, the differences in turn 
being limited to those expected to have a significant impact on the relative ecoromic per
formances of the systems in which the reactor: were applied. This section summarizes the 
differences judged to be the most important, the specific impact of each being discussed 
in more detail in Chapter 3. 

1.1.2. Primary and Secondary Containment Structure 

The core volume required by the PBR for a given thermal output is significantly 
larger than that required for the HTGR, primarily because the PBR has a larger coolant 
fraction (39% versus '-23% for the HTGR) and it operates at a lower power density (5.5 W/cm 3 

versus 7.1 W/cm 3 for the HTGR). Moreover, due to a limited depth to which control rods 
can be inserted in the pebble core and a higher pressure drop across a core of a given 
height, the shape of the PBR core is somewhat like a "pancake," whereas the shape of the 
HTGR core is more like a right circular cylinder, which is the preferred geometry from a 
neutron leakage standpoint. With the larger volume and the pancake shape, the diameter of 
the PBR is larger than the diameter of the corresponding HTGR, and therefore the diameters 
of the PCRV and the surrounding containment building are larger. This, of course, trans
lates into higher costs for the PCRV and containment building, as well as for the liner 
and insulation. (Note: Although PBR designs often consider use of a warm liner, a '.old 
liner was assumed in this study in order to place the two systems on a common bas's 
relative to performance requirements.) 

1.1.3. Reactor Control and Instrumentation 

The control and instrumentation requirements for the KTGR are well known and control 
systems prototypical of those envisioned for commercial-size HTGRs have been developed 
and are in use in the U.S. By contrast, control rod designs for large PBRs are not in 
commercial use, and while such designs appear feasible, the licensing requirements for the 
PBR control system have not been established in the U.S. 

The control systems for the two types of reactors differ significantly in mechanical 
operation. In the prism core of the HTGR, the control rods are inserted into channels in 
the fuel blocks and under normal operation no significant resistance force is involved; 
hence, the rod Insertion can take place due to gravity. This provides a backup shutdown 
mechanism should electrical power to the reactor be interrupted. By contrast, insertion 
of control rods into the pebb'ie core of the PBR will require significant force and both 
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the control rods themselves and the control rod drives Mist have a greatly increased 
Mechanical capability relative to those in the HTGR. Sinilarly, a powered backup shutdown 
mechanism would be necessary for at least part of the control rods. 

Two types of control rods have been proposed for the PBR: a thrust-type rod designed 
to be pushed into the pebble bed; and an auger-type rod designed to be screwed into the 
reactor core. The auger type would require that the priaary drive mechanism be capable of 
both translation and rotation, whereas the thrust-type would require translation capability 
only. While the nunber of rods for the HTGR and the PBR is approximately the sane, the 
nechanical requirements for the PBR control rods necessitates that each be linked to its 
own drive Mechanise, whereas in the HTGR two rods are associated with pach drive. 

Control of xenon-induced instability in the PBR appears possible without control-rod 
insertion, but i t is not assured. In any case, xenon override requirements will necessitate 
the insertion of at least some of the PBR control rods, and because the rods will be 
inserted directly in the pebble bed, they will reach their ductility linit more rapidly 
than the HTGR rods and their lifetime will be shorter. One result of the increased nur.er 
of control rod orives and the snorter rod lifetime is that the tine required to replace 
and/or maintain the PBR control system will be greater than the corresponding tine for 
the KTGR. 

The material requirements of the PBR control rods also differ significantly from 
those of the HTGR control rods. Although radiation damage to the control rod materials 
is important for both reactors (for the HTGR, damage to the shock absorber is assumed to 
be the limiting factor), the stress levels are inherently higher in the PBR. 

The secondary shutdown mechanisms for the reactors are somewhat similar. In both 
cases, small absorber spheres are released at the top of the core to effect shutdown. In 
the HTGR, these absorber spheres (pellets) flow down into previously machined channels in 
the fuel blocks. In the PBR, the ubsorber spheres, which are considerably smaller than 
the fuel spheres, filter down into the interstitial locations of the pebble hed itself. 
While the secondary shutdown systems »re operated similarly, i t must be noted that the 
consequences of the ope: tion are markedly different for the two systems. In the HTGR, 
the absorber pellets can be removed after depressurization via a vacuum device. In the 
PBR, removal of the small absorber spheres (called KLAK) will require that approximately 
155 of the core fuel be removed via the fuel discharge machine. On a throwaway fuel 
cycle this can amount to a fuel cycle penalty of roughly 40X of the annual requirements. 

Finally, the HTGR can more easily accomodate in-core instrumentation. In-core 
instrumentation for the PBR, either permanent or occasional (i .e. flux traverses), will 
require the use of replaceable instrument thimbles which will themselves be subjected to 
significant forces within the bed. The design basis for the PBR assumes that ex-core 
instrumentation will be adequate for operational and licer.sing purposes. Under such 
circumstances more instrumentation will undoubtedly be required. 
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1.1.4. Radial Reflector 

The two reactor concepts differ in the design of tiie radial graphite reflector. In 
the HTGR, the reflector is composed of hexagonal graphite prisms similar to the fuel 
blocks. Periodic replacement of the graphite will be accomplished with the fuel-handling 
machine during regular refueling operations; hence, no significant additional downtown 
penalty is foreseen. 

In the PER, the radial reflector needs to be permanent; however, the graphites pre
sently available for reflector fabrication are limited as to their operational l i fetime, 
and hence wi l l have to be replaced at least once during the operating lifetime of the 
reactor. Replacing the radial reflector wi l l require a partial unloading of the fuel , an 
operation that wil l impose a fuel cycle penalty, especially for once-through fuel cycles, 
and also introduce a significant nonavailability panalty. In addition, replacing the PBR 
reflector wil l require a separate reflector-handling machine, but since such a device 
would be needed at a given reactor only infrequently, i t can be assumed that the cost of 
such a machine would be shared among a number of PBRs. 

An alternative to replacing the PBR radial reflector would be fabricating i t from 
improved graphites with lifetimes equal to the projected reactor l ifetime. However, such 
improved graphites are not yet available and their development and fabrication would prob
ably cost 10 to 20 times that of the conventional reflector graphite. Thus, a tradeoff 
would exist between the in i t ia l capital cost of the reflector and the availabil ity cost 
incurred during reflector replacement. 

Finally, in order to achieve a 30-year l i f e for the PBR reflector, i t wil l be 
necessary to maintain the temperature of the graphite below 550°C, which wi l l probably 
necessitate a separate reflector cooling system. 

1.1.5. Reactor Refueling Systems 

Owing to the disparate refueling operations in the two systems, the requisite 
refueling mechanisms represent a significant difference between the two concepts. For 
the HTGR, which is shut down periodically to replace a fraction of the core fuel blocks 
with fresh fuel , a fuel-handling machine, fuel transfer casks, an auxilary transfer 
machine, and fuel storage wells will be required. Maintenance of this equipment can be 
accomplished during reactor operation. 

For the P8R, on-line refueling is used, with a specified number of fuel spheres 
withdrawn from and added to the reactor dally without reactor shutdown. This system 
requires that fuel feeding and removal tubes be structured with helium locks to maintain 



isolation of the primary coolant circuit. Also, mechanical distributors must be included 
to disperse the fresh fuel being added. Thus, the on-line refueling mechanism of the 
PBR, and in particular the requirement for daily operation of the helium locks, represents 
a system for which no direct analog exists in the HTGR design. Such an arrangement trill 
possibly require reactor shutdown for maintenance to be performed on the refueling valves. 
At the same time, however, the refueling mechanism in some HTGR designs is contained 
within the PCRV, and this will also require reactor shutdown for maintenance (not con
sidered here). 

Contrary to what one might expect, the continuous refueling feature of the PBR does 
not lead to improved availability. For systems dedicated to electricity production, the 
turbine-generator maintenance requirements control the availability of either system in 
most cases. For systems dedicated to process heat production, the control rod replace
ment requirements for the PBR (see above) could be the controlling factor. 

1.1.6. Fuel Performance 

In general, the neutronic performance of the PBR is slightly better than that of the 
HTGR. The on-line refueling feature reduces the parasitic neutron losses attributable to 
fission products, and a slightly higher conversion ratio of the PBR results in a decrease 
in the amount of control poisons required. On the other hand, the "pancake" shape of the 
PBR core (and, in particular, a 1-meter gap between the top of the core and the bottom 
of the top reflector) results in a slightly higher neutron leakage from the core; however, 
this only partially offsets the gains in neutronic performance. 

Also, with its on-line refueling, the PBR can approach its equilibrium core configura
tion ( i .e . fissile inventory) from an initial value that is less than the equilibrium 
value, whereas the HTGR rwjst have excess reactivity initially and hence approaches equi
librium from above. This results in a smaller initial commitment of U308 and separative 
work for the PBR, which is a significant advantage. 

Several mechanisms for fission-product release from the fuel particles into the ex
ternal coolant loops of the reactors have been recognized, including uranium contamination 
of the particle matrix material, manufacturing defects in the particle coatings, and 
failure of the coatings due to reactions within the fuel kernel. If the fuel kernels for 
both reactors were manufactured to the same quality standards, circuit activity due to the 
matrix contamination or coating manufacturing defects for a given temperature would 
result in the same fission-product activity 1n both reactor systems. The degree of 
fission-product attack of coatings, however, is influenced by the fuel temperature (the 
retention ability of the fuel kernel degrading with increasing fuel temperatures, higher 
temperature gradients, and longer irradiation times). PBRs have lower fuel temperatures 
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and smaller gradients for a given outlet coolant temperature; therefore, the radioactivity 
of the coolant loop (due primarily to SiC corrosion by the fission-product palladium at 
high temperatures) tends to be loner for PBRs than for HTGRs. The difference in the degree 
of palladium attack does not appear to be significant for coolant outlet tenperatures below 
850°C (a region whe<-e the fission-product activity is dominated by other factors). However, 
the increase in palladiun-induced fuel failures with increasing fuel temperature is high 
enough that the difference in the coolant loop activity at the 950°C coolant outlet 
temperature could be significant. The level of coolant loop activity can influence the 
plant costs through requirements for additional equipment and personnel and through 
increased downtiae (decreased reactor availability) for maintenance of the loop components. 

1.1.7. Reactor Safety 

In comparing the relathi safety of the HTGR and PBR, consideration was given to 
earthquakes, depressurization events, spent fuel handling accidents, water ingress 
accidents, and core heatup events. 

The seismic responses of the two systems are different due to differences in the 
physical characteristics of the core. In particular, the core barrel in the PBR is 
subjected to significant radial forces, requiring a different seismic restraint design. 
However, it was estimated that such a design modification would not impact the capital 
cost difference between the two systems. A second seismic question concerns the top 
reflector of the PBR, which is located 1 meter above the core. Failure of the reflector 
support or the reflector integrity would result in an increase in the reactivity of the 
core and possibly could interfere with control rod insertion. The same problem does not 
exist in the HTGR, since the top reflector is located directly on the core fuel blocks. 
However, a seismic event could produce motion in the HTGR fuel blocks, resulting in a 
misalignment between the control rods and the control channels. In both reactor systems, 
the secondary shutdown system (i.e. the small absorber spheres) would provide sufficient 
shutdown margin, and thus seismic events are not considered to be safety problems. But 
as explained in Section 1.1.3, when the secondary shutdown system is invoked, the PBR 
suffers the greater economic penalty. Therefore, while the consequences of seismic events 
will not differ for the two systems, the costs for the PBR could be greater. (It should 
be noted that even under normal operating conditions, the probability of control rod 
failure upon insertion is higher for the PBR due to the greater force required.) 

The consequences of a depressurization accident would be lower for the PBR than for 
the HTGR, but the PBR is estimated to have a higher probability for such occurrences (due 
primarily to the fuel-handling system). Thus, the two systems are considered to be 
comparable with respect to depressurization events. 

The consequences and probability of spent fuel handling accidents *ere also judged 
to be comparable. 
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With regard to air or water ingress and subsequent graphite oxidation, the prob
abilities for occurrence are approximately the same for both systems. While the graphite 
oxidation rate will be higher for the PBR fdue to the larger surface area), the difference 
is not considered to be significant. Fission-product release to the environment as a 
result of water ingress is similar in both reactors for outlet coolant temperatures below 
850*C. Above 850°C, the PBR will have a lower fission-product release due to a lower 
fraction ot failed fuel particles. However, no significant safety difference was 
identified since both release values appear to be low compared to NRC standards. 

Finally, for core heatup accidents, the time constants for both systems are long. 
To reach a graphite temperature of 3S00°C, the KTGR is estimated to require 20 hours, 
while the PBR requites 25 to 30 hours. This difference is not significant. 

On the basis of the above considerations, the PBR and HTGR were assumed to be com
parable with respect to overall safety; however, the PBR would suffer the greater economic 
penalty if the secondary shutdown mechanism were to be actuated. 

1.1.8. Reactor Availability 

Although the differences in the projected reactor availability between the reactor 
systems have been discussed in the preceding paragraphs, it is useful to summarize those 
factors contributing to the availability of each system. As noted above, the time for 
refueling and control rod replacement in the HTGR and the time required for control rod 
replacement in the PBR both usually fall within the turbine-generator maintenance 
"envelope." Therefore, no significant difference in availability due to scheduled main
tenance is anticipated except in those systems for which turbine maintenance is not the 
critical path, in which case the longer times required for PBR control rod replacement 
nay result in an additional nonavailability penalty. Differences in availability due to 
unscheduled maintenance may be significantly higher for the HTGR at the 950°C outlet 
coolant temperature owing to a higher coolant circuit activity. 

Another difference between the two systems is the potential requirement for replacing 
the radial reflector in the PBR, which would introduce an extended downtime. If, on the 
other hand, an improved grade of graphite is developed for the PBR reflector, the prob
ability that reflector replacement would be necessary would be markedly reduced. 

1.1.9. Miscellaneous Items 

Among the other differences identified for the two reactor systems is a smaller heat 
exchanger surface area for the PBR core auxiliary cooling system required to limit the 
temperature rise of the fuel following a loss-of-coolant incident. Also, owing to its 
larger fuel volume, somewhat greater fuel storage capability is required for the PBR 
system (for both fresh fuel and spent fuel) to maintain an equivalent fuel supply. 
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Differences between the ex-reactor fuel cycles for the two systems have also been 
identified. I t is estimated that the fabrication of nonrecycled fuel would be 15 to 20X 
less for the PBR than for the HTGR; however, the refabrication of recycle fuel would be 
5 to 1 OS «ore expensive for the PBR. The reprocessing costs for the fuels of both reactors 
are proportional to the awxmt of graphite burned and are est i n ted to be about the sane 
for the sa-oe equivalent fuel processing rates. 

Two other differences should be noted. First, because of the aore advanced state of 
HTGR design in the U.S., i t is estimated that the operational date of the PBR wi l l lag up 
to four years behind that of an equivalent HTGR systea. For the sane reason, i t is ant ic i 
pated that the incremental PBR R40 costc (over the HTGR R&D costs) wi l l be approximately 
$145 n i l l ion. 
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1.2. PROBABILISTIC ANALYSIS OF REFERENCE HTGR AND PBR SYSTEMS 
T. J. Burns 

1.2.1. Introduction 

It has been pointed out earlier that because of larger uncertainties associated with 
the design and cost data for the PBR as opposed to the HTGR, i t would be inappropriate to 
compare the two reactor systems on the basis of a single-value or deterministic criterion. 
Hence, an early requirement of the study was to develop a methodology structured to produce 
probabilistic results for each syster — that i s , estimated costs that have specified con
fidence levels reflecting the uncertainties in the input data. 

The methodology was also to have the capability for treating the differences between 
the two systems. It has already been shown in Section 1.1 that the primary differences 
between the PBR and the HTGR are associated with the differences in the fuel form and core 
geometry; thus much of the reactor plant (and also much of the process plant) i i kOmnon 
to both systems. However, considerable uncertainty exists as to the performance and cost 
of these comnon components, and i f they were to be included as cost elements in the 
probabilistic analysis, they would tend to dominate the results becai.se of their relative 
magnitudes. Therefore, i t was concluded that the elements common to hoth systems should 
not be considered in the probabilistic method. Using these criteria. Management Analysis 
Company developed the basic metnutology,1 which was subsequently modifed and extended by 
ORNL. 

As noted earlier, the scope of this comparative evaluation of the HTGR and PBR was 
such that for each reactor type i t included two reactor sizes [1000 MW(t) and 3000 MW(t}], 
two fuel enrichments (NEU and HEU), two fuel cycle options (throwaway and recycle), and 
three process applications (steem cycle, direct-cycle, and process heat, corresponding to 
coolant outlet temperatures of 750°C, 850°C, and 950°C, respectively). However, with the 
limited time available for the study, i t was not possible to consider all combinations 
of these parameters in the probabilistic analysis. Therefore, the probabilistic analysis 
was limited to the following specific parameters chosen to define reference HTGR and PBR 
systems: 

Size: 3000 MW(*) [1200 MW(e)] 
Fuel: Medium enriched uranium (MEU) 

Fuel Cycle: Throwaway 
Process Application: Direct cycle (referred to throughout the report as 

"GT" for gas turbine) for electricity production; 
coolant outlet temperature • 850°C 

http://becai.se
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In addit ion, two perturbations were introduced in the analysis to roughly estimate the 
effect on the power costs of using sys-ems dedicated to process heat production (coolant 
out let temperature = 950°C). 

In the discussion below, the probabi l is t ic methodology i s f i r s t described and i s 
followed by a presentation o f the results obtained by applying the methodology to the 
reference systems. The input data for the analysis are given in Chapter 2-, and the 
studies of key technical issues from which most of the input data were derived are 
described in Chapter 3. 

1.2.2. Methodology 

Decision Measures and Logic Structure 

The specific evaluation cr i ter ion selected for th is study was the levelizen" (15-year) 
power cost, given in mills/kW-hr, that i s commonly used by u t i l i t y decision makers. I t 
is recognized, of course, that i n a practical s i tuat ion the level ized power cost of a 
commercial reactor i s only one of several decision measures u t i l i zed by a u t i l i t y . Here, 
however, i t was assumed that a commercial narket for the product (e lec t r i c i t y ) w i l l ex is t 
i n the future and that the demand w i l l 'je l a n e enouph to support the required ex-reactor 
infrastructure.* 

The logic structure of the computer model used i n the analysis was mandated to a 
large extent by the selection of the power cost as the comparison c r i te r ion (see Fig. 
1.2.1). In i t the overall energy costs are collected from four major cost categories: 
(1) plant costs, (2) fuel costs, (3) operation and maintenance costs, and (4) replacement 
supply costs. The replacement supply component is included to allow for possible d i f f e r 
ed -s in the operational ava i lab i l i t y of the two systems. 

;.though the-.e four costs categories are suf f ic ient to determine the overall energy 
p eduction costs f-om an owner perspective, an additional cost category, research and 
i' veloiiment costs, is needed for the broader governmental perspective of overall project 
tests . This is par t icu lar ly true for the high-temperature gas-cooled systems since 
di f fere. i t R&D levels for each system can be anticipated. Thus, the R&D component is 
included as a f i f t h category. 

A description of how these various cost categories enter into the analysis i s given 

beloi/: 

Plant Costs. The overall plant cost component was subdivided into a direct cost 
category, an ind i rect cost category, and an owner's cost category, with a ten-year 

•The method provides for the levelized power costs in the process heat cases to be given 
in $/MBTU(t) to f a c i l i t a t e comparison with other process heat sources. In th is analysis, 
however, the process heat cases were treated as perturbations to the gas turbine cases, 
and thus the results are retained 1n units of equivalent ..ills/kVJ-hr. 

http://differe.it
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construction schedule postulated for both reactor types. The direct cost category was 
constructed to match the plant cost estimating format employed by the CONCEPT computer 
code.2 In order to adequately differentiate between the reactor concepts, the estimates 
were carried to the three-digit cost level. The indirect costs were calculated on the 

I ^asi> of 32S of direct costs. The owner's cost includes the cost of the plant s i te , 
1.censing activit ies, and an allowance for funds used during construction. The plant 
costs are then levelized using a discount rate of 7S and the estimated capacity factor of 
the reactor for each year. 

Fuel Costs. The fuel costs utilized in tnis study were based principally on the mass 
flows calculated for each reactor system. The breakdown used in the model allows specific 
charges for various fuel cycle activities such as U 3 0 e purchases, conversion to UF 6 , 
enrichment, fabrication, reprocessing, and waste disposal. In accordance with u t i l i t y 
practice, the carrying charges attributable to the fuel cycle expenditures were also 
included as a part of the fuel cycle costs. All fuel cycle component costs, with the 
exception of the price of UjOe, were assumed to remain constant in terms of 1980 dollars. 
The price of U 30 s was escalated at a rate of 2.5./year to account for the depletion of 
the resource base and the attendant real price increase. 

Operation and Maintenance Costs. The operation and maintenance costs, entered as 
fixed costs and variable costs (the latter dependent on the reactor capacity factor), were 
treated in a lesser degree of detail than the plant and fuel costs; however, the elements 
employed are deemed adequate to differentiate between the two reactor types. 

Replacement Energy Costs. The costs for replacement power were calculated by assuming 
that the alternate energy will be provided by a typical base-loaded, coal-fired power 
plant. The amount of replacement power required is calculated from the difference between 
the overall HTGR and PBR plant availability factors. The charge for the replacement power 
is the difference between the coal-fired power plo.it costs and the nuclear power plant 
costs, i .e . the incremental costs incurred in switching to the alternative energy supply. 
Thus, a lower availability for one system compared to the other is reflected in the cost 
for replacement power, as well in the previous three cost categories through the cost 
levelization procedure. 

Research and Development. The research, development, and demonstration costs required 
by the government to assess the overall plant costs are included as (1) base R&D program 
costs, and (2) incremental costs for the demonstration plant and the lead commercial plant. 
The incremental costs are included to incorporate the additional costs ("first of a kind" 
costs) inherent in the development of a new reactor system and are intended to represent 
those costs that are in excess of an equivalent proven reactor system. 

http://plo.it
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Probabilistic Assessment 

As noteo previously, an estimate of the energy costs of either the HTGR or the PBR 
entails considerable uncertainty, including uncertainty associated with the costs of 
components coranon to both systems. However, in acquiring the requisite uncertainties for 
this study, only those components in the two systems that differ were considered. The 
assessment of the uncertainties was based on work performed by GA, GE, and ORNL and 
described in Chapter 3. 

Representation of the uncertainty inherent in each identified cost component was 
accomplished via a cumulative probability distribution such as that depicted in Fig. 
1.2.2. This distribution is based on the nominal uncertainty characteristic of a developed 
industry. Figure 1.2.2 indicates the probability that the capital cost of the HTGR wil l be 
less than the percentage (of the base value) indicated on the abscissa. For example, 
there wi l l be a probability of 0.5 that the capital cost of the reactor will be less than 
lOOS of the base estimate, and a probability of 0.75 that the capital cost wil l be less 
than 105» of the base estimate. (The above distribution does not influence the evaluation 
performed but gives perspective on overall cost uncertainties.) 

I t should be noted that the 0.5 probability level corresponds to the median value, 
and that, in general, the expected value differs from the median for nonsymmetric d is t r i 
butions. The median value for the above capital cost is 1002, yet the expected value for 
the distribution is 101.252. The shape or structure contained in the irput probability 
distributions is related to the level of information available. The greater the degree of 
structure present in the distribution, the higher the presumed level of information rela
tive to that particular component. The lor . . level of structure possible is a straight 
l ine, reflecting only information concerning the expected minimum and maximum values. 
Such a distribution assumes that a l l intermediate values are equally probable. 

With estimates of this type used for a l l the relevant variables, an overall probabi
l is t ic result for the anticipated energy cost difference for tte two reactors can be con
structed. To illustrate the process, consider the data for the four most significant 
factors in determining the overall energy costs for the HTGR: the capital costs shown in 
Fig. 1.2.2, the U 30 e price escalation rates presented in Fig. 1.2.3, the estimates of 
downtime for unscheduled maintenance shown in Fig. 1.2.4, and an estimated scheduled annual 
outage of four weeks. Combining these data yields the overall energy cost distribution 
depicted In Fig. 1.2.5. The expected value of this distribution Is 19.92 mllls/kW-hr, and 
the distribution ranges from 15.69 to 24.30 mills/kW-hr based upon the economic ground 
rules used in this study. 

Probabilistic Sensitivity Analysis 

As in other types of studies, the effects of specific uncertainties can be assessed 
through "sensitivity" analyses. Two different types of sensitivity analysis are useful 
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for probabilistic problems. In the first, specific values from one of the cooponent 
distributions are selected as input to the model, thereby eliminating from the results 
the uncertainty related to that component. The calculated energy cost distribution curve 
then reflects a reduced uncertainty, as well as a possible shift due to the exact parameter 
value selected. Hence, the contribution of both the choice of the values (e.g., minimum, 
maximum, median, etc.) and the component uncertainty can be addressed. As an example of 
this type of analysis, the probabilistic sensitivity of the overall HTGR energy cost 
relative to the scarcity rate is given in Fig. 1 2.6. Here, the low and high designations 
correspond to the minimum and maximum values shown in Fig. 1.2.3. 

The second type of sensitivity analysis concerns the shape of the various cost com
ponent distributions. As noted previously, the amount of structure inherent in the distri
bution can be viewed as the degree to which the uncertainty of the distribution can be 
quantified, i.e., the adequacy of the current level of information. By changing the shape 
of the input data distributions to reflect anticipated increases in the level of infor
mation, such as through a successful R&D program, the value of the information in terms 
of the impact on the decision measure (i.e., expected value and uncertainty) can be studied. 
Since this study was concerned primarily with differences between two reactor systems 
involving many similar components, this latter type of sensitivity analysis was not pursued. 
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Fig. 1.2.6. Sensitivity of HTGR Energy Costs to Scarcity of U30e. 
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1.2.3. Probabilistic Results 

As noted in Section 1.2.2, the overall decision Measure selected for this study con
sists of the levelized power cost of each system but within the framework of recognized 
differences and technology requirements. The basic economic parameters utilized in the 
study are shown in Table 1.2.1. The year by year costs (10 years construction and 15 years 
operation) are levelized and referenced to I960. In order to eliminate the rather large 
effects of inflation (common to both systems), all costs are given in terms of constant 
I960 dollars. 

Although the methodology is structured to produce four basic cost components (plant, 
OSM, fuel, and availability), it is instructive to examine the impact of various design 
and operational differences via an alternate, and more generic, categorization. This 
categorization also has four basic components which derive from the fundamental differences 
between the HTGR and the PBR: (1) those differences resulting from a different design 
choice for power density (e.g., differences in the size of the containment vessel and the 
PCRV), (2t those differences relating to the instrumentation and control requirements, 
(3) these differences in the reflector replacement requirements, and (4) those modifica
tions that are traceable to the physical form of the fuel (fuel handling, fabrication, 
performance, etc.). Table 1.2.2 shows how many of the cost area(s) are impacted by these 
*our classes of design differences. 

3000-HW(t) Gas Turbine Systems 

The basic data describing the 3000-Mf(t) gas turbine systems in terms of the plant 
(capital) costs, 0*M costs, and fuel cycle parameters are given in Tables 1.2.3, 1.2.4, 
and 1.2.5, respectively. Although Chapter 3 provides the rationale and assumptions for 
these data, it is instructive to consider a specific item to illustrate the interactions 
between the various cost component categories. Consider, for example, the PBR control 
system. The issue of the control mechanism for the PBR is subject to a large uncertainty 
due to its lower level of specification for the 30OO-W(t) PBR-GT relative to the 
HTGR-GT. In particular, both the number and type of control rods and control rod drives 
required in the PBR are uncertain. Two types of rods are being considered: a thrust-type 
rod which would be pushed into the pebble bed and an auger- or helical-type rod which 
would be screwed into the bed, thereby displacing the pebbles upward. The operational 
characteristics of the PBR control rods are also not mailable at present; i.e., it is not 
yet known how frequently the rods, which will primarily operate in the void above the bed, 
will routinely penetrate the bed or at what depth they will penetrate. Until the opera
tional mode Is defined, the schedule for control rod replacements cannot be determined 
since bed penetration will require more frequent replacement. 

For the analysis presented here, it was assumed that the PBR control system would 
consist of 46 helical rods and 105 thrust rods, each with a separate control rod drive. 
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Table 1.2.1. Econonic Parameters Utilized in the Comparative 
Assessment of HTGR and PBR [Once-Through Fuel Cycles] 

Inflation Rate 0% 
Ut i l i ty Interest Rate 3.52 
Fixed Charge Rate (Capital) 7.0% 
Carrying Charge Rate (Fuel) 7.9% 
Government Interest Rate 5.05 
Discount Rate 7.OS 
Construction Period 10 years 
U 30 8 Price $100/ kg 
Ur08 Escalation 2.5% 
Conversion Price S4.30/kg (UF6) 
Conversion Loss 0.5% 
Separative Work S95/SWU 
Tails Assay 0.002 
Spent Fuel Shipping Cost $250/kg HK 
Spent Fuel Disposed Cost S450Ag HM 
Lead/Lag Times: U30a 12 months 

Conversion 9 months 
Enrichment 7.5 months 
Fabrication 6 months 
Off site Ship6«*nt 9 months 

Table 1.2,2. Cost Components Impacted by Design Differences 

Reactor Design 
Di f ference 

Impacted Cost Component 
Reactor Design 
Di f ference Capital OIM Fuel Availability 

Power Density3 X b 

Control X X X 
Reflector X X X X 
Fuel Type X X X 

includes impact of differences in core geometry. 
''Fuel-cycle cost component affected by difference 1n 
power density is included under fuel type. 
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Table 1.2.3. Reference Plant Hedian Costs for 3000-MW(t) Gas Turbine Systems 
(January 1979 Dollars) 

Costs (S106) 

(PBR - HTGR) 
Cost Category HTGR PBR Difference 

21 Structures and Improvements 

211 YardNork 8.9 8.9 _ 
212 Reactor Containment 63.2 71.5 8.3 
213 Turbine Generator Building - - -
214 Security Building 0.4 0.4 -
215 Reactor Service Building 10.8 10.8 -
216 Main Circ. Control Bldg. 0.6 0.6 -
217 Fuel Storage Building 10.8 13.9 3.1 
218 Other Structures 48.5 48.5 -

Subtotal 143.2 154.6 11.4 

22 Reactor Equipment 

221A PCRV Structure 69.3 91.3 22.0 
221B PCRV '.iners & Penetration 44.3 48.4 4.1 
221C Reactor Control Mechanism 10.8 38.8 28.0 
2210 PCRV Internals & Insulation 43.4 56.5 1.6 
221E 
222 

Reflector Graphite Upgrade 
Main Heat Transfer & 

0 10.5 10.5 

Transpv-t System 67.4 71.4 4.0 
223 Safeguards d o l i n g System* 23.0 19.0 -4.0 
224 Rad. Haste SySw.̂ n 4.2 4.2 -
225 Nuclear Fuel Handi . . " 42.9 37.9 -3.0 
226 Other Reactor Plant Equl; 26.6 26.6 -
227 Instrumentation & Control 8.7 9.7 1.0 

Subtotal 340.6 403.8 64.2 

23 Turbine Plant Equipment 78.0 78.0 -

24 Electric Plant Equipment 37.0 37.0 -

25 Mi seel la neous Plant Equipment 10.0 10-0 -

26 Heat Reject System 37.0 37.0 . 

Total Direct 645.S 720.4 74.6 

90 Indirect Costs 206.7 230.8 2 3 - 1 

TOTAL 852.5 951.2 9f. i 

•Auxiliary Cooling System is cheaper. 
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Table 1.2.4. Reference OSM Hedian Costs for 3000-MW(t) Gas Turbine Systems 
(1979 Oollars) 

Costs (S103) 

Plant Type HTGR PBR 
Difference 

(PBR - HTGR) 

Staff (215 persons at S23412) 5034 5034 -

Maintenance Material 1850 1850 -

Supplies and Expenses 

Fixed 
Variable* 

3700 
466 

4400 
466 70J) 

Subtotal 4166 4866 700 

Insurance and Fees 408 408 -

Admin, and General 1587 1587 -

Total Fixed Costs 
Total Variable Costs 
Total Annual OW Costs 

12,579 
466 

13,045 

13,279 
466 

13,745 

700 
0 

700 

*At a plant factor of 1.00. 

Table 1.2.5. Reference Fuel Cycle Parameters for 3000-MW(t) Gas Turbine Systems 

HTGR PBR 

Plant Design Parameters 
Thermal Power, HW(t) 
Electric Power, MW(e) 
Thermal Efficiency, * 
Core Power Density, W/cm3 

3000 
1200 

40 
7.1 

3000 
1200 

40 
5.5 

Fuel Cycle Parameters 
In i t ia l core 

Number of Fuel Elements 
Mass of 7 3 5 U 
Mass of 2 3 8 U 
Mass of 2 3 2 T h 

4760 
1701 
6804 

28216 

2,941,955 
1388 
5552 

18875 
Equilibrium cycle 

Fuel Residence Time, Full Power Years 
Carbon/HM Ratio 
Mass Flow, kg/yr at Full Power 

3.2 
478 

2.2 
450 

23Sy 
2 3 8 0 

232TH 

946 
3784 
3635 

993 
3*71 
6487 

Tot i l HM 8365 10951 
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The following parameters were treated probabilistically: 

(1) Direct capital cost of control rods. 
(2) Direct capital cost of control rod drives. 
(3) Lifetime of control rods, 

(a) Helical-type, operation in bed. 
(b) Helical-type, operation above bed. 
(c) Thrust-type. 

(4) Operation mode - fraction of helical rods required to operate in the bed. 
(5) Replacement time/control rod. 

The last parameter was included so that an assessment of the impact of control rod replace
ment on the assumed annual maintenance outage for the reactor could be made. 

Figure 1.2.7 illustrates the effect of the PBR control rod replacement on the length 
of the annual outage. Whereas for the HTGR the refueling and control rod replacement time 
is predicted to l ie entirely within the assumed 28-day turbine maintenance envelope (and 
hence for the HTGR the turbine maintenance is the critical path item), there is a small 
probability that for the PBR the control rod replacement will be the critical path item, 
resulting in a slight decrease in availability for the PBR. 

°. OML-OK ta~wwt 
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1- / / 
TURBINE 

M M T E N M K E 
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a- J 1 
5 y / 

10.0 IS.O 1 1 
* . 0 M.O ».0 m.0 «. . «. . m 
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Fig. 1.2.7. Effect o f Control Rod Replacement on Annual Downtimes of HTGR-GT and 
PBR-GT. 
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I t should be noted chat the correlation between the cost components must be accounted 
for in the analysis since in certain cases different cost categories contain common uncer
tainties and hence are not independent of each other. For the control rods, for example, 
the in i t ia l capital costs of the control rods and the replacement costs (OJM) are related: 
high init ial capital costs imply high replacement costs, *lso. the replacement time of 
the control rods (availabil i ty cost) and the replacement costs are correlated through the 
number of rods replaced. Although the expected value of the decision distribution is 
unaffected by the correlation, the existence of a positive correlation serves to reduce 
the dispersion of the probability distribution of the power cost. 

Combining the protsbility distribution depicted by Fig. 1.2.7 with other probability 
distributions for control rod/d"ve direct costs, control rod replacement costs, rod 
l ifetime, and operational mode (fraction of helical rods which must be operated in the 
bed of the reactor) allows the incremental power cost associated with the difference in 
instrumentation and control characteristics between the PBR and the HTGR to be calculated. 
The result is depicted in Fig. 1.2.8. As indicated, the expected total power cost of 
the PBR i s anticipated to be 0.43 mill/kw-hr higher than that of the HTGR. Moreover, 
the distribution is skewed towards the higher values, essentially reflecting the 
unfavorable possibility of a high fraction of rods operating in the bed coupled with high 
capital -»nd replacement costs. 

The results of a similar analysis for the reflector differences is given by Fig. 
1.2.9. The primary component of the distribution (the expected value) is the in i t ia l 
capital cost increment attributable to the PBR improved graphite. However, the distribu
tion is highly nonsymmetric due to the inclusion of a small (10*) probability that the 
improved graphite may have to be replaced once during the operational l ifetime. Such a 
possibility entails a significant availability penalty (up to 6 months) and thus represents 
a high-cost, low-probability event for the PBR - leading to the skewed shape of the curve. 

In contrast to the skewed shapes of the curves showing the I&C effects and reflector 
differences, the probability curve representing the difference; in the fuel form and fuel 
cycle has a relatively symmetrical shape (see Fig, 1.2.10). The negative expected value 
of -0.43 mill/kW-hr is attributable to a generic PBR fuel cycle advantage implicit in 
the mass flows given in Table 1.2.5. Moreover, this advantage is a net effect since i t 
also presumes a 2-yr delay for the PBR (and subsequently higher U 30 6 costs). The major 
contributor to the uncertainty in the fuel effect distribution is the underlying 
uncertainty of the escalation rate in the price of U 30 8 due to i ts scarcity. Although 
not shown, the remaining incremental cost component, the increment attributable to power 
density differences, is also symmetric about an expected value of +0.42 mill/kW-hr. 

The combination of the four probability distributions, each of which represents a 
specific category of differences between the two reactor systems, allows the overall PBR 
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Fig. 1.2.8. Incremental Power Cost Increase for the PBR-GT Relative to the HTGR-GT 
Due to Differences in Instrumentation and Control Characteristics. 
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Fig. 1.2.9, Incremental Power Cost Increase for the PBR-GT Relative to the HTGR-GT 
Due to Reflector Fabrication and Replacement Differences. 
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Fig. 1.2.10. Incremental Power Cost Increase for the PBR-GT Relative to the HTGR-GT 
Due ;o Differences in the Fuel Form and Fuel Cycle. 

incremental power cost d ist r ibut ion to be calculated. The resul t is displayed in Fig. 
1.2.11. The incremental d is t r ibut ion has an expected value of 0.66 -nill/kW-hr and ranges 
f r n 0.08 mil l /kK-hr to well over 3 mills/kW-hr. Th' i the PBR rower cost i s .anticipated 
to 1 ' l i g h t l y higner than that of the HTGR. Ho.vrve. -, due to the use of incremental 
differences, the analysis also points out that, Irrespective of the absolute cost o f the 
power from the HTGR, which is shown in r i g . 1.2.5 to be about ?0 mills/kW-hr (with a d is 
t r ibu t ion range of IS.69 to 24.30 n.ills/kW-hr), the r'BR is expected to be 0.66 mill/kW-hr 
morf. txpensive. However, i t should also be noted that there appears to *:i i "Z» prob-
a b i ' i t y thai :••* PER incremental cost w i l l be less than 1 mil l /kW-hr. 

Table 1.2.6 summarizes the cot. r ibutions of the various e f fec ts , bot^. by cost 
components and iiy design and operational <iiffe>cr.ces. As indicated, Lne major cost 
category is the capital co«t and of th is approximately one-half 1s due to the lower power 
density of the PBR, whlcn increases the costs for the PCRV and containment bui ld ing. The 
more complex contrcl system of the PBR (and the more severe operating environment of the 
control system) z'no leads V- higher capital costs, as well as to higher operating and 
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Fig. 1.2.11. Total Incremental Power Cost Increase for the PBR-GT Relative to 
HTGR-GT. 

Table 1.2.6. Breakdown of Incremental PBR Cost Differences 
(Expected Values) for 3000-MU(t)-GT Comparison 

Design/Operational 
Di f ference 

Cost Compjdent (mi Us/kW-br) 
Design/Operational 

Di f ference Capital O&M Fuel Availability Total 

Power Density +0.42 - - - +0.42 

I&C +0.35 +0.06 - +0.02 +0.43 

Reflector +0.17 +0.01 +0.01 +0.05 +0.24 

Fuel Type -0.04 - -0.43 +0.04 -0.43 

Total +0.90 +0.07 -0.42 +0.11 +0.66 
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maintenance costs. Similarly, the permanent (or semipermanent) nature of the PBR radial 
reflector significantly impacts the capital cost component, and also contributes to a 
lesser extent to the other three cost components. Overall, the PBR fuel cost component is 
negative, but this advantage is not large enough to offset the three unfavorable cost 
components. 

in terms of the design and operational differences, the power density, IaC, and fuel 
effects are equal in magnitude. The magnitude of the reflector effect is a factor of two 
smaller than the ether three effects, primarily because the use of an improved graphite 
for the PBR was specified. This results in a significantly smaller effect on the power 
cost than does the use of standard graphite with periodic replacement. 

The assumption that the PBR reflector is fabricated from a superior grade of graphite 
implies that i t is advantageous to incur a higher capital cost in order to reduce the 
probability of incurring a nonavailability penalty for reflector replacement. In order 
to verify this assump'ion, the incremental power cost of the PBR was calculated neglecting 
the $10.5 million extra capital cost attributable to the advanced graphite but with the 
probability of replacement increased from a 0.1 to 1.0. The result is depicted in Fig. 
1.2.12. As indicated, the expected power cost increment is increased (from 0.66 to 0.97 
mill/kW-hr). Additionally, the perturbation results in a decrease in the dispersion of 
the possible power cost increment reflectinn the change from an uncertain reflector 
replacement to a certain replacement. Hov ver, clearly from an expected value viewpoint, 
the use of upgraded graphite for the PBR radial reflector is the more advantageous 
choice. 

3000-MW(t) Process Heat Systems 

When the HTGR and PBR are applied in systems dedicated to process heat production 
(outlet coolant temperature of 950CC), two significant differences from the 850°C gas 
turbine base cases can be anticipated. First, i f the process heat application is assumed 
to generate no electricity, or i f the system is designed such that turbine maintenance 
can be performed during reactor operation ( i . e . , steam bypass of the turbine), the annual 
turbine maintenance envelope can no longer be considered t :ie cri t ical path that determines 
(in a majority of cases) the length of the annual scheduled outage. As indicated by Fig. 
1.2.7, elimination of the turbine maintenance requirements would introduce a significant 
difference in the expected length of the scheduled maintenance outage for the two systems 
due to the PBR control rod replacement requirements, which translate into a lower avail
abi l i ty for the PBR. In order to estinate the effect that this would have on the relative 
power costs of HTGR-PH and PBR-PH systems, the turbine maintenance requirements were 
eliminated from the base case (gas turbine) calculations. Figure 1.2.13 shows the 
resulting change in the probability cost difference distribution. 
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Fig. 1.2.12. Incremental Power Cost Increase for the PBR-GT Due to Substitution of 
Standard Graphite for Advanced Graphite in Reflector. (Base case curve is from Fig. 1.2.11.) 
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Fig. 1.2.13. Incremental Power Cost Increase for the PBR-PH Relative to the HTGR-PH 
Due to Differences in Instrumentation and Control Requirements as They Influence Reactor 
Availability. [Curve at le f t shows increment increase of PBR-GT relative to HTGR-GT 
(see Fig. 1.2.8); curve at right shows effect of removing turbine maintenance requirements 
from base case.] 
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The recond major difference is in the fission-product release rates of the KTGR and 
PBR cores at the 950°C process heat outlet helium temperature. As indicated in Section 
1.1, a t the 950°C temperature, the fission-product activity in the HTGR coolant circuit 
is expected to be significantly higher than that in the PBR circuit . I t was assumed that 
for scheduled maintenance the increased circuit activity would not result in a large 
cost increment for the HTGR since extra shielding, revised maintenance procedures, etc. 
could be incorporated at the design stage of the reactor. However, i f unscheduled (and 
hence unanticipated) maintenance on the components within the circuit were required, i t is 
clear that the increased activity would impact both cost and availabil i ty. Due to the 
diff iculty inherent in quantifying the impact of the increased activity based on the 
design detail available, this effect was modeled in a gross sense, again by a perturbation 
to the base case. Figure 1.2.14 represents the incremental cost (above that required for 
850°C operation) attributable to the increase in circuit level activity. The distribution 
is intended to represent a l l costs incurred due to the activity level difference, that 
i s , costs associated with increased personnel requirements, additional equipment, and 
increased downtime due to the necessity for remote and unplanned operations. 

0.0 5.0 10.0 IS.0 20.0 25.0 30.0 
S/yCflR (IN MILLIONS) 

35.0 10.0 S0.0 

Fig. 1.2.14. Incremental Power Cost Increase for the HTGR-PH Relative to the PBR-PH 
Due to Increased Temperature-Induced Fission-Product Radioactivity in Coolant Circuit. 
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Figure 1.2.15 illustrates the combined r tml ts of these two perturbations on the 
incremental power cost for the PBR. The expected value is 0.43 mill/kW-hr, which repre
sents a decrease from the base case value of 0.66 mill/kW-hr. However, i t should be 
noted that the revised distribution incorporates a marked increase in uncertainty relative 
to the base case. The remarkable shape of the distribution can be traced to the dominance 
of the circuit activity cost curve (Fig. 1.2.14) for the negative values (HTGR disadvantage) 
as opposed to the dominance of the control rod effects (elimination of the turbine as the 
cri t ical path item for the scheduled outage) for the positive values (PBR disadvantage). 
I f a cogeneration plant should be specified so that the turbine-generator maintenance 
could not be bypassed, then only the fission-product effect would be significant, resulting 
in a negative expected value (PBR advantage) but with a large uncertainty in the distribu
tion. 
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Fig. 1.2.15. Comparison of Incremental Power Cost Increases for the PBR Relative to 
the HTGR for Gas Turbine and Process Heat Applications. 
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1.3. OVERALL EVALUATION OF HTGR AND PBR SYSTEMS 
P. R. fasten 

Section 1.2 has presented probabilistic cost evaluations for 3000-MW(t) •'TGR and PBR 
systems operating on a MEU tnrowaway fuel cycle with a coolant outlet temperature of 
850°C, plus estimates of the effect of increasing the outlet temperature to 95G°C. In 
addition to these, more cursory evaluations were perforated for all the systems considered 
in the study, and the results of these evaluations are included here. Specifically, the 
direct construction costs, thj operating and maintenance costs, the fuel cycle costs, the 
unscheduled maintenance costs., and the research and development costs that would be 
incurred in deploying each of the systems are compared. 

1.3.1. Capital Costs 

Table 1.3.1 presents the estimated capital cost differences between the HTGR and the 
PBR for the 3000-MM(t) and lOOO-MU(t) power levels: chese cost differences are estimated 
to be largely independent of the coolant outlet temperature and thus apply to all three 
process applications (steam cycle, gas turbine, or process heat). The capital costs are 
given as the difference between the PBR and the HTGR, both in terms of a nominal range and 
a mean value.* For example, the range of the capital cost difference of the PCRV, liners, 
insulation, and containment building for the 3000-MH(t) systems is given as $25 million to 
$50 million (more expensive for PBR), while the mean value of the incremental construction 
cost increase of the PBR relative to the HTGR is S36 million. The range of the overall 
capital cost increase for the 3000-MW(t) PBR is $49 million to $112 million, with the mean 
incremental rost being $74 million. The corresponding range for the 1000-HW(t) systems is 
estimated to be $15 million to $46 million, the mean value being $28 million (PBR more 
expensive). 

While the capital costs given in Table 1.3.1 are independent of the reactor appli
cation, there will, of course, be other capital costs that will differ with the applica
tion. However, the differertial costs between PBRs and HTGRs as given in Table 1.3.1 
would still apply. This is ihown in Table 1.3.2, which gives estimated direct construction 
costs for steam cycle, gas turbine, and process heat applications of 3000- and 1000-MW(t) 
HTGRs, along with a nominal range for a developed industry. The incremental increases in 
direct construction costs for the PBRs are the same as in Table 1.3.1. 

1.3.2. Operating and Maintenance Costs 

The estimated differences In annual operating and maintenance costs between the two 
reactor concepts are given in Table 1.3.3. The net difference in 0&M costs 1s a $530,000 

•These range and mean values are not always consistent with the data used in the probabi
listic analysis since the input data varied with time. However, the differences do not 
influence the the overall results obtained, and so It was not necessary to repeat the 
analyses. 
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Table 1.3.1. Estimated Direct Construction Cost Differences Between HTGR 
and PBR Systems* (Incremental Increases for PBR in 1979 Dollars) 

Range of Cost Increase ($10*) 

3000 Mbf(t) 1000 W ( t ) 

Mean Value of Increase (S106) Range of Cost Increase ($10*) 

3000 Mbf(t) 1000 W ( t ) 3000 W ( t ) 1000 Ml(t) 

PCRV, l iner, insulation, 
containment building 25-50 13-25 36 18 

Costly graphite (POCO) to 
obtain fu l l reactor l i f e 
from inner reflector 8-15 3-5 11.5 4 

Control rods and drives 23-39 8-13 28 10 
Nuclear instrumentation 0-5 0-2 0 0 
Fuel storage 3 1 3 1 

Refueling/graphite replacement -10-0 -10-0 -5 -5 

Core auxiliary cooling systems 0 0 0 0 

Total 49-112 15-46 74 28 

•Direct cost differences are estimated to be largely independent of outlet coolant 
tempera Cure. 

Table 1.3.2. Comparison of Direct Construction Costs for Various Applications 
of HTGRs and PBRs* (1979 Dollars) 

HTGR Cost (510 s) Cost Increase for PBR ($10 6) 

Outlet 3000 Mf(t) 1000 W(t) 3000 MW(t) 1000 MW(t) 
Temperature Type 

(°C) System Ref. Range Ref. Range Ref. Range Ref. Range 

750 SC 640 608-704 346 329-381 74 49-112 28 15-46 
850 GT 646 614-711 350 333-385 74 49-112 28 15-46 
950 PH 767 729-844 420 400-462 74 49-112 28 15-46 

•Excludes inflation, scheduling delays, and regulatory impacts; range covers -51 to +105 
for HTGR. 

Table 1.3.3. Estimated Operating and Maintenance Cost Differences Between HTGR and PBR* 
(Incremental Increases for PBR in 1979 Dollars) 

Range of Cost Increase (SlOtyyr) Mean Value of Increase ($10 3/yr) 

3000 W(t) 1000 HW(t) 3000 HW(t) 1000 MM(t) 

Control rod replacement costs 300-1400 100-500 530 170 

Fueling valve replacement costs for P6R * Fueling machine maintenance costs for HTGR 

'Annual cost differences are estimated to be largely independent of outlet coolant 
temperature. 
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per year higher cost for the 3000-MW(t) PBR and a SI70,000 per year higher cost for the 
1000-MW(t) PBR. Again, the cost differences are estimated to be largely independent of 
the outlet coolant temperature, but the total costs wi l l vary with the reactor application. 

1.3.*. Fuel Cycle Costs 

With regard to fuel ut i l izat ion, the HTGRs and PBRs are not significantly different 
for comparable conditions, but the PBR tends to have a slightly higher fuel conversion 
ratio because of i ts on-line fueling feature. This higher conversion ratio holds for both 
once-through and recycle conditions, but more so for recycle. Based on present technology 
and zoning limitations, the fuel loading in an HTGR can be slightly higher than in the 
PBR, but this leads to about the same conversion ratio in the two reactors at the same 
fuel exposure under fuel recycle conditions. In the long term, however, the HTGR appears 
to be more limited in its abi l i ty to go to higher fuel loadings; the PBR probably can 
have 15 to 202 higher fuel loadings (in terms of kilograms of heavy metal per unit volume). 
This is important only under fuel recycle conditions, however. Thus, the fuel cycle 
aovantages of the PBR are most significant under fuel recycle conditions and at high U 30 8 

prices. 

The fabrication of PBR fuel is estimated to be 15 to 20* less expensive than the 
fabrication of HTGR fuel under the reference conditions. However, the refabrication of 
PBR fuel appears to be about 5 to 10" more expensive than HTGR fuel. Reprocessing costs 
of PBR and HTGR fuel are essentially the same for equivalent conditions. For the once-
through fuel cycle and reference conditions, the fuel cycle costs of the PBR are about 
0.4 mill/kW-hr less than for the HTGR. Under fuel recycle conditions, the PBR cost 
advantage would increase probably to about 0.6 to 0.8 mill/kW-hr. Also, i f the HTGR were 
to go to a two-year interval between refuelings instead of a one-year interval, or i f the 
HTGR were to use a three-year fuel cycle time instead of a four-year cycle, the fuel cycle 
cost o* t u : '"C" ..w-'- rise relative to the PBR. 

The relative fuel cycle costs of HTGRs and PBRs are essentially the same for lOOO-MW(t) 
plants as fcr 30G0-MW(t) plants. While the HTGR gains slightly at the lower power level , 
the gain is .insignificant. Overall, the higher capital costs of the PBR for the reference 
conditions more than offset the higher HTGR fuel cycle costs. 

1.3.4. Unscheduled Maintenance Costs 

With regard to the effect of unscheduled maintenance downtimes on relative perfor
mance, only at the 950°C outlet coolant temperature is there a significant difference 
(favoring the PBR), with a large uncertainty In that difference (ranging from insignificant 
to very significant). Thus, for the 9509C outlet coolant temperature, i t is not clear 
whether the HTGR or the PBR has an advantage in power costs. 

m 
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1.3.5. Research and Development Costs 

The above discussion has not taken into consideration the differences in the R&D costs 
associated with developing the two concepts. Table 1.3.4 summarizes tstinates of the R&D 
expenditures (base technology plus equipment developaent) required for HTGRs and PBRs as 
a function of outlet coolant temperature. Th*» differences are based on estimates of the 
incremental PBR R&D costs; the incremental R&D difference i s estimated to have a mean 
value of $145 million (higher for the PBR), with a range of $100 million to $200 million. 
The higher PBR costs are on the basis that U.S. vendors will furnish the PBRs. The R&D 
required would be largely independent of whether 3000- or lOOO-Mt(t) commercial plants 
were being considered. As shown in Table 1.3.4, the plant R&O increases with increasing 
coolant temperature. This i s primarily due to increased costs of developing materials 
and of associated equipment; for the 850°C case, the gas turbine development requirements 
were also included. In all cases, the incremental R&D costs for the PBR over the HTGR 
were the same; however, the different cases give perspective on overall R&D costs. 

The performance of either the HTGR or the PBR is enhanced by reprocessing and recycle 
of spent fuel. The estimated R&D e/oenditures for basic recycle technology and for a fuel 
recycle pilot plant are sumarized in Table 1.3.5; no significant differences &re identi
fied between HTGR and PBR fuel recycle development. 

1.3.6. Alternative Reactor Designs 

Although this study did not specifically evaluate the potential of alternative reactor 
designs, the results obtained indicated certain effects. For example, by going to higher 
core power densities and deeper bed depths in PBRs, PCRV and containment costs could be 
brought back to HTGR levels. However, HTGRs could also increase their power density at 
the expense of higher fuel temperatures. Further, i t appears that deeper bed depths in 
PBRs would make control-rod insertion more diff icult , as well as increase the incremental 
control system costs relative to those of HTGRs. 

Use of annular cores in PBRs appears to show some potential in alleviating control 
and instrumentation problems but tends to lead to lower nuclear performance and higher 
fuel cycle costs. The annular core permits improved PCRV head support in the middle of 
the reactor, but this type design Is not unique tc PBRs. 

A decrease In HTGR fuel temperatures appears possible through use of reactor cores 
with higher core pressure drops, A proposed use of thorium blankets to protect the 
graphite reflector from high fluences vould lead to a significant reduction In outlet 
coolant temperature for a given maximum fuel temperature, and thus does not appear to have 
an overall advantage. On the other hand, use of twice-through fueling rather than once-
through-then-out fueling in the PBR would tend to decrease graphite reflector fluences 
and to reduce the Irradiation damage to control rods above the core. However, twice as 
much fuel handling would need to *g carried out. 
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Table 1.3.4. Estimated Research and Pevelopment Expenditures 
for HTGRs and PBRs* [1419 Dollars) 

R&D Costs ($10*) 
Reactor System/Cost Category HTGR PBR 
Steam cycle, T = 750°C 

Base technology 200 - 250 300 - 450 
Plant equipment 100 - 150 100 - 150 
Total 300 - 400 400 - 600 

Gas turbine, T = 850°C 
Base technology 250 - 400 350 - 600 
Plant equipment 200 - 400 200 - 400 
Total 450 - 800 550 -1000 

Process heat, T = 950°C 
Base technology 400 - 600 500 - 800 
Plant equipment 200 - 400 200 - 400 
Total 600 -1000 700 -1200 

•Cost estimates refer to costs required above vendor/utility 
commercial investments; R&S costs are same for 1000- and 
3000-MW(t) plants. 

Table 1.3.5. Estimated Research and Development Expenditures 
for HTGR or PBR Fuel Recycle Systems (1979 Dollars) 

Cost Category R&D Costs ($106) 
Base technology* 500 - 800 
Pilot plant 900 - 1300 
Total 1400 - 2100 

'includes 5-8 years operating cost/interactions with pilot 
plant. 
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1.4. CONCLUSIONS AND RECOMMENDATIONS 

On the basis of the information available, i t appears that high-temperature gas-
cooled reactors based on either the HTGR design concept or the PBR design concept can be 
successfully commercialized in the U.S. However, since the development of HTGR systems 
has been under nay in the U.S. for some time, whereas the development of PBR systems has 
been carried out primarily in the Federal Republic of Germany, a large." R&D program would 
be required to bring the PBR on line in the U.S. The increased cost of the PBR R&D pro
gram over that of an HTGR R&D program is estimated to be $100 million to $200 mill ion, 
and the increased time is estimated to be up to four years. 

Under the assumption that either reactor could be developed,'the HTGR and PBR were 
evaluated and compared in this study on the basis of their relative economic performance 
when they were applied in comparable systems for the production of electricity (steam 
cycle or gas turbine systems) or the production of process heat. The criterion for the 
economic performance was the overall energy production costs, which consisted of four cost 
components: capital costs, fuel costs, operation and maintenance costs, and nonavaila
b i l i ty penalties. In calculating these costs, the impact of design and operating differ
ences between the two types of reactors on the individual cost components was determined. 

The comparative evaluation began with an examination of key technical issues to 
identify the most important design and operating differences. The results of these 
studies can be summarized as follows: 

(1) The lower power density ( i . e . , larger core) of the PBR requires a larger PCRV 
and containment building, which contributes to higher PBR capital costs. 

(2) The more complex control system of the PBR, together with the more severe 
environment in which the control rods must operate, contributes both to higher 
PBR capital costs and to increased maintenance costs (to replace control rods). 

(3) Replacing the PBR control rods requires more time than replacing *'ie HTGR 
control rods plus refueling; however, in most cases the times required for 
these activities are less than the times required for turbine-generator 
maintenance. Thus their relative times are important only for those systems 
for which the turbine Maintenance is not the crit ical path. 

(4) The requirement for a permanent PBR radial reflector to avoid a high nonavail
abi l i ty penalty for reflector replacement mandates the development of a superior 
grade of graphite and increases the PBR capital costs. 

(5) The on-line refueling feature of the PBR results in a slightly better neutronic 
performance (higher fuel conversion ratio) and a smaller in i t ia l coonitment of 
U 30 8 and separative work for the PBR, an advantage that becomes more important 
with fuel recycle. 



1-38 

(t>) Invoking the secondary shutdown system results in a significant fuel cycle 
penalty for the PBR, especially for thrcwaway cycles. 

(7) For process heat systems with high cutlet coolant temperatures, the HTGR may 
have a higher cost penalty associated with unscheduled maintenance shutdown than 
the PBR since for high operating temperatures the fission-product activity levels 
will probably be higher in the HTGR. However, the effect of circuit activity 
level on the maintenance and nonavailability costs i s very uncertain. 

The above differences were considered in a probabilistic analysis performed for 
reference HTGR and PBR systems [3000 HW(t), direct gas turbine, 850°C outlet tempe.ature, 
and MEU fuel on a once-through cycle]. With 15-year levelized power costs (in mills/kW-hr) 
used as the criterion, the analysis yielded an expected power cost of 19.92 nills/fcW-hr 
for the HTGR, with a probability distribution ranging from 15.69 to 24.30 Jills/kW-hr. 
For the PBR, the expected power cost was 0.66 mill/kW-hr higher. The largest component of 
this incremental increase was +0.90 dill/kW-hr for increased PPr. capital costs, which was 
oartially offset by a -0.42 mill/kW-hr fuel cycle advantage of the PBR over the HTGR. The 
other components were +0.07 mill/kK-hr for higher operation and maintenance costs and 
+0.11 mill/kW-hr for a higher unavailability penalty. 

The increased PBR capital costs were due to the larger PCRV and containment building 
(+0.42 mill/kW-hr), the more complicated control system (+0.35 mill/kW-hr), and the 
assumption that a superior reflector graphite material would have to be developed (+0.17 
mill/kW-hr). Substituting a standard grade of graphite for the PBR reflector reduced 
the capital costs but increased the PBR nonavailability penalty to the extent that the 
incremental increase in the PBR power cost was 0.97 mill/kW-hr rather than 0.66 mill/kW-hr. 
Thus, in b^t'n aaaes the probabilistic analysis indicated that economically the HTGR may be 
slightly superior to the PBR for the gas turbine application, and the scone conclusion 
would iiold for the steam cycle application. 

For process heat systems with an outlet coolant temperature of 950°C, the costs 
associated with the possible higher fission-product activity in the HTGR coolant must be 
balanced against the increased downtime for replacing PBR control rods. This was done 
cursorily by introducing both effects as perturbations in the probabilistic analysis for 
the reference systems. As a result, the expected value of the incremental increase in the 
PBR costs over the HTGR costs was reduced to 0.43 mill/kW-hr. However, the distribution 
about the expected value had a wide variance, ranging from a PBR advantsqe to an HTGR 
advantage. The net result was no apparent preference between the tuo reactors for process 
heat systems. 

On the basis of these probabilistic results for the reference systems and the overall 
evaluation of all the systems considered in this study, it is recommended that primary 
support of high-temperature gas-cooled reactora in the U.S. be given to the HTGR concept. 
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Ke> i . jues still to be resolved for the HTGR are (I) fuel performance ( i . e . , fission-
product retention) as a function of temperature, temperature gradient and irradiation 
exposure, and (2) maintenance costs as a function of coolant circuit activity. 

It is also re&snnended that the U.S. maintain a cooperative FBR proaraa v„'r. FUG, 
emphasizing work in the key areas of reactor control and instrumentation requirements. 
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2.0- INTRODUCTION 

Since the total power cost was used as the fiqure of merit in this analysis, a l l 
data incorporated into the analysis were either costs or data from which costs could be 
calculated. In this chapter an effort is made to document a l l the cost data actually 
used in calculating the probabilistic distributions for 3000 MW(t) PBR and HTGR total plant 
costs. In most cases the data were arrived at through studies of key technical issues, 
which are described in Chapter 3. However, in some cases time limits or lack of a suff i 
cient technical base precluded detailed studies, and the corresponding input data were 
selected on the basis of judgment. In the analysis, the uncertainty in the data was con
sidered through the use of probability distributions, ^or those cost categories that were 
interdependent, the total costs of the categories were sjmmed end a probabilistic d is t r i 
bution was estimated for the total . An example is the capital costs of the PCRV and the 
containment building, whose sizes are interdependent and both of which depend on the cost 
of concrete. 

I t should be noted that a comparison of this chapter with Chapter 3 wil l reveal that 
the data used in the decision-making analysis do not always correspond exactly to the 
data given in Chapter 3. This is because the tight time schedule for the analysis some
times necessitated the selection of input data before the detailed studies were completed 
and i t is these da a that are included here. Chapter 3, on the other hand, presents the 
results of the detailed studies updated to the time of publication of this report. Where 
differences exist, use of the updated data would not change the essential results of the 
comparative analysis. 

2 . 1 . REACTOR CONTROL SYSTEM COSTS 

2 .1 .1 . Direct Capital fosts of Control Systems 

The large differences between the Pf JTGR control requirements result in signi
ficant differences in the costs of both • ntrol rods ind the control rod drives for 
the two types of reactors (see Sections " i and 3.1.3). For the HTGR, a large technical 
base exists and relatively firm estimates can be given. The reactor will ut i l ize 168 
control rods and 84 control rod drives (two rods per drive), for which the capital costs 
are summarized in Tab'e 2 .1 .1 . 

Table 2 .1 .1 . Capital Costs for HTGR Control Rods and Control Rod Drives 

Unit Costs (SIO3) Total Costs ($106) 
Control rods (168) 14 2.4 
Control rod drives (84) 100 8.4 

Total 10.8 
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The estimated costs for the "rv? control rods are higher: $25,000 per thrust-type 
rod and $30,000 per auger-type rod. For a total of 151 rods, i t is assumed that 105 rods 
wi l l be the thrust type (at a total cost of $2,625,000) and 46 wi l l be the auger type (at 
a total cost of $1,380,000). The estimated unit costs for the PBR control rod drives 
(one per rod) are also higher since the PBR backup capability must include a driving force 
for the thrust or rotating action of the rods, whereas the HTGR backup system is based on 
rod drop by gravity, l i e estimated costs for the PBR control ru« drives are $200,000 for 
for the translation or rotating action of the rods, whereas the HTGR backup system is 
based on rod drop by gravity. The estimated costs f o r the PBR control rod drives are 
$200,000 for the thrust-type and $300,000 for the aucer-type. Thus, the control rod drive 
probabilistic distribution of the costs was used in the analysis (see Table 2.1.2) . 

Table 2.1.2. Probabilistic Estimates of Costs for PBR Con*T>l Rods 
and Control Rod Drives 

Cost for Control Rod 

Cost for Control Rod Drive 

Augei - Rods Thr ust Rods 
Cost Cost 
($io3) Probability 'S10 3) Probability 
25 0.1 20 0.1 
27.5 0.2 22.5 0.2 
30 0.4 25 0.4 
37.5 0.2 27.5 0.2 
45.0 0.1 30 0.1 
250 0.1 150 0.1 
275 0.2 175 0.2 
300 0.4 200 0.4 
325 0.2 225 0.2 
350 0.1 250 0.1 

2.1.2. Cost of Control Rod Replacement 

Given the unit cost for a control rod, the direct cost for additional rods was deter
mined by the total number to be replaced during the reactor l ifetime, which, in turn, was 
based upon the projected practical lifetime of a control rod. 

For the HTGR, the estimated average lifetime of a control rod was assumed to be 7 
years (see Sections 3.1.3 and 3.7.3). I f one-seventh of the 168 control rods are replaced 
during each shutdown for annual refueling, the lifetime for each rod will be 7 years. Thus 
24 control rods wil l have to be replaced en an annual basis. 

The number of PBR control rods to be replaced on an annual basis Is di f f icul t to 
ascertain since the control rod lifetime is dependent upon the number of times ( I f any) a 
rod must penetrate into the fueled pebbles from the gas space above the core. The thrust-
type rods are assumed to penetrate the bed of pebbles only during shutdown under normal 
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operation. Therefore the lifetime of the thrust-type rods was estimated to be greater than 
that for the auger rods and comparable to that of an HTGR control rod (7 years). On the 
basis of the discussion in Section 3.1.3, it was assumed that the auger rods would have 
an expected lifetime of 2 years if they had to penetrate the core and an expected life
time of 4 years if they did not have to penetrate the core. The probability distribution*, 
for the control rod lifetimes in a PBR are given in Table 2.1.3 

Table 2.1.3. Probability distribution of Control Rod Lifetimes 
in a Petble Bed Reactor 

Lifetime 
(Years) Probability 

Thrust tods (penetrate pebble core 
only during shutdown) 

4 
6 
8 

10 

0.05 
0.45 
0.45 
0.05 

Auger Rods (penetrate pebble bed) 1 
2 
3 

0.1 
0.8 
0.1 

Auger Rods (do not pentrate pebble bed) 3 
4 
5 

0.1 
0.8 
0.1 

The fraction of auger rods that penetrate the pebble bed core was assumed to have 
the probability distribution given in Table 2.1.4. 

Table 2.1.4. Probability Distribution for Fraction 
of Auger Rods Penetrating FSR Core 

Fraction of 
Penetrating Rods Probability 

0.23 0.03 
0.29 0.17 
0.37 0.60 
0.45 0.17 
0.51 0.03 

In the analysis this probability distribution was combined with the one given in Table 
2.1.3 to determine a probability distribution for the average number of control rods 
replaced per year in a PBR. 

2.1.3. Times Required for Control Rod Replacement 

Removal and replacement of the control rods and control rod drive assemblies In the 
HTGR would be accomplished in parallel with refueling such that only 5 hours would be 
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addec to the refueling tise (see J^ction 3.1.4). But even this extended time would be 
less than the time required for the turbine-generator maintenance (see Fig. 3.7.1); thus 
refueling and control rod replacement probably would not affect the availability of the 
HTGR. 

The situation is different for the PBR. The time required for control rod 
replacement in the PBR is estimated to be greater by approximately a factor of two than 
the time required for refueling and control rod replacement in the HTGR (Table 3.7.4). 
Moreover, the amount of time required for control rod replacement in the PBR can be such 
that the turbine-generator maintenance is not the crit ical path for the required shutdown 
time (see Fig. 3.-7.2). Therefore, for the PBR, the replacement time per rod and the 
average number of rods replaced per year must be determined in order to predict reactor 
unavailability due to scheduled shutdowns. From the information given in Section 3.1.4, 
the average number of hours required for replacing one control rod in the PBR is 13 
(298/23). Therefore, the probability distribution given in Table 2.1.5 was assumed for 
control rod replacement time in the PBR. 

Table 2.1.5. Probability Distribution for Control Rod Replacement 
in a Pebble Bed Reactor 

Replacement Time Per Rod 
{(•ays) Probability 

0.50 0.10 
0.55 0.50 
0.60 0.30 
0.65 0.10 

2.2. FUEL CYCLE COSTS 

The 30-year levelized fuel cycle cost was calculated with the cost model described in 
ref. 1 a.id the cost assumptions listed in Table 1.2.1. The cumulative probability distri
bution for the U 308 price escalation rate used in calculating fuel cycle costs is shown 
in Fig. 1.2.3. 

For calculation of the fuel cycle costs of the throwaway cycles considered in this 
study, one must know the initial core uranium and thorium loadings, the subsequent 2 3 5 U , 
2 3 8 U , and 2 3 2 T h reloads (makeup fuel), and th,-» total heavy metal discharges. These data 
are given in Table 2.2.1 for the 3000-MM(t) PBR and HTGR and were taken directly from data 
in Section 3.2. 
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Table 2.2.1. Mass Balance Oata for Reference 3000-MW(t) HTGR and PBR 
on MEU Throwaway Fuel Cycles 

HTGR PBR 

Init ial Core Inventory' (kg) 

; 3 6 y 

^ T h 

1,701 
6,804 

28,216 

1,388 
5,552 

18,875 

Equilibrium Loadings" (kg) 
- 5 u 

- 3 3 u 

: 3 2 T h 

946 
3,784 
3,635 

893 
3,571 
6,487 

Equilibrium Discharge"(kg) 

Total Heavy Metal 7,249 9,652 

"Initial core loadings shown are the fuel requirements for operation 
during first year of reactor life at a load factor of 0.8. 
'Equilibrium mass flows are for one year of full power operation. 

2.3. PCRV AND CONTAINMENT BUILDING COSTS 

In the analysis the increases in the costs of the pressure vessel (PCRV) and the 
containment building for the PBR over those for the HTGR were added to the base HTGR 
capital costs given in Section 2.9. As shown in Table 2.9.1, the capital cost three-
digit breakdown levels are such that the PCRV structure, its liners and penetrations, and 
the containment building are listed separately. Based upon the detailed study of the PCRV 
and containment building costs discussed in Section 3.3, the range of the increase in 
these cost categories for a 3000-MW(t) PBR is as shown in Table 2.3.1. The cost ranges of 
the three items are not independent since the quantity of material for one item depends 
upon the design of the other two and since they all depend upon the assumed unit cost of 
concrete. Also, the values shown here are based on the estimated mean value for installing 
concrete, with the range associated with uncertainties in the PCRV design of the PBR. In 
the comparative evaluation the three items were treated as a single cost category, for 
which the probabilistic estimates of cost are as shown in Table 2.3.2, and consider a range 
of installed concrete costs. 

Table 2.3.1. Range of Capital Cost Increase for PBR PCRV 
and Containment Building* 

Cost Category Cost Increase (S10 3) 
Containment building 5,912-10,026 
PCRV structure IS,258-22,961 
PCRV liners and penetrations 2,228-4,050 

Total 23,398-37,037 
•Based on cost of Installed concrete of $500 per cubic 
yard. 
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Table 2 . 3 . 2 . Probabi l ist ic Estimates of Combined Cost Increases 
for PBfc Containment Bui lding, PCRV Structure 

and PCRV Mater ia ls* 

Cost Increase (SKT) Cumulative Probabil ity 

25.0-36.0 0.0-0.5 
36.0-50 0.5-1.0 

•Costs listed increase linearly over ranges for cumulative 
probabilities. 

2.4. FUEL FABRICATION UNIT COSTS 

The fuel fabrication unit cost estimates for the HEU throwaway cycle are taken 
directly from the detailed study described in Section 3.4 and are shown in Table 2 .4 .1 . 
A probabilistic distribution of unit cost is not assumed since the total fuel cycle cost 
is dominated by the I'jOg escalation rate for which a distribution is assumed (Fig. 1.2.3). 

Table 2 .4 .1 . PBR and HTGR MEU Fuel Fabrication Costs 

Reactor S/kg HM 

PBR 1170 

HTGR 1380 

2 .5 . COSTS RELATED TO FISSION-PROD'JCT RELEASES 

Costs due to nominal f ission-product releases to the coolant are included i n opera

t ion and maintenance costs and are not considered to be d i f ferent for HTGRs or PBRs. In 

a l l cases, the input to tr<« comparative evaluation accounting for the release of f ission 

products was l imited to the increase in unscheduled maintenance as a resu l t of increased 

coolant circuit radioactivity. The releases, in turn, were limited to routine releases; 
that i s , accident-related fission-product releases were not considered to be significantly 
different between HTGRs and PBRs. 

Unscheduled maintenance costs are di f f icul t to estimate by their very nature. Given 
a probability of occurrence of unscheduled maintenance and a nominal cost range within 
which this maintenance cost is expected to vary, i t is assumed that unscheduled maintenance 
costs wi l l increase above the values within the nominal range as the circuit activity 
level increases. The additional expenditures for higher circuit activity levels are due 
to increased downtime and additional personnel and equipment costs. 
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In order u quantify costs relative to circuit activity, the analyses given in 
Section 3-5.5 were uti l ized. Based on those analyses, the penalty associated with 
increased circuit activity is very uncertain, and could range fro* zero to $50 Bil l ion 
per year for the HTGR with an outlet coolant temperature of 950"C; the Mean value was 
estimated to be $5 Million per year. However, for outlet coolant temperatures of 750"C 
and 850°C, no unscheduled naintenance penalty wes estimated for the HTSR. For an outlet 
coolant temperature of 950CC, the increase in unscheduled maintenance cost is estimated 
to have the probabilistic distribution given in Table 2 .5 .1 . 

For the PBR, no maintenance penalty due to increased circuit act ivi ty was found at 
any of the three outlet temperatures because of the lower fission-product release 
associated with that system. 

Table 2 .5 .1 . Relative Increase in HTGR and PBR Annual Unscheduled 
Maintenance Costs for Coolant Outlet Temperature of 950°C 

Cost Increase* (S106) 

HTGR PBR Cumulative Probability 

0-5.0 0 0.0-0.5 
5.0-50.0 0 0.5-1.0 

*Cost increases linearly over the range of cumulative probability. 

2.6. OPERATION AND MAINTENANCE COSTS 

The operation and maintenance costs projected for the 3000-MW(t) HTGR are taken 
directly from ref. 2 and are listed in Table 1.2.4. The corresponding costs for the PBR 
are expected to differ only for the capital cost of the control rods being replaced 
during reactor lifetime. As discussed in Section 2.1, the replacement rate and cost of 
control rods for the PBR are projected to be greater than for the HTGR. The actual 
difference of the control rod replacement cost on a yearly basis between the PBR and HTGR 
was calculated directly from the data in Section 2.1.2. 

2,7. UNAVAILABILITY COSTS 

The cost of the power produced by a plant is dependent upon the time the reactor is 
available to provide the power. When the reactor Is not available, not only do routine 
O&M expenses continue, but also replacement enr~gy supplies must be purchased. In the 
comparative analysis, these costs were factored in the appropriate cost categories and 
were based on the following analyses of availability for the two reactor types. 
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The information in Section 3.7 provides the basis for estimating the difference in 
expected availabil i ty between a plant with an HTGR core and one with a P8R core. The base 
case considered in this evaluation was one for which the turbine maintenance was assumed 
to require 26 days for a total shutdown period of 28 days including depressurization and 
pressurization. For the discussion in Section 3.7.3, i t is noted that 26 days will be 
greater than the time required for refueling and control rod replacement in the HTGR, so 
that the unavailability per year of the HTGR is fixed at 28 days. However, the P8R 
unavailability may exceed 28 days per year, depending upon the time required for replacing 
the control rods (refer to Section 3.7.3). From the probabilistic distribution data in 
Section 2.1.1 concerning rod types used, rod lifetimes, and replacement times, the prob
abi l i ty that the PBR unavailability wi l l exceed 28 days per year can be calculated. For 
the reference case, the resulting probability distribution for PBR unavailability in days 
per year is illustrated in Fig. 1.2.7. Note that the turbine maintenance envelope leads 
to at least a 28-day downtime for the PBR with a 10% probability that the downtime wil l 
exceed 28 days. 

For evaluation of process heat applications, i t was considered that the plant 
turbine-genera tor could be bypassed in order to provide high plant availability to process 
heat applications. For this case the unavailability due to scheduled maintenance wi l l be 
dominated by the tiisse required for refueling and control rod replacement (see Fig. 3.7.1) . 
The PBR control rod replacement time is discussed in the preceding paragraph. The 
probabilistic distribution for scheduled shutdown for the HTGR was calculated by assuming 
a normal distribution for the time equired to replace one fuel assembly. The normal 
distribution used in the analysis a* a most probable value of --20 min/assembly and maxi
mum and minimum values of 50S hig _-r and lower, respectively. The probabilistic distribu
tion for the total scheduled maintenance time was calculated by multiplying the replace
ment time per assembly by the number of assemblies replaced during each shutdown period 
and adding the times required for ocher service requirements shown in Fig. 3 .7 .1 . The 
calculated scheduled maintenance outage probability distributions for the reference HTGR 
and PBR are shown together in Fig. 1.2.7. 

The influence of high coolant circuit activity can also influence reactor availabil i ty; 
this is discussed in Section 3.5.5 and presented in Table 2.5.1 in terms of annual cost 
differences between HTGRs and PBRs. 

2.8. GRAPHITE REFLECTOR COSTS 

I t was assumed in the analysis that the costs of HTGR and PBR reflectors using the 
same grade of graphite would be approximately equal. On the basis of information provided 
in Section 3.8.3, the capital cost penalty for using an improved graphite In the PBR was 
estimated to be $10.5 million. The probabilistic distribution used in the analysis in 
order to reflect the uncertainty in the estimate is given in Table 2.8 .1 . 
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Table 2.8.1. Probabilistic Estimates of Cost Increase for Improved Grades 
of Graphite in PBR Reflectors 

Additional Reflector Cost (S106) Cumulative Probability 
7.0-10.5 0.0-0.5 

10.5-U.O 0.5-1.0 

2.9. CAPITAL COST DATA 

Plant capital costs for the prismatic HTGR have been calculated in various prior 
studies. By contrast, the plant capital costs for the PBR are di f f icul t to calculate 
given currently available design details. 

The lack of information on the PBR was circumvented by determining the capital cost 
of the reference HTGR plants (see Section 3.11) and then estimating the change in cost 
for various capital cost categories for a plant with a pebble-bed core. Cost differ
ences were estimated only for those cost categories in which the differences in design 
were expected to impact the cost differential significantly - i . e . PCRV costs, control 
equipment costs, containment building costs, etc. 

The capital costs used in the evaluation were estimated to the three-digit level and 
are listed in Table 2 .9 .1 . This level of breakdown in cost categories was essential for 
determining cost differentials between the concepts. The cost categories designated as 
"different" for the PBR *e**e projected to have costs that deviate substantially from those 
for the HTGR. 

As was explained in Section 2.3, the estimated differences between the PBR and HTGR 
for the reactor containment, PCRV structure, PCRV liners and penetration, and PCRV inter
nals and insulation were interdependent and therefore treated as a summation of costs. 
The difference between the reactor control mechanism capital costs for the two systems was 
calculated from the data by a technique described in Section 2 .1 . 

The fuel storage building cost was projected to be greater for the PBR than for the 
HTGR because the PBR core fuel volume is greater. The fractional volume increase is pro
portional to the ratio of the HTGR power density to the PBR power density (7.1/5.5 » 1,29). 
Assuming the cost is proportional to the volume, the fuel storage building cost for the 
PBR was estimated to be $13.9 million (1.29 * $10.8 mil l ion), for a difference of S3.1 
million. 

The reference PBR case was assumed to include the use of a special grade of graphite 
capable of lasting the entire reactor lifetime. With the higher grade of graphite, the 
cost Increase for thf» PBR reflector was estimated to be $10.5 million (see Section 2.8). 
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Table 2.9.1. Reference Plant Capital Costs for 3000-MU(t) Gas Turbine Systems 
(January 1979 Dollars) 

Costs (M0-) How Cost D i f f e r e n c e 
Probability Distribution 

Was Determined Cost Category HTGR PBS 

How Cost D i f f e r e n c e 
Probability Distribution 

Was Determined 

21 Structures and Improvements 
211 Vardwork 8.9 Same -
212 Reactor Containment 63.2 Different Calculated from estimated designs 
213 Turbine Generator Building - - -
214 Security Building 0.4 Same -
215 Reactor Service Building 10.8 Same -
216 Main Circ. Control Bldg. 0.6 Same -
217 Fuel Storage Building 10.8 Different Estimated 

22 

218 

Reactor 

Other Structures 

Equipment 

48.5 Same 

221A PCRV Structure 69.3 Different Calculated from estimated designs 
221B PCRV Liners * Penetration 44.3 Different Calculated from estimated designs 
221C Reactor Control Mechanism 10.8 Di f ferent Calcjlated from estimated designs 
221D PCRV Internals & Insulation 43.4 Di f ferent Calculated from estimated designs 
221E 
222 

Reflector Graphite Upgrade 
Main Heat Transfer & 

0 Different Estimated 

Transport System 67.4 Di f ferent Assumed 
223 Safeguards Cooling System 23.0 Different Assumed 
224 Rad. Haste System 4.2 Saiw -
225 Nuclear Fuel Handling 42.9 Different Assumed 
226 Other Reactor Plant Equip. 26.6 Same -
227 Instrumentation & Control 8.7 Di f ferent Estimated 

23 Turbine Plant Equipment 78.0 Same -

24 Electri c Plant Equipment 37.0 Same -

25 Hi seel1 aneous Plant Equipment 10.0 Same -

26 Heat Reject System 37.0 Same -

The cost of the main heat transfer and transport system .as projected to be higher 
for the PBR because of the additional reflector cooling sysf..i needed to cool the super-
graphite liner. The cost Increase over that of the HTGR was assumed to be $4 million. 
On the other hand, the auxiliary cooling system cost should be lower for the PBR since it 
has a lower power density compared to the HTGR and therefore has lower shutdown (normal 
and abnormal) heat removal requirements; the cost advantage to the PBR was assumed to be 
$4 million. 

Nuclear fuel handling costs include capital costs for the equipment to transfer the 
fuel elements. Although the PBR has many more fuel elements than the HTGR, the handling 
mechanisms were projected to be less costly in the PBR by a projected "\2%. 
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Instrumentation for the PBR requires sophisticated equipment fcr detecting core 
characteristics in the pebble bed. The cost for the PBR instrumentation was estimated to 
be higher than that for the HTGR by an assumed I IS. 

A large uncertainty exists in the capital cost differentials between PBR and HTGR 
plant systems, particularly for th»» cost differentials of the fuel storage building, 
i"Elector graphite upgrade, heat transfer components, nuclear fuel handling and core 
instnnentation. Projected cost estimates for these cost categories were assumed to be 
independent; thus a cumulative probability distribution of the difference between a 
particular PBR cost category and the corresponding HTGR cost category was assumed and 
used in calculating a total plant cost probability distribution. The resulting prob
abil ist ic estimates of costs are shown in Table 2.9.2. 

Table 2.9.2. Probabilistic Estimates of Differences 
in Capital Costs Between PBR and HTGR 

Capital Cost Difference (SI0 s) 
(PBR - HTGR) 

Cost Category Plant System CP* = 0.0-0.5 CP = 0.5-1.0 

212, 221A, 221B, 221D PCRV Structure, Liners, etc. See ^.ble 2.3.2 
221C Reactor Control Mechanism See Section 2.1 
217 Fuel Storage Building 2.48-3.10 3.10-3.72 
221E Reflector Graphite Upgrade 7.0-10.5 10.5-14.0 
222 Main Heat Transfer and 

Transport System 2.4-4.0 4.0-5.5 
223 Safeguards Cooling System -2.5- -4.0 -4 .0- -5.5 
225 Xuclear Fuel Handling -1.0- -3.0 -3 .0 - -5.0 
227 Instrumentation 0.0-1.0 1.0-5.0 

*CP = cumulative probability. 
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3.0. INTRODUCTION 

The purpose of this chapter is to suranarize the separate detailed studies of key 
technical issues performed for the comparative evaluation of the two types of high-
temperature, gas-cooled reactors. As has been stated in earlier sections, the intent of 
the studies was twofold: (1) to perform a technical evaluation that would compare the 
meri :s, disadvantages, and feasibility of the HTGR and f3R and also specify and describe 
the development effort required to deploy the systems, and (2) to estimate the differences 
in cost which might arise from the selection of one reactor concept over the other for 
particular applications. This cost information was then used as the basis for a 
probabilistic cost comparison. 

The studies .ummarized here focussed on the major differences between the HTGR and 
PBR and/or on major technical issues. They are described in the following sections: 

Section 3.1. r .ctor Control and Instrumentation 
Section 3.2. Fuel Cycle Analysis 
Section 3.3. Reactor Pressure Vessel and Containment 3ui1ding Capital Costs 
Section 3.4. Fuel Fabrication ant. Recycle Unit Costs 
Section 3.5. Impact of Fisaion-Product Releases 
Section J 6 Heavy Metal Loadings in PBR and HTGR Cores 
Section 3.7. Reactor Availability 
Section 3.8. Graphite Reflector Damage 
Section 3.9. Seismic Effects 
Section 3.10. Temperature/Flow Oscillations in HTGRs 
Section 3.11. Plant Capital Costs 
Section 3.12. Reactor Research and Development Costs 

Although the research performed to date for the HTGR (mainly a U.S. effort) and the 
PBR (mainly an FRG effort) encompasses t.u.? above work areas and more, the work presented 
herein attempts to provide a consistent, conparative evaluation, at least with respect 
to the key technical issues and estimated pl.mt costs for particular HTGR and PBR plant 
designs. It is to be pointed out, however, that in the time allotted for the work, i t w?s 
not possible to optimize the HTGR and PBR plant designs for particular measures of perfor
mance ( i . e . plant cost). 

The source of information summarized in this chapter is the work performed by the 
staff at Oak Ridge National Laboratory (ORNL), General Atomic Company (GA), and Gene,a 1 
Electric Company (GE). Individuals responsible for the material presented in this report 
(or for the material that has been summarized fcr this report) are identified; in 
addition, documentation of analysis perfo* ied at GA and GE, but not specifically refer
enced, is listed in the bibliography at the end of the report. 
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3.1. REACTOR CONTROL AND 'NSTRUMENTATION 

3.1.1. Introduction 

The objective of the work presented here is to assess, technically and economically, 
the major advantages and disadvantages of the ccntrol and instrjmentation systems for the 
PBR core as compared to the systems for the HTGR cp-e. This comparison is necessarily 
limited if that the control and instrumentation requirements f c the HTGR are better known 
than for the PBR, practical control systems for the KTGR having already been licensed and 
developed *r the U.S. Also, proper evaluation of the feasibility and cost of the control 
rod systems for the PSR is hampered by a lack cf pertinent design information for the 
reactor sizes of interest. Nevertheless, the design and operation of the control systems 
of the PBR anl HTGR are such that basic comparison: can be made. 

First, the mechanics of control rod movement in the two reactors differ significantly. 
The HTGR is controlled by the insertion of control rods into open spaces in the fuel blocks 
anu the insertion can take place under the force of gravity. By contrast, the PBR is con
trolled by rods that must be inserted into the core by mechanical means, with significant 
forces required on the rods. Some control can bs achieved by manipulating control rods in 
the gas space above the PBR core, but a number of rods will probably have to actually 
penetrate into the core urder both normal and abnormal situations. The number of penetra
tions will depend, of course, upon the act.ial control requirements. 

The design of the contiol roj drives for the two reactor types also differ. The HTGR 
has two control rods per control rod drive, while Lhc PBR has only one rod per drive and 
the drive train of the PBR is more complicated and expensive. Thus, the time and cost 
r-eq.'ired to replace a fixed number of control rods will be less for the HTGP thar. for the 
PBR since there are fewer control rod drives that will have to be removed in the process. 

The HTGR and PBR backup control systems required for safety considerations also 
differ considerably. The HTGR backup control system consists cf small control pellets 
that are suspended above the control rod channels so that they can be dropped into tne 
channels if required. The PBR system is somewhat similar in that control pebbles, smaller 
than the fuel penbles and referred to :o KLAK, are suspended above the core so that they, 
too, can be dropped. However, in the PBR the control peboles filter down in between the 
larger fuel pebbles and to subsequently remove them would require that a substantial 
portion of th-> fuel pebbles also be removed. Thus, the P3R would suffer a higher fuel 
cycie cost penalty than the HTGR in the event that the backup system was required. 

Radiatio". damage to contro'. rod materials i; importcnt in both • jactor types, but 
the stress level occurring in the PBR rods leads to higher material ductility requireme-ts 
than for the HTGR rods. Therefore, the life for PBR control rods Inserted into the bed 
during reactor operation 1s expected to be shorter than the life of liTGR cc, tro> rods. 
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While control of xenon-driven instability appears possible without rod insertion into 
the PBR bed, such operation is not assured; moreover, a full xenon override requirement 
would necessitate operation with control rods inserted. 

% In determining the role the control system has with respect to effects upon total 
- plant cost of a PBR as compared to an HTGR, the following items have been assessed: (1) 

capital costs of the control rods, (2) capital costs of the control rod drives, (3) re
placement costs of the control rods, (4) the cost penalties associated with downtime to 
replace the rods, (5) the cost penalties associated with use of the backup control system, 
either for testing or following an accident, and (6) the costs of developing any advanced 
materials required. In addition, licensability of the PBR control system is addressed. 

3.1.2. PBR Control Requirements 

D. R. Vondy 

Primary considerations for normal operation of the PBR core indicate that 0.027 
reactivity is needed in control absorption without short-time stertup capability, and that 
0.090 reactivity is required for f u l l , warm, peak xenon override startup capability. These 
requirements decrease somewhat as the C/HM ratio decreases, but the rod worth decreases 
even more owing to the decrease in the associated thermal-neutron flux level i f no changes 
are made in the rod design. 

For the PBR control requirements discussed here, only once-through continuous fueling 
is considered. (The data would not be applicable even for once-recycle of the pebbles; 
this would require reevaluation.) A relatively large worth of rods ip the gas space 
above the core is considered, and insertion of the rods into the bed (1f required) is 
assumed to be relatively shallow, certainly for a worth of less than half the total . 
Fairly symmetrical insertion patterns would be necessary for the fu l l effectiveness of 
the use of less than the total number of rods. No credit is taken for the worth of rods 
in the top reflector, the assumption being that they would reside *n the reflector, not 
above i t . Radial reflector rods are considered for the small PBRs, but hey have l i t t l e 
merit for large ones (unless the design were changed to include a central graphite 
column). Additional control requirements beyond the primary requirements independent 
cold long-term shutdown) are not considered. 

A composite picture of rod requirements is presented in Table 3 .1 .1 . Note that even 
for ti.s l,500-MW(t) size, the use of reflector rods may not lead to practical control. 
The<=e estimated insertion requirements have considerable uncertainty because accurate 
confirmatio, calculations are incomplete, specifically for the wortn of the removal of 
rods selectively inserted for normal operation. The more rods Inserted Into the bed, the 
sho/ter the requ<red depth of Insertion and the higher the replacement rate (rods/year) - -
but further rtudy Is needed for optimization. Considerable neutron absorption and high 

« fait-neutron fn'x exposure occurs with rod insertion into the gas space. 
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Table 3 .1 .1 . PBR Control Requirements a-, a Function of Reactor Size 

Reactor 
Size 

[HW(t)] 

Primary 
Control 
Rods 

Reflector 
Rods 

Rods Inserted for Normal Operation 
Reactor 
Size 

[HW(t)] 

Primary 
Control 
Rods 

Reflector 
Rods 

In Gas Space, 
With No Xe Override 

In Gas Space, 
With Xe Override 

In Bed, 
With Xe Override 

500 
1,500 
3,000 

15 
60 

125 

15 
0 ( 2 4 f 
0 

0 
25 (20) a 

60 

12 
25 (20) 3 

60 

0 
22 
48 

"The use of reflector rods would reduce the number of core rods that must be inserted. 

The data in Table 3.1.1 indicate that control rod insertion into the bed is not 
needed for normal operation without peak xenon override. A reduction in reactor power 
from 100 percent to 40 percent is allowed; however, the window for warm restart is so 
narrow that restart after ful l shutdown would have to be rather quick and likely would 
often not be possible. I f ful l restart capability is required, normal operation would have 
to be with some rods inserted into the bed for the large plant sizes. I t is likely some 
applications wil l require full restart capability. In some cases such capability might 
be needed only part of the time, and this seems to be more readily accomplished with 
continuous fueling. Without ful l restart capability, the availability would be less and 
could either force the installation of more excess capacity or increase the demand on an 
energy source external to the system. The probability that override capability is required 
directly affects the probability that the rods must be inserted into the bed during normal 
operation. 

The major uncertainties regarding whether control rods are to be inserted into the 
bed and how many are to be inserted center on: 

(1) The override capability requirement, 
(2) The worth of rods in gas snace, 
(3) The once-through fue.ing scheme, 
(4) The worth of selective rod insertion in the bed, 
(5) The reactor size. 

Items 1, 2, and 4 have relatively high values of uncertainty; also the reference 
once-through-then-out (OTTO) fueling scheme (Item 3) has not been utilized in an operating 
reactor. With more than one pass of the pebbles relative to once-through, we predict 
lower heavy metal temperatjres (lower fission-product release), slightly lower pressure 
drop through the bed, lower high-energy flux exposure to the reflectors, higher fuel con
version and higher fuel (ore) uti l ization. Thus i f control and pebble-handling require
ments can be satisfied (practically and economically), the reference design probably would 
specify at least once-recycle of the pebbles without reprocessing, and possibly more than 
two-pass. However, the greater fuel-handling requirements augur against implementation of 
multipass refueling. 
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Note that since the estimated fraction of the coi.trol rods that would have to be 
inserted into the pebble bed is roughly 2/5 of the prinary rods for the large plants 
(with some uncertainty), i t would not be realistic to treat the fraction of the primary 
rods (or rods per unit power) directly as the variable of uncertainty. 

I t is concluded that the probability that the control rods must be inserted into the 
bed during normal operation exceeds 50 percent (say 60 percent) and that 37 percent of 
the primary rods [about 1 rod per 65 MW(t)] would be inserted and subject to early replace
ment, with a standard deviation of say 15 percent uncertainty. Any reasonable probability 
distribution is acceptable. 

Finally, the control required for stability against xenon oscillations depends upon 
the stability bound of the reactor. Generic results show the core sizes above which 
xenon oscillation is expected and for which special control would be required (within 
certain restrictions). The corresponding stability bounds are shown in Table 3.1.2. 

Table 3.1.2. Stability Bounds of PBRs 

Stability Bound [MW(t)] 

Power Density Flattened No Yes Yes 
Temperature Feedback No No Yes 

Power density [W(t)/cm-] 

2.81 1,760 1,660 2,300 
5.62 2,630 2,500 3,160 

11.24 4,480 4,240 5,150 

While there is uncertainty regarding control of xenon-driven oscillation, based on 
the azimuthal harmonic for the reference low height-to-diameter ratio, the 3,000-MW(t) 
size seems to be near the stabil i ty bound, its stability decreasing with increasing size. 
I t is highly probable that up to the 3,000-MW(t) size, xenon control will not be ,iecessary, 
and that i f i t were necessary, adequate control could be exercised in the gas space above 
the bed with once-through fueling. 

Coarse calculations for a reference HTGR core indicate that i t would be stable up to 
3,000 MW(t) even without temperature feedback. 
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3.1.3. PBR Control Rod Damage, Replacement Requirements, and Costs 

P. L. Rittenhouse 

Control PvOd Materials Assessment 

An assessment of the structural integrity of the materials :ised in PBR control rods 
requires a mechanical loading analysis, studies of the hardening ana ductil ity properties 
as a function of temperature and neutron irradiation, and an examination of the inter
actions of the rod cladding material with other materials in the rod environment. The 
allays primarily being considered as rod cladding materials are Alloy 800H, Hastelloy X, 
and Inconel 62S. 

Mechanical Loading. Control rods being considered for use in the PBR are of two 
types: push-type rods, which are forced directly through the bed of fuel spheres; and 
rotating-type rods, which are rotated as they penetrate the fuel bed.* The force, F, 
required for ful l insertion (4.5 m) of a push-type rod is about 127,500 N. However, this 
can be lowered to about 32,400 N i f ammonia is injected immediately prior to the start of 
rod insertion. The forces required for insertion are reduced significantly when rotating-
type rods are employed: even without ammonia, only 9800 to 19,600 N is needed. 

For the mechanical loading analysis the following assumptions were made for both 
types of rods: 

(1) The insertion rate of the control rods is 2 cm/s to minimize temperature 
increases in the cladding of the control rods. 

(2} Maximum temperature of the rods during insertion is 750°C. 
(3) The column length, L, of the rods i i 6.5 m. 
(4) The outer cladding tube is 130 itm 00 by 110 mm ID; the inner cladding tube is 

90 ran 0D * 80 mm ID; and the cladding cross-sectional area, A, is 5100 mm2. 
(5) There is no support from the Bi,C absorber material. 
{6} No irradiation damage has occurred. 

Failure of the PBR control rods during their insertion into the core could occur by 
plastic yielding ( i . e . , when F/A > yield strength of the cladding) or by column buckling 
( i . e . , when F * F c r = * 2 £Ar 2 ML 2 ) . F c r is the Euler crit ical load (buckling load), E is 
the elastic modulus of the cladding material, and r is the least radius of gyration of 
the concentric cladding tubes. Safety factors ( i . e . , force to cause failure divided by 
the applied force) have been calculated for both failure modes and the three proposed 
cladding alloys over a range of forces encompassing those discussed earlier for push- and 
rotating-type rods. The results, presented in Table 3.1.3, show that in a l l cases the 
plastic yielding safety factor is > 5 and therefore failure of the control rods by this 

•These two types of rods are referred to In earlier sections as thrust-type and screw-
or auger-type rods respectively. 
I t must be noted here that values for F obtained*from various sources were not entirely 
consi-^.ent. Those quoted above appear to be reasonable. 
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mode should be impossible even under the most severe conditions ( i . e . , push-type rods 
without amnonia, F = 127,500 N). The s igni f icant differences in the safety factors for 
the three al loys are d i rec t l y due to thei r differences in y ie ld strengths. 

Co limn buckling safety factors are very much lower than those for plast ic y ie ld ing 
but s t i l l seem su f f i c ien t for a l l cases except the push-type rods without airmonia. Values 
of E for the three al loys are essential ly ident ica l , and this results in th.e small var ia
tions between the safety factors for the various a l loys . 

Should, fo r some reason, the temperature of the cladding reach 950' C* during control 
rod insert ion, safety factors would be reduced to those shown in Table 3.1.4. The plast ic 
yielding safety factors are reduced by 50% or more, depending on the a l l oy , because y ie ld 
strength fa l l s o f f rapidly from 750 to 950°C; those for buckling are re la t ive ly unaffected 
because E i s almost constant over th is temperature range. However, even with these lower 
safety factor values, the conclusions on control rod in tegr i ty are unchanged re lat ive to 
the reference 750°C case. Even more severe temperature conditions were considered in ca l 
culations of yielding safety factors for Hastelloy X and Inconel 625 at 1100°C and 98,100 
N and in calculations of the buckling safety factor for Alloy 800H under the identical 

*A temperature of 950 C would be achieved i f the insert ion rate were increased to 10 cm/s; 
under such conditions, F might also be higher. 

Table 3.1.3. Calculated PBR Control Rod Safety Fectors for 
Normal Insertion Rates and Temperatures 

Control Rod 
Insertion 

Force 
(N) 

Safety Factor 

ure by Column Luckl 
Control Rod 

Insertion 
Force 

(N) 

Failure by Plastic Yield 

Inc 

ng Fail ure by Column Luckl ing 
Control Rod 

Insertion 
Force 

(N) Alloy 800H Hastelloy X 

Yield 

Inc onel 625 Al loy 800H Hastelloy X Inconel 625 

9,800 78 132 216 16 16 18 
19,600 39 67 108 8.0 8.0 8.8 
49,000 16 27 43 3.2 3.2 3.5 

98,100 7.8 14 22 1.6 1.6 1.8 
147,100 5.2 9.0 14 1.1 1.1 1.2 

Table 3.1.4. Calculated PBR Control Rod Safety Factors at 950°C 

Control Rod 
Insertion 

Force 
(N) 

Safety Factor 
Control Rod 

Insertion 
Force 

(N) 

Failure > by Plastic Yielding Fail ure by Column Buckling 
Control Rod 

Insertion 
Force 

(N) Alloy 800H Hastelloy X 

52 

Inconel 625 

91 

Alloy 800H 

14 

Hastelloy X Inconel 625 

9,830 39 

Hastelloy X 

52 

Inconel 625 

91 

Alloy 800H 

14 14 15 
19,600 1 : 26 45 7.0 7.0 7.5 
49,000 7.8 10 18 2.8 2.8 3.0 
98,100 3.9 5.2 9.1 1.4 1.4 1.5 

147,100 2.6 3.5 6.1 0.94 0.94 1.0 
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temperature and stress. The yielding safety factors calculated were 2.6 and 4.0, respec
tively, for Hastelloy X and Inconel 625, a reduction of approximately 50* from the 950°C 
case; the buckling safety factor of Alloy 800H was 1.3 versus 1.4 *or 950"C and 1.6 for 
750°C. 

Thermal Aging and Irradiation Damage. During the major portion of the service l i f e 
of the control rods, the cladding wil l be at temperatures in the range 575-650°C and 
hardening of the claddinc materials, with an accompanying reduction in ducti l i ty , will 
occur by thermal aging. Also, neutron doses on the order of 10 2 2 neutrons/cm2 (thermal) 
wil l be experienced and wil l further add to hardening and ductil ity reduction. Effects 
on such properties wi l l begin to be seer» at about TO 1 6 neutrons/cm2. 

Evaluation of the performance of the control rods (as in the ssction above) as a 
function of service tine wil l require tensile properties (yield strengths and elastic 
modulus values) as a function of neutron dose at a nominal tenperature of 600JC. However, 
i t is to be expected that both yield strength and elastic modulus w i l l , at least in i t ia l ly , 
increase with exposure and result in calculated safety factors which wil l be enhanced - or 

• at least not be reduced - by service exposure. 

More real ist ical ly, one must worry about the ductility and toughness characteristics 
of the cladding material. Both wi l l probably be degraded significantly by the service 
exposure and this will increase the possibility of failures through thermal shock, impact 
loads {e .g . , the insertion forces generally occur « "spikes" rather than as a continuous 
loading), seismic events, etc. There is probably no method for determining with certainty 
what levels of toughness and ductility are necessary for assurance of the integrity of the 
control rods. (These properties are not involved in the safety factor calculations 
described ear l ier . ) Therefore, i t is not improbable that ductility minimums for the 
control rod cladding at end-of-life will be specified on an arbitrary but conservative 
basis. Input relative to the licensing experience of U.S. and other reactor vendors on 
control rods would be valuable in further analysis. 

Cladding-Environment Interactions. The alloys being considered as control rod 
cladding are known to react with the impurities present in the helium coolant and, as a 
result, to undergo changes in mechanical properties, usually in a detrimental fashion. 
However, for temperatures up to about 750ftC the degree of such reactions should be 
inconsequential; therefore, environmental degradation of the cladding alloys during their 
l i fe at 650°C would not be expected. Under normal full-insertion conditions, the tempera
ture is only slightly higher, and no damage should occur during the short periods in 
question. Even a few hours at temperatures as high as 900-950°C should cause no problems. 
Additional compatibility questions which need to be addressed are the possibilities of 
reaction between the BbC absorber material and the cladding and between the fuel spheres 
and the cladding. Both couKI affect the properties of the cladding and i ts subsequent 
performance. 
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Control Rod Service Life, Replacemert figqi>i resents, and Costs 

Service Life and Replacement Cycles. The control rods for both PBRs and HTGRs wil l 
have service lives considerably shorter than the design l i f e of the system and, therefore, 
they wi l l need to be replaced periodically. The allowable service lifetime for HTGR 
control rods clad with Alloy dOOK was fixed by GA at four years for rods that remain in 
the core and about twice that for average rods. The rationale for their selection was 
that the shock absorber (also of Alloy 800H) at the bottom of the canned neutron absorber 
sections and the spine of the control rod would be the most crit ical component in terms 
of mechanical failure. To minimize the possibility of fai lure, i t was decided to specify 
an end-of-life ductil ity value of no less than 2% for the shock absorber material. Further, 
i t was known from experiments that this ductility was reached after an irradiation dose 
of about 6 « 1 0 2 1 neutrons/cm2 (E > 0.1 MeV). This, combined with an expected dose rate 
for the rods of 1.5 * 10 2 1 neutrons/cm;/yr, resulted in the specification of the four-
year l i f e for in-core control rods. In practice, an average of one-eighth of the control 
rods is expected to be replaced during each shutdown for refueling (nomi. i l l y at one-year 
increments). 

A dual cycle is beine considered for control rod replacement in large PBRs ( i . e . , 
approximately one-third of the rods after x years and the remainder after nj: years, where 
r. > 1) . The one-third of th« rods replaced most frequently would be those expected to be 
inserted into the fuel bed one or more times during service; the remainder would probably 
operate only in the space between the top reflector and the cere. The most optimistic 
cycle which has been suggested is one-third of the rods for four years and two-thirds for 
ten years, a "four-year/ten-year" cycle. This appears overly optimistic given today's 
state of knowledge. 

Since the service required of the PBR control rods that penetrate the core is more 
severe than that of the HTGR control rods, i t seems reasonable to set a minimum residual 
ductility requirement of 52 for the PBR control rod cladding as opposed to 2% for the HTGR 
control rod cladding. Assuming that Alloy 800H is used, the ductility wi l l fa l l to 5% at 
about 3 " 10 2 1 neutrons/cm2 (E > 0.1 MeV). The expected maximum dose rate at the PBR top 
reflector is 1.6 * 10 2 1 neutrons/cm2/yr. I f this also applies to the control rods, a 
level of 5* tensile ductility is reached in approximately two years of operation. There
fore, the optimistic service l i f e of PBR control rods mentioned above (two-thirds for ten 
years and one-third for four years) does not appear achievable i i practice. A more 
reasonable replacement schedule using Alloy 800H is one-third after two years and the 
remainder after four years, i . e . , a two-year/four-year cycle. Although FRG is conducting 
research to Identify alloys offering Improve1! l i fe for control rod cladding, i t is 
improbable that near-term developments will result in much better than a three-year/six-
year cycle. 

Control Rod Costs. The large differences between PBR and HTGR control rods ( i . e . , a 
column of heavy-walled conrentHc tube*; for the former versus short, thin-walled, 
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spine-supported absorber sections for the latter) result in a significant difference in 
the cost of the two types of rods. Each of the PBR control rods would be constructed of 
about 580 lb of Alloy 800K cladding, and tubes of the required dimensions currently cost 
about SS/lb. Based on this, the cladding for a complete set of control rods would be 
approximately $700,000 (151 rods * 264 kg/rod * $17.6/kg). The cost of cladding for the 
relatively thin-walled tubes of the 84 pairs of control rods in a comparable HTGR system 
would be only about $80,000. However, i t is apparent that the cladding material for the 
HTGR rods is only a ninor factor in total cost since GA's estimated price for a ful l 
complement of control rods is approximately $2,300,000 ($14,000/rod). About 901 of the 
cost is involved in the machining of parts (e .g . , guides, spacers, support f i t t ing ) , 
assembly and welding of the absorber sections, and inspection and quality assu*ance. 
Since the PBR rods wil l require even more complex and demanding manufacturing and 
inspection operations, the cost of a full set of rods has been estimated as $4,000,000.* 

Based on the costs given above, and assuming a four-year HTGR control rod cycle and 
a two-year/four-year PBR cycle, the per-year cost of replacement control rods is approxi
mately $590,000 for the HTGR versus $1,390,000 for the PBR. Even the most optimistic 
service l i f e being suggested for the PBR control rods (four-year/ten-year) results in a 
cost of replacement rods of about $630,000, s t i l l slightly in excess of that for the 
HTGR. This differential would be larger based on an average eight-year replacement cycle 
for HTGR rods. 

3.1.4. Times Required for Control Rod Replacenent 

(Note: The following information has been extracted by the editors from a General Electric 
Company report1 authored by C. R. Davis and W. 8. Scott.) 

The assessment of reactor availability for the HTGR and PBR leads to the conclusion 
that tne availability advantages of the on-line refueling for the PBR may be more than 
offset by the control rod replacer.«nt time. The control rod replacement time is dependent 
on the control rod lifetime, the number of control rods, and the effort required to clear 
the head access of the fuel-handling equipment to permit access and movement of the 
control rods. There is considerable uncertainty in tnese parameters for the large PBR. 

Outage Effects of Control Rod Replacement in HTGRs 

Refueling of the HTGR is accomplished on an annual basis with one-fourth of the fuel 
assemblies replaced. During the same outage (reactor shut down and depressurized), one-
tenth of the reflector elements and one-eighth of the control rod and drive assemblies are 
also replaced. Since removal and replacement of the control rods and drive assemblies are 

*Thfs assumes one-third of the rods (51) ?re screw-type for core penetration and two-thirds 
(100) are simple push-type. The costs of these rods are estimated as $30,000 and $25,000 
each, respectively. 
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accomplished in parallel with refueling, only 5 hours wi l l be added to the refueling t^me, 
2 hours to remove the f i r s t control rod and drive assembly before start of refueling, and 
3 hours to replace the last control rod and drive assembly after the end of refueling. 
This time was confirmed at a recent refueling outage of the Fort St. Vrain reactor. 

Outage Effects of Control Rod Replacement in PBRs 

Refueling of the P8R is accomplished during power operation and requires no plant 
outage time. However, removal and replacement of control rodand drive assemblies (on an 
annual basis or at some other predetermined interval) and replacement of top and radial 
side reflectors (upper one-third, once during the 40-year plant l i f e ) would require 
reactor shutdown and depressurization. Since the P6R control rod and drive assemblies 
are similar in design and installation to those used in LMFBRs, i t is expected that 
handling equipment and removal and replacement times wil l be the same as for the Clinch 
River Breeder Reactor (CRBR) or the Conceptual Design Study (CDS) plant. The equipment 
has been designed, built and wi l l be performance tested for the CRBR. The time is 
predicted to be 7.2 hours per control rod and drive assembly, which is the same (7 to 8 
hours) as estimated for the THTR in West Germany. 

Consider a reference PBR with 151 control rod and drive assemblies; under the most 
optimistic schedule (see Section 3.1.3) 51 control rods are estimated to have a four-year 
l i f e and 100 are estimated to have indefinite (^lO-year) l i f e . Therefore, on an annual 
basis, one-fourth of the 51 (13) and one-tenth of the 100 (10) wil l be removed and 
replaced. Removal, inspection and replacement of the 100 control rod and drive assemblies 
at the rate of 10 per year wil l satisfy in-service inspection ( IS I ) requirements. (Section 
XI, Division 2, of the ASME Code reouires that components traversing the primary coolant 
boundary be inspected 100% within a 10-year period.) 

Removal and replacement of control rod and drive assemblies also requires the removal 
and replacement of some of the fuel feeding tubes (estimated as one-fourth of 43) with 
their valves, hoppers, distributors, and other components. I t is estimated that on an 
annual basis removal of the fuel feeding tubes would require 66 hours, removal and 
replacement of the control rod and drive assemblies would require 166 hours, and replace
ment of the fuel feeding tubes would require 66 hours. The total time would De 298 hours, 

3.1.5. Reactor Instrumentation Costs 

S. i. Ditto and E. P. Epler 

Relative to core instrumentation, the HTGR can be more readily instrumented than the 
PBR, with in-core instrjments located In stationary fuel blocks. For the referonce PBR, 
nuclear Instrumentation external to the core may provlds adequate information for reactor 
operation. On that basis, the reactor instrumentation requirements of HTGRs and PBRs 
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should be about the same. But i f internal core instrumentation is required in the PBR, 
use of replaceable thimbles may be necessary. 

Given the state of knowledge, i t is assumed that any ex-core instrumentation for the 
PBR and HTGR are comparable in complexity and net cost. I f the PBR ex-core instrumentction 
is not acceptable to U.S. licensing and in-core instruments are required, the instrumen
tation for the PBR could presumably cost up to an additional S5 million compared to that 
of the HTGR. 

3.1.6. Licensability of PBR Control Rod Systems 

S. J . Ditto and E. P. Epler 

Overview of the Problem 

In order to determine the costs associated with attaining licensability and 
acceptability of a reactor control rod system, one needs to know the relationships of 
specific rod-drive features to the needs of a specific plant (as determined through 
detailed analysis of plant operation and accident scenarios). Such characteristics as 
reactivity rates, response times, and rel iabil i ty vary widely among plants. In judging the 
suitability of a control system, i t is important that both the response requirements and 
the consequences of failure of the rod system be known, and in general this information 
is lack-'ng for the PBk. Moreove-, of the several features that have been described for 
PBR rod drives, some are undesirable and possibly even unacceptable. But this cannot be 
determined unequivocally without more information on the specific requirements. The 
suggestion that safety rods must be forced into the core under more-or-less controlled 
conditions implies rather large forces (and therefore larg^ energy sources), and this casts 
doubt on the re l iabi l i ty of such systems. Unless i t can be demonstrated that fast 
negative reactivity insertion is nev;r a requirement, the proposed rods would be unable 
to qualify for protection service. The suggestion that a two-stroke drive meets the 
"separation" criterion is not responsive to the real issue. Also pneumatics in such 
devices are usually avoided because of springiness and sensitivity of response 
characteristics to pressure variations. 

There s t i l l appears to be a great deal of uncertainty regarding the necessity to use 
rods (and Instruments) within the core of a large PBR to handle power oistribution and 
potential xenon oscillations. Until these uncertainties are resolved, one must assume 
that in-core rods and instruments will be required, and these must obviously withstand the 
very high temperatures of the core or have separate cooling. I t is not clear that suitable 
materials are available. 

Bridging problems have also been experienced with safety stysems similar to the 
proposed KLAK system; however, bridging can apparently be avoided. Recovery from secondary-
shutdown system actuation can also be a problem. (Boron-containing balls have been 
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retained in HTGR arrays.) The potential problem of retrieval from a PBR core (involving 
unloading a substantial fraction of the core) would lead to extreme measures to prevent 
ir.advertent release of the KLAK. This would undoubtedly impact upon the rel iabi l i ty to 
perform as needed. 

Required Development 

In this assessment an attempt has been made to estimate what developmental features 
might be required to make the basic rod drive and KLAK proposals for the PBR licensable. 
We recogrize that licensability is not an easy thim to judge, yet our experience tel ls 
us that, assuring these systems must f u l f i l l a safety function, the following requirements 
probably must be met satisfactorily and rather promptly: 

(1) There must be stored energy available to assure the abil ity to insert the poison 
in a timely fashion under a number of conditions, including loss of "normal" 
power. 

(2) The safety function may use the same poison and mechanical supports as those 
used for routine control of power level and power distribution, but i f that 
arrangement is used, the "scram" or protective action must be separated from 
the routine control action. That i s , malfunctioning of control mechanisms and 
circuits shall not defeat nor inhibit protective action. 

(3) Force requirements and lubrication with ammonia are coupled in the current 
proposals. We are of the opinion that scram forces should be adequate to 
operate the rods even in the event of failure of the proposed ammonia injection. 

(4) There should be no constraints that would cause the design to require inhibition 
of scram motion on the basis of things like rod temperature limits. Vft»en 
required, the scram shoild proceed unhampered. 

(5) The proposed secondary system (KLAK) must not impose costs as a result of test 
or inadvertent actuation that would cause design efforts to respond to fear of 
actuation that could lead to low rel iabi l i ty . 

Instead of attempting to identify candidate concepts for meeting the above require
ments, this assessment has concentrated more on establishing scopes of feasible develop
ments that might be pursued in order to help us estimate the effort . Specifics are not 
proposed. Rather, approaches that suggest feasibility are discussed. 

With regard to stored energy, i t seems that forces of 26,700 or 31,200 N through a 
distance of about 46 m would be required for ful l insertion o. a rod. I f this were to 
be accomplished in about 1 min, the net power required would be about 3 hp or about 2.25 
kW, for a total energy about 0.04 kW-hr. Because of losses, the energy available must 
then be perhaps a few tenths of a kW-hr per rod - about the capability of an automobile 
battery. Thus the energy requirements are seen to be not too great. 
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The separation of control and safety functions can be achieved by using differential 
Jrives. In such applications two motors, one an electric motor and one an air motor, 
could be coupled to the same drive train. Or two electric motors could be used with 
safety grade decoupling of control by means of a conventional magnetic clutch to allow 
overdrive by safety signals. Directional constraints could also be imposed, as could 
different speed requirements. 

The force requirements do not seem to pose any particular problem that could not be 
taken care of by adequate sizing of motors, gears, etc. The temperature limits on the 
pcison rods themselves are more or less independent of the drive and must be treated in 
the design of the rods. 

With regard to the KLAK system, the problems of testing and inadvertent actuation 
are real. Unless the spheres can be removed easily, the impact on the fuel cycle will be 
large. It is possible that tne test could be handled by a partial test involving some 
kind of interceptor that could check one hopper at a time. This would require involved, 
and presumably costly, equipment and procedures and would do nothing for the inadvertent 
actuation. Manual actuation leaves much to be desired if the consequences of unneeded 
actuation are expensive, as they would be. 

3.1.7. Research and Development Cost Estimates 
for the Control and Instrumentation Systems 

R&D Costs for Control Rod Cladding Materials (P. L. .-(ittenhouse) 

This analysis applies n'.-j to the "assessment/proof of performance" of the control 
rod cladding materials. It does not take into account possible proof tests which might 
be required of the PBR control rods themselves (e .g . , penetration of a simulated PBR core 
using a prototypic control rod fabricated with artifically embrittled cladding). Moreover, 
i t is assumed that an acceptable cladding material exists for use with PBR control rods 
and that "proof of performance" is simply the process of identifying this material and 
demonstrating its acceptability in terms of strength, ductility, etc. needed at control 
rod end-of-life. It is also assumed that these needs ( i . e . , cladding materials properties 
or characteristics), plus minimum control rod service l ife consistent with economics, 
would be identir.ed early in the R&D study. 

As noted in Section 3.1.3, demonstration of the acceptability of a cladding material 
require study of: 

(1) coolant-cladding interactions and their effects, 
(2) fuel-cladding interactions and their effects, 
(3) absorber-cladding interactions and their effects, 
(4) effect of irradiation, 
(6) effect of thermal history. 

will 
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The f ' rs t of these, coolant-cladding interactions, should be minimal for both the PER and 
the KTGR because of the relatively low temperatures involved, especially as control rod 
cooling is planned. No R&D costs should be necessary unless a material entirely new to 
gas-coo led reactor experience is selected and this is unlikely. 

Interaction of the cladding with the PBR fuel pebbles needs to be investigated. Such 
interactions could result in degradation of the strength and ducti l i 'y characteristics of 
the cladding. This concern does not apply to HTGRs since the control rods will not be in 
intimate contact r i th the fuel blocks. 

Much inforration on absorber-cladding interactions should become available from post-
service inspection of control rods from Fort St. Vrain and the THTR. Additional, more 
basic, work wi l l need to oe done in the interim. 

Data on the effects of irradiation on the properties of the candidate cladding 
materials is in most cases minimal. The four-year l i f e quoted oy 6A for HTGR control 
rods (clad with Alloy 8O0H) is based on a specified minimum tensile ductil ity of 2% and 
the observation that this is reached at 6 > 10•'": neutrons/cm- (E > 0.1 MeV), the 
expected total dose over four years of reactor operation. (This is based on a 1972 
analysis which has not been updated.) Additional information should become available 
from post-exposure testing of Fort St. Vrain control rods. In-reactor experiments, 
perhaps one for HTGR control rod cladding and up to about five for PBR candidate 
cljddings, should be used in evaluating ciadding acceptability. 

'he thermal history of the cladding will influence its end-of-life properties both 
through its interaction with irradiation (degree of damage will depend upon irradiation 
temperature) and metallurgical changes which occur on thermal aging. The effects of 
thermal aging on the properties of Alloy 80OH are well known. This is not true of all of 
the candidate materials. 

Highly subjective estimates of the minimum and maximum R&0 costs to "qualify" 
cladding materials for the PBR and HTGR control rods are giver, in Table 3.1.5. Maximum 
and minimum costs for the P8R R&D might well represent the end points of a normal 
distribution. Values given for the HTCR are probably "one or the other" ( i . e . , the lower 
value wil l apply i f a four-year l i f e is accepted, the higher value i f improvement in 
l i f e is to be sought through refinement of information relating ductility and 
irradiation dose). 

Finally, i f none of the current crop of candidate cladding alloys should prove to be 
acceptable for PBR use, a l l estimated costs are unknown. Selection of other classes of 
materials or development of new materials could increase R&D costs by at least an order 
of magnitude. 
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Table 3.1.5. Estimated RSD Costs to Qualify PBR and HTGR 
Cladding Materials 

Costs ($106) 
Investigation PBR HTGR 

Coolant-cladding in te rac t ions 0-0.05 0 
Fuel-cladding interactions 0.10-0.25 0 
Absorber-cladding interactions 0.15-0.35 0.10-0.20 
Cladding irradiation effects 2.00-10.0 0.20-1.80 
Cladding thermal aging effects 0.05-0.15 0 

Total 2.3-10.8 0.3-2.0 

R&D Costs for Control Rod Drive? and Instrumentation (S. J . Ditto) 

Mo purely developmental efforts appear to be required for the control rod drives, 
since designs embodying proven concepts in new applications can probably suffice. However, 
i t is certainly true that prototype designs and proof-testing, qualification, and other 
activities normally associated with development would be required. A 20-manyear effort 
could be required at a cost on the order of $2 million. 

The instrumentation requirements per se do not seen to differ greatly between the 
PBR and the HTGR. The uncertainty in the costs probably exceed the differences between 
the concepts. Therefore no basis exists for assuming any difference at this time. 

The largest costs would be associated with large scale testing of control systems 
in reactor type environments, to obtain statistically significant data on control rod 
response to shutdown requirements. Much of the work done in the FRG may have to be 
repeated in the U.S. and expanded in order to meet NRC 'icensing needs. The costs of 
such a program could run several tens of millions of do lars. 

References 

1. C. R, Davis and W. B. Scott, "Maintenance and Av_liability Due to Core Servicing of 
High Temperature Reactor Plants," General Electric Report, March 1980. 
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3 .2 . FUEL CYCLE ANALYSIS 

B. A. Worley 

3.2.1. Introduction 

For a high-temperature gas-cooled reactor operating on a fuel throwaway/stowav;ay 
cycle, that i s , on a cycle in which the spent fuel is assumed to t»e discarded tr to be 
stowed away for possible future reprocessing and recycling in some other reactor, the cost 
of ."uel accounts for 35 to 45 percent of the total plant cost ove>- the expected 30-yrl ire 
of the plant. The actual fuel cycle cost will depend upon a combination of such factors 
as average fuel burnup, reactor design, fuel enrichment, heavy metal loadings, operational 
constraints, e t c . , and for a particular reactor application, the minimum fuel cycle cost 
must be determined by an economic analysis that considers a wide ra^ge of reactor designs 
and modes of operation. Even then, other considerations such as safety arid overall plant 
cost may take precedent, leading to a reactor design and/or operation other than that 
which would result in the minismm fue1 cycle cost. Thus the choice or fuel cycle and 
reactor design must consider not^only th? fuel cycle cost component of the total power 
cost but also the total balance-of-plant opt'ation. 

The comparison presented here of the fuel cycle costs between a plan: with a prismatic 
core design (HTGR) and one with a pebble bed core design (PBR) is largely made on the 
assumption that the optimum choice of core design and fuel management for each concept has 
already been determined. Parametric studies have been made previously for the PSR1-1* and 
the HTGR5"8 for a broad range of applications. The objective here is to compare on a con
sistent basis the mass flow rates and fuel cycle costs for reference 3000-MW(t) HTGRs and 
PBRs operating on MEU/Th and HEU/Th throwaway fuel cycles. In addition, performance 
parameters of reactors having smaller sized cores are compared with those of the 3000-MW(t) 
reactors, and the relative benefits of reprocessing and recycling spent fuel from the cwo 
types of reactors are discussed. 

The reference core design data used for the 3000-MW(t) PBR and HTGR are given in 
Tables 3.2.1 and 3.2.2. The PBK core approximates the German prototype direct-cycle HHT9»10 

and the HTGR core is scaled down from the 6A 3360-MW(t) conceptual desiqn. 1' 

3.2.2. 3000-Mw(t) PBR and HTGR on MEU Throwaway Cycle 

MEU Throwaway Cycle Considerations 

Given the reference designs described in Tables 3.2,1 and 3.2.2 and assuming that 
the reactors will operate on an MEU/Th throwaway cycle, a particular choice of moderation 
ratio, average discharge burnup, and fuel management scheme will result in a minimum 
fuel cycle cost for a particular concept (PP.R or HTGR). 



3-20 

Table 3.2.1. 3000-HW(t) PBR Core Design Data 

Reactor Core 
Power, HM(t) 3000 
Core-average power density, MW/m3 5.50 
Average inlet coolant temperature, °C 450 
Average outlet coolant temperature, °C 850 
Effective core height, m 5.50 
Effective core diameter, m 11.24 

Reflectors 
Top reflector thickness, m 1.0 
Gas space thickness, m 1.0 
Bottom reflector thickness, m 1.0 
Side reflector thinness, PT 1.0 

Fuel Elements 
Pebble diameter, cm 6.0 
Graphite shell thickness, cm 3.5 
Total number in core (0.61 vol. fraction) 2,541,955 

Coated Partic'.-is, 3IS0 
Kernel material (U/Th)02 

Kernel diameter, urn 400 
Kernel density, g/cm3 9.50 
Carbon coating thicknesses, urn 85/30 /80 
barton coating densities, g/cm3 1.0/1.6/1.85 

Moderation Ratio. Thr ^deration ratio (C/hM) for the HTGR is influenced by the 
need to maintain criticanty over the cycle lengt* fuel volume constraints, region 
peaking factor constraints, and fuel temperature constraints. Within these constraints 
and on the basis of minimizing fuel cycle costs, the optimal equilibrium C/HM ratio for 
the HT6P. on the HZU throwaway cycle i s 478 (ref. 12). For the PBR on the MEU cycle, tha. 
optiral C/HM ratio, chosen with consideration of tested pebble ..eavy metal loadings, con
trol rod worth requirements, and fuel costs, is 450 (ref. 2). 

Burnup. Handling co . include charges for fabrication, on-site waste storage, 
shipping, and waste disposal. These costs decrease monotonically with an increase in 
ournup. The cost of fur!, however, passes through a minimum and starts to rise again at 
a high burnup because of increasing indirect charges end increasing f i ss i le requirements 
due to a Moh buildup of fission products and parasitic plutonium isotopes. The optimal 
burnup will be that at which the sum of the handling costs, indirect charges and fuel 
costs is a minimum, provided the burnup is not so high that fuel-particle burnup limits 
are exceeded. This i s true for both the PBR and the HTGR. 'or the HTGR using W.V fuel, 
the minimum fuel cycle cost occurs at a burnup of 130 MW(t)-d/kg HM (ref. 12), Parametric 
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Table 3.2.2. 3000-W(t) HTGP. Core Design OaU 

Reactor Core 
Power, W(t ) 3000 
Core-average power density, Mf/m3 7-09 
Average inlet coolant temperature, °C 450 
Average out'et coolant temperature. °C 850 
Effective con» height, m 6.34 
Effective core diameter, « 9.21 

Reflectors 
Top reflector thickness, • I 19 
Bottom reflector thickness, m 1.19 
Side Reflector thickness, n J 47 

Fuel Elemsnts 
Hexagonal block distance across Hats, on 36,0 
Hexagonal block height, on 79.3 

Total number of fuel elements 4752 

Standard 10-Row Fuel Elements (number = 4080) 
Fuel holes per element 216 
Fuel hole 0.0., cm 1.27 
Effective fuel height, cm 71.25 
Fuel hole pitch, cm 1.88 
Coolant holes per element 108 
Large coolant hole (number = 102) O.D., cm 1.5875 
Small coolant hole (number = 6) O.D., cm 1.27 

Control Elements (number - 672) 
Fuel holes per element 118 
Fuel hole O.D., en 1.27 
Effective fuel height, cm 70.56 
Coolant holes per element 60 
Large coolant hole (number = 45) 0.0., cm 1.5875 
Small coolant hole (number » 15) O.D., cm 1.27 
Reservt shutdown control rod hole (numter - 1) O.D., cm 9.53 
Control rod hole (number * 2) O.D., cm 10.16 

Coated Particles 
BIS0: Kernel material ThOj 

Kernel diameter, urn 500 
Kernel density, cm 9.9 
Carbon coating thicknesses, um 85/75 
Carbon coating densities, g/cm3 1.05/1.90 

TRIS0: Kernel material UCj 
Kernel diameter, pm 210 
Kernel density, g/cm3 10.8 
Carton-carbon-SIC-carbon thicknesses, win 105/ 3 0 / 3 0 / 4 0 
Coating densities, g/cm3 1.05/1.90/3.20/1.80 
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studies that have been performed for the PBR (ref. 2) identify an optimum burnup of 100 
MW(t)-d/kg HM for HEO fuel cycles. 

Fuel Kanaqement. Typical HTGR fuel zoning patterns, cho;en to reduce local power 
peaking and maximize fuel usage, are described in ref. 11. The HTGR has a 4-yr cycle 
length with 1/4 of the core refueled annually. 

The fuel zoning pattern used in the PBR is a two-zone scheme in which the outer 
portion of the reactor i s loaded with an increased U/Th ratio in order to reduce the 
maximum pebble power density and to flatten the outlet-coolant temperature profile across 
the cere. 

Reactor Performance Results 

Performance characteristics of the reference 3000-MM(t) PBR and HTGR designs are 
summarized in Table 3.2.3. Note the greater throughput of heavy metal in the °8R at a 
bumup of 100 MH(t)-c/kg HM compared to the HTGR at a burnup of 130 HW(t)-d/kg HH. How
ever, the 2 3 S U requirement is higher for the HTGR because a certain amount of excess re
activity i s required at the beginning-of-cycle for a batch-fueled reactor that i s not 
required for the continuously fueled PBR. The Uj08 requirement for the HTGR is calculated 
to be higher than that cf the PBR by approximately 7». 

Comparison of Fuel Cycle Costs 

Fuel cycle costs were calculated for the PBR and the HTGR using cash-flow discounting. 
The assumption was made that the annual fuel requirement for the PBR would be purchased 
at 1-yr intervals in the same manner as for the HTGR. In order to determine the effects 
of unit costs and economic assumptions upon the comparison of fuel cycle costs for the two 
concepts, two sets of economic assumptions were used in this analysis, one set similar to 
those used for earlier HT3R and PBR assessments, 2* 1 2 and another set developed for the 
current evaluation. The cost assumptions and resulting fuel cycle costs are shown in 
Tables 3.2.4 and 3.2.5. 

Note that with the first set of economic assumptions, the higher heavy metal through
put in the PBR (due to a shorter fuel residence time, i . e . , lower bumup) leads to higher 
fabrication and waste disposal costs fot the PBR relative to the HTGC. With the current 
set of assumptions, the PBR waste disposal costs remain higher, but the fabrication costs 
are approximately equal to those for the HTGR.* By contrast, with b th sets of assumptions 
the lower f i s s i l e requirements of the PBR translate into lower co*'*s for Uj0 8, separative 
work, and conversion processes. The result is that with either set the MEU fuel cycle 
costs are higher for the HTGR than for the PBR. The differential is 3S with the earlier 
set of economic assumptions and 52 with the current set. 

*See Section 3.4 for fabrication costs in current set of economic assumptions. 
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Table 3 . 2 . 3 . Comparison of Performances of 3000-MK{t) P8R and HTGR 
on an MEU Throwaway Cycle 

Reference Reference 
HTGft2 PBR^ 

Power d e n s i t y , H/cm3 

Fuel res idence t i n e i n c o r e , calendar days^ 
Bumup, HM(t)-d/ks HH 
Moderation r a t i o , C/HH atom dens i ty 
Conversion r a t i o 
Heavy metal loadings a t equi l ibr ium, kg/GW(e)-d 

238„ 
2»Th 

Heavy Metal discharged a t equi l ibr ium, kg/GW(e)-d 
2^3 U • Z35y 

Total heavy metal 
Heavy ae ta l loadings for i n i t i a l c o r e , kg"2-* 

235i( 
?39J, 
2* 2Th 

30-yr U 3 0 e requirement, metric tons-

^Results shown are from re f . 1 2 . 
c Results shown are from calculations by ORNl. 
^Load factor = 0.8. Full power days = 0.8 * calendar days. 
^Note that C/HH = 478 corresponds to C/Th * 850 fcr the HTGR at equilibrium; 

the initial core C/Th = 350 for the HTGR which explains the high Th loading 
for the initial core relative to the P8R. 

^initial core loadii.j for the HfGR is thct required for one year at 0.8 load 
factor. Data are estimated from information in ref. 5. The initial core 
loadings quoted for the PBR are the initial core loadings plus the heavy 
metal makeup requirements for one year at 0.8 load factor. 

-Assumes 0.8 load factor and 0.2* tai ls . 

3.2.3. 3000-MW(t) P8R and HTGR on HEU Throwiway Cycle 

HEU Throwaway Cycle Considerations 

Compared with the HEU/Th throwaway c y c l e , the HEU/Th throwaway c y c l e r e s u l t s in lower 
cos t s t h a t are d i r e c t l y a t t r i b u t a b l e to lower U 3 0 e requirements ( r e f s , 2 , 4 , 1 2 ) . The 
lower ore requirements are sue to a b e t t e r neutron e f f i c i e n c y of * J 3 U ( r e l a t i v e to n 5 U 
and the plutonium i s o t o p e s ) , which, in turn, impacts the moderation r a t i o and burmip. 

H.deration Ratio. The b e t t e r neutron e f f i c i e n c y of 2 3 J U leads t o the choice of a 
low moderation r a t i o (Mgh heavy metal loading) for th3 HEU/Th c y c l e s ince a higher 
thorium loadlno increases the 2 , 1 U production r a t e . The optimum C/HM r»t1o from an 
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Table 3 .2 .4 . Economic Assumptions 

Previous Cost 
Assumptions" 

Current Cost 
Ai umptions" 

Reactor startup 1982 2007 
U30s cost escalat ion. t /yr 5 2.5 
1980 U 3 0 8 cost, $/ lb U 3 0 e 30 45 
SUU cost , $/kg 90 95 
Tai ls assay, * 0.25 0.20 
Load factor 0.80 0.80 
Discount factor 0.04 0.O7 
Fab cost , $ / fuel element 

3 89 
2S23 (2565) c 

10.60 
9536 (9695)" 

* u \m 3.45 „ 
2452 (2695)" 

9.44 
7444 (8182)" 

Haste cost , $/kg HN 

™{ml 450 
450 

700 
700 

™ {ml 550 
550 

700 
700 

aCost assumptions similar to those used for cost calculations 
in refs. 2 and 12. 
Cost assumptions similar to those used in Chapter 1 of this 
report. 

"value shown in parentheses refers to in i t ia l core. 

Table 3.2.5. Comparison of 30-Year Fuel Cycle Costs for 3000-MH(t) 
PBR and HTGR on ar> MEU Throwaway Cycle a 

30-Year Fuel ycle Costs (mi l ls /kW(e) -hr ) 

Previous Cost Cuirent Cost 
Assumptions Assumptions 

Cost Categories HT6R (4R HTGR PBR 

U 3 0 8 3.54 3,31 5.65 5.24 
Separative Work 1.94 1.80 2.16 2.00 
H e l Conversion 0.08 0,06 0.07 0.06 
Thorium 0.02 0.02 0.02 0.02 
Fabrication 0.42 0,50 1 .<*,0 1.40 
Waste Disposal 0.34 0.46 0.44 0.58 

Total 6.34 6.15 9.74 9.30 

"Load factor » 0 , 8 , t a i l s » 0.2X, thermal ef f ic iency • 0 ,4 . 



economic Standpoint occurs at the heavy metal loading for which the benefit of increasing 
the 2 3 3 U production is just offset by the increasing heavy metal charges. The choice of 
C/HM ratio is also influenced by fuel element loading constraints and control rod worth 
considerations. Based on prior parameter studies (refs. 2 , 3, 4 and 12), the C/HM ratios 
chosen for this comparison are 300 for the HTGR and 325 for the PBR. 

Burnup. For the KEU/Th fuel cycle the optimal fuel discharge burnup is approximately 
110 MW(t)-d/kg HM for the HTGR (from ref. 12) and 130 MM(t)-d/kg HH for the PBR (refs. 2 
and 4 ) . 

Fuel Management. Fb°l shuffling schemes similar to those described for the 3000-MM(t) 
PBR and HTGR using MEU/Th fuel are also us*d for the HEU cases. 

Reactor Performance Results 

The performance characteristics of the PBR and HTGR using HEU/Th feed with throwaway 
of spent fuel are summarized in Table 3.2,6. Again the shorter fuel residence time in the 
PBR (lower burn-jp of discharged fuel) results in a higher heavy metal throughput rate, but 
the difference is not nearly so g»?at as for the KEU/Th cycle. And again the HTGR fissi le 
and Uj0 8 requirements are higher than those of the PBR, but only slightly so. Thus the 
performance parameters of the two types of reactors are much more similar on the HEU/Th 
cycle than they are on the MEU/Th cycle. 

Comparison of Fuel Cycle Costs 

The 30-yr fuel cycle costs for the 3000-MW(t) PBfc and HTGR, calculated on the basis 
of the cost assumptions shown in Table 3.2.4, are listed in Table 3.2.7. Note that for 
these HEU/Th reference cycles, fabrication unit costs based on the earlier set of economic 
assumptions result in approximately the same fabrication costs for the PBR am.' HTGR since 
the heavy metal throughput rates are similar (recall that these rates were quite ditfe-ent 
for the reference MEU/Th cycles). And since the slightly lower f issi le charges for the 
PBR balance the slightly lower waste disposal charges for the HTGR, the total fuel cycle 
costs are approximately the same. With the current set of economic assumptions, however, 
the PBR has a fabrication unit cost significantly lower than that of the HTGR, such that 
the total fuel cycT? cost of the PBR is projected to be approximately 5% lower than that 
of the HTGR. 

3.2.4. IQOO-MW(t) PBR on HEU and M£U Throwaway Cycles 

Tie effect of the power of 3 high-temperature gas-cooled reactor on its performance 
parameters was studied by decreasing the power of the 3000 MW(t) PBR to 1000 MW(t). The 
results are summarized in Table 3.2.8. The core-average power density was kept constant 
such that the reduction in power required a proportional reduction in core volume. For 
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Table 3 .2 .6 . Comparison of 3000-MW(t) PBR and HTGR Performance 
on an HEU ThrowaNay Cycle 

Reference Reference 
HTGR0 PBR6 

Power density, W/cm3 

Fuel residence t ine in core, calendar days e 

Bumup, HW-d/kg HK 

Moderation r a t i o , C/HM atom r a t i o 

Conversion ra t io 

Heavy metal loadings a t equi l ibr ium, kg/GW(e)-d 
235 W 

238y 
232J), 

Heavy metal discharged at equilibrium, kg/GM(e)-d 
233y + 235y 
239pu + 2MP,, 
Total heavy metal 

Heavy metal loadings for in i t ia l re, kg •" 
235u 
238 0 

«2Th 
f 

30-yrar U 30 8 requirement, metric tonsJ 

aResults shown are from refs. 12 and 13. 
Results shown are from calculations by ORNL. 

cLoad factor = 0.8. Full power days = 0.8 * calendar days. 
JNote that C/HM = 300 corresponds to C/Th = 330 for the HTGR at equilibrium; 

the ini t ia l core C/Th = 300 for the HTGR. 
^Init ial core loading for the HTGR is that required for one year at 0.8 load 

factor. Data for in i t ia l core of HTGR is taken from ref. 13. The in i t ia l 
core loadings quoted for the PBR are the in i t ia l core loadings plus the 
heavy metal makeup requirements for one year at 0.8 load factor. 

•̂ Assumes 0.8 load factor and 0.25 tai ls . 

Table 3.2.7. Comparison of 30-Year Fuel Cycle Costs for 3000-HW(t) 
PBR and HTGR on an HEU Throwaway Cycle0 

7.1 5.5 
l^O 1388 
110 101 
3 0 / 325 

0.55 0.58 

1.94 
0.14 

20.30 

1.93 
0.15 

22.69 

0.48 
0.CO4 

20.20 

0.59 
0.002 

22.08 

1353 
100 

31,834 

1312 
99 

36,504 
4842 4814 

30-Year Fuel Cycle Osts (nillsAW(e)-hr) 

- Previous Cost 
Assumptions 

HTGR PBR 

Curren 
Assun 

HTGR 

t Cost 
iptlons 

Cost Categories 

Previous Cost 
Assumptions 

HTGR PBR 

Curren 
Assun 

HTGR PBR 

Ms 
Separative Work 
Fuel Conversion 
Thorium 
Fabrication 
Waste Disposal 

Total 

3.18 
1.91 
0,06 
0.03 
0.42 
0.34 

5.94 

3.16 
1.90 
0.06 
0.03 
0.43 
0.38 

5.96 

5.03 
2.11 
0.06 
0.03 
1.67 
0.53 

9.43 

5.00 
2.09 
0.06 
0.03 
1.22 
0.54 

8.94 

'Load factor - 0.6, tai ls » 0.2X, thermal efficiency » 0.4. 
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TeSle 3.2.8. Effect of PBR Size on Performance Parameters 
HEU/Th Throwaway Cycle MEU/Th Throwaway Cycle 

3000-W(t) lOOO-HU(t) 3000-HW(t) lOOO-MW(t) 

Cere-average power density, W(t)/cm3 5.5 5.5 5.5 5.5 
Effective core height, m 5.50 5.50 5.50 5.50 
Effective core diameter, m 11.24 6.49 11.24 6.49 
C/HK, atom density ratio 325 325 450 450 
Fuel residence time in core, fu l l power days 1110 1110 807 807 
Burnup, KW(t)-d/kg HM 101 101 100 100 
Conversion ratio 0.58 0.55 0.57 0.55 
Heavy metal loading, g/pebble 11.21 11.21 8.23 8.23 
Fissile inventory at equilibrium, kg/GU(e) 959 1005 771 828 
Equilibrium feed rates, kg/GW(e)-d 

235u 
238u 
232Th 

1.929 
0.145 

22.686 

2.C50 
0.154 

22.557 

2.038 
8.154 

14.809 

2.169 
8.678 

14.159 
30-year U 30 8 requirement, metric ton/GH(e) 

installed 0 4012 4255 4208 4477 
30-year fuel cycle cost, mills/kW(e) hr* 2 ' 6 8.94 9.40 9.30 9.76 
aLoad factor = 0.8; tails = 0.2X; thermal efficiency = 0.4. 
Assumes nominal cost assumptions listed in Table 3.2.4. 

the same C/HM r3tio srt fcurr.up, the smaller core volume of a lOOO-HH(t) PBR leads to a 
greater fractional io^s cf neutrons due to leakage compared with the 30O0-MW(t) PBR, as is 
evident from the decrease in conversion ratio. Note that on a per GW(e) basis, the 
smaller core requires approximately 6" more 2 3 5 U (and thus 6* more U 30g) for both HEU and 
MEU throwaway cycles. Also, the 30-yr fuel cycle cost for the lOOO-MW(t) reactor is 
projected to be greater than that of the 3000-HW(t) reactor by approximately 5% for both 
HEU and MEU throwaway cycles. 

Information needed to determine the effect of a decrease in reactor power for the 
HTGR was not available because of a lack of calculational results in which the assumptions 
made were consistent with those made for the 3000-HW(t) cases. However, the neutron loss 
fraction by leakage is slightly higher for the PBR compared to the HTGR so that the 
penalty for a reduction in core size Is expected to be slightly less for the HTGR than 
the PBR; however, this effect Is not large enough to be significant. 

3.2.5. PBRs and HTGRs with Fuel Reprocessing and Recycle 

The PBR and HTGR both exhibit Improved performance If the discharged fuel Is repro
cessed and recycled. The ore req Irements and fuel cycle costs can both be decreased 
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compared to the requirements for throwaway cycles, and, as was the case for throwaway 
cycles, use of HCo/Th fuel leads to better performance than does the use of MEU/Th fuel. 
These conclusions are supported by KFA. GA, and ORNL and are discussed in more detail in 
re's. 3, 4, and 12. 

For fuel reprocessing and recycle, the main design and operational considerations 
are the technological constraints on heavy metal loaJing in the fuel elements, the 
optimum fuel in-core residence time from an economic viewpoint, and the costs associated 
with fuel reprocessing and refabrication. A high heavy metal loading in the fuel elements 
will increase the conversion ratio and thus require less fissile 2 3 5 U feed to the system. 
But the amount of heavy metal fuel that can be loaded into the core is limited by con
straints on the amount of fuel which can be packed into an HTGR fuel rod or into a PBR 
pebble. These limits are discussed in Section 3.6. 

The conversion ratio also increases if the fuel in-core residence time (fuel burnup) 
decreases, thus requiring less fissile 2 3 5 U feed to the system in the long term. However, 
the greater heavy metal throughput rate increases the handling charges (fabrication, repro
cessing, and waste disposal) such that the overall fuel cycle cost passes.through a minimum 
and then increases as the fuel residence time is decreased. Finally, the cost of repro
cessing and refabrication of the recycled fuel is high and recycling is economically 
practical only when the costs for uranium ore and/or uranium enrichment are high enough 
to warrant recycling. The cost of ore, in turn, is directly related to its availability, 
and for an uncertain ore supply, recycling becomes increasingly attractive since the UjC 8 

requirement is much less with recycle of spent fuel than with fuel throwaway/stowaway 
cycles. 

In comparing reactors with recycle, however, the objective for recycling must be the 
same for the two reactors: that is. the objective will be either to minimize the ore 
requirement or to minimize the fuel-cycle cost. To date the FRG work on the PBR has con
centrated on greatly reducing the ore requirement at the expense of a higher fuel cycle 
cost, while the U.S. work on the HTGR has concentrated on operating at the economic 
minimum with a much less substantial savings in the ore requirements. Therefore a con
sistent comparison of HTGRs and PBRs with recycle of spent fuel could not be made with 
existing information in the time available for this study. 

Qualitatively, the PBR is expected to have a greater potential for improved perfor
mance with recycle because tfw fuel cycle cost will pass through a minimum at lower and 
lower fuel residence times as ore prices increase. The fuel residence time can be 
decreased in the PBR by simply passing the pebbles through the core at a faster rate 
without impacting reactor availability. However, the HTGR must be shut down for refueling 
and a short fuel residence time causes more frequent shutdowns for refueling and thereby 
decreases reactor availability. 
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Quantitatively, for reactors with fuel recycle, the f i s s i l e penalty for a fixed-
fueled reactor compared to a continuously fueled reactor (due to excess reactivity require
ment for fi/v^d-fueled reactor) was determined by fixing all other parameters (power 
density, bumup, C/KM ratio, leakage, and feed enrichment} and performing zero-dimensiorw , 
30-yr history calculations using the nominal cost assumptions sho-*n in Table 3.2.4. The 
results are shown in Table 3.2.9. 

Table 3.2.9. Comparison cf U 30 8 Requirements and 30-yr Costs for Fixed-Fueled 
and Continously Fueled .factors with Fuel Recycle 

U 30 8 Reouirement 30-yr Fuel Cycle Cost 
[kg/HM(e)] [mills/kV(e)-hr] 

Fixed 1/3 refueling 2835 10.1 
Fixed 1/4 refueling 2697 9.6 
Continuous refueling 2348 8.5 

Note that no decrease in availability i s expected in going frcm 1/3 to 1/4 fixed 
refueling, and so no effect i s considered in Table 3.2.9. Given that the reference PBR 
has a slightly higher neutron loss fraction by leakage than does the HTGR, the results in 
the table overestimate the cost difference between the HTGR and the PBR. Nonetheless, the 
30-yr fuel cycle .ost advantage of the PBR over the HTGR, as shown in Tables 3.2.5 and 
3.2.7 for once-through fuel cycles, i s projected to become more favorable for fuel reycle 
conditions. 
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3.3. REACTOR PRESSURE VESSEL AND CONTAINMENT BUILDING CAPITAL COSTS 
0. J. Naus 

3.3 .1 . Introduction 

Because the PBR wil l have a lower power density than the HT6R (5.5 W/cm3 vs. 7.1 
W/cm3), fur the same power rating the PBR wil l have a larger core diameter and thus 
require a larger core cavity than the HTGR. Other differences will also lead to a larger 
PBR core diameter, a l l of which will translate into increased capital costs for the PBR 
PCRV (prestressed concrete reactor vessel) and containment building. The purpose of this 
phase of the comparative evaluation was to determine the significance of these cost 
increases for lOOO-MW(t) and 3000-MW(t) power reference systems, considering a coolant 
outlet temperature of 850CC. 

3.3.2. Estimation Method 

Since investigations of the PBR core concept by the Federal Republic of Germany and 
by the General Electric Company in the United States and investigations of the HTGR con
cept by General Atomic Company have al l proceeded somewhat independently, comparable 
designs were net available which could be used directly for establishing relative PCRV 
and containment building costs. 

Background information for the PCRV for a 3000-MW(t) HTGR-GT was obtained from ERDA-
1C9 (ref. 1) and *rom a letter memorandum from GA (ref. 2 ) . Information for a comparcble 
PCRV design for a PBR core (identified here as PBR ?1) was also obtained from ref. 2. 
In addition, a second PBR case (identified as PBR #2) was considered so that ti«e PBR and 
HTGR could be compared on the basis of equivalent core-cavity clearances. In this second 
case the PBR <?1 design was modified by reducing the diameters of both the core cavity and 
the PCRV by 3 rieters. 

Containment buildings for the 3000-MW(t) HTGR and PBR systems were designed by 
modifyirg the containment design presented in ref. 1. Height and diameter clearances 
between the containments and the PCRVs were maintained at the same values as those 
presented for the direct-cycle gas-cooled reactor described in ref. 1 . 

Reference PCRV des.'?ns for 1000-MW(t) systems were not available for eUher the HTGR 
or the f".R. A design for the HTG3 was obtained by determining the PCRV diameter from a 
graph of PCRV diameter vs. plant power output contained in ref. 3 and maintaining the PCRV 
height the same as for the 3000-MW(t) design. The PCRV diameter for PBR #1 was determined 
uy scaling the net concrete section so that i t was reduced in the same proportion as for 
the HTGR in going from 3000-MW(t> to 1000-W(t). The PCRV geometry for PBR 11 was 
determined by reducing the diameters of the core cavity and PCV by 3 meters for the 
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reasons cited above. PCRV heights for the two P8R cases were maintained the same as for 
the 300O-MW(t) cases. 

The containment buildings for the lOOO-MW(t) case*., were sized in the same manner as 
for the 30OO-MW(t) cases. 

The final design parameters for the various systems are presented in Table 3 .3 .1 . 

3.3.3. Summary of Results 

The development of cost data for the PCRVs and containment buildings for the 3000-
HW\t) and lOOO-MW(t) plants involved several iterations which a-e documented in refs. 4-13. 
Estimated cost factors (materials, auantity take-offs, and unit costs) for the PCRVs are 
presented in Tabl* 3.3.2 and for the containment buildings in Table 3.3.3. 

differences in total costs (PCRV + containment) between the two PBR cases and the 
reference HT6R are summarized in Table 3.3.4 for the two power levels considered. The 
results indicate that the cost penalty for the PBR with an 85C5C outlet temperature 
ranges from $9.- million to $26.5 million for the lOOO-MW(t) power level and from $15.5 
million to S37 million for the 3000-HW(t) power level. 

While ther.e results are cited f r r gas turbine designs, the PCRVs and containment 
structures associated with the other reactor applications, namely, steam cycle and process 
heat cases, should have reim-ive cost differentials - o u t the same as those s ; /en above. 
Further, to a f i rs t approximation, the results should also be applkibie for a l l three 
coolant outlet temperatures (750°C, 850°C, and 950°C). I t should be remembered, however, 
that these cost estimates do not represent cost extremes, since the mean cost of installed 
concrete could exceed tht $500 per cubic yard value used in the overall evaluation. The 
comparative evaluation of the HTGR and PBR considered a maximum total cost differential of 
$50 million (PBR disadvantage) for the PCRV and containment buildings of the 3000-MW(t) 
systems. 

Table 3.3.1. HTGR and PBR Design Parameters Used to Develop 
PCRV and Containment Building Capital Costs 

lOQr-MW(t) Systems 3000-MM(t) Systems 

Parameter UTGR PBR «1 PBR ?2 HTGR PBR #1 PBR «l 

Pressure (psi) 700 700 700 1120 1120 1120 
Coolant outlet ( nC) 850 850 850 850 850 850 
Core cavity, diameter ( f t ) 24.0 37.7 27.9 37.0 52.8 43.0 
Core cavity, height ( f t ) 47.3 50.8 50.8 47.3 50.8 50.8 
PCRV, diameter ( f t ) 103.0 123.3 1U.5 128.5 152.0 142.2 
PCRV, height ( f t ) 115.0 130.3 130.3 115.0 130.3 13C.3 
Containment diameter ( f t ) 133.5 153.8 144.0 159.0 182.5 172.7 
Containment height ( f t ) 205.0 220.3 220.3 205.0 220.3 220.3 



Table 3,3.2. Fstlmated Pressure Vessel (PCRV) Capital Cost Factors 
for 1000-W(t) and 3000-MW(t) HTGR and PBR Systems 

Material 

Concrete 
Liners, penetrations, cooling tubes 
Horizontal tendons 
Vertical tendons 
Circumferential steel 
Reinforcing steel 
Insulation 

Total 

Concrete 
Liners, penetration5, cooling tubes 
Horizontal tendons 
Vertical tendons 
Circumferential steel 
Reinforcing steel 
Insulation 

Total 

HTGR 
Unit Cost 
Cost Quantity (S103) 

IQOQ-MW(t) Systems 
S185/CY* 27,843 5,151 

S13,500/ton 3.159 4?,647 
S74/LF 36,288 2,685 
S7A/LF 51,360 3,801 

Sl,240/ton 1,944 2,411 
$1,560/ton 898 1,401 
S30P/SF 72,023 21,607 

*P S1C5/CY 79,703 
*G $300/CY 82,905 

*P >500/CY 88,474 

3000-MW(t) Syscems 

il85/CY* 46,500 8,603 
$13,500/ton 3,300 44,550 

S74/LF 44,856 3,319 
S74/LF 87,840 6,500 

$1,240/ton 3,736 4,633 
$1,560/ton 1,500 2,340 

S310/SF 75,200 22,560 
* G> S185/CY 92,505 

* G> S300/CY 97,852 

* G> S500/CY 107,152 

PBR #1 PBR n 

Cost Cost 
Quantity (SI 0 s ) Quantity ($10*) 

47,913 8,uu4 40,067 7,412 
3.398 45,873 3,284 44,334 

43,109 3,190 39.816 2,946 
74,956 5,547 62,103 4,596 
2,999 3,719 2,043 2,533 
1,599 2,494 1,337 2,086 

75 844 22,753 73,270 2JLi.9Jl 
92,440 85,888 

97,950 90,496 

107,533 98,510 

75,840 14,030 66,301 12,266 
3,600 48,600 3,465 46,778 

52,752 3,904 49,459 3,660 
124,747 9,231 117,035 8,661 

5,194 6,441 4,620 S.729 
2,530 3,947 2,212 3,451 

80,400 24,120 77,361 - ?3.! 208 
110,273 103,753 

118,995 111,377 

134,163 124,638 



Table 3.3.3. Estimated Containment Building Capital Cost ractors 
for lOOO-MW(t) and 3000-MW(t) HTGR and PBR Systems 

Material 

Concrete 
Liner steel 
Reinforcing steel 
Structural steel 
Tendons 

Total 

Concrete 
Liner steel 
Reinforcing steel 
Structural steel 
Tendons 

Total 

HTGR 

Unit 
Cost Quantity 

Cost 
($10 J) 

IQOO-MW(t) Systems 

S185/CY* 
SI 3,500/ton 

SI , 560/ton 
SI, 200/ ton 
55,126/ton 

67,519 
1.596 
5,785 

487 
987 

*0 S165/CY 

*0 S300/CY 

*G $500/CY 

12,491 
21,546 

9,025 
584 

5,059 
48,705 

56,470 

69,974 

3000-MW(t) Systems 

S185/CY* 
SI 3,500/ton 
SI ,560/ton 
SI , 200/ton 
S5,126/ton 

74,700 
1.700 
6,400 

580 
1,400 

•9 S185/CY 

*0 $300/CY 

*<? S500/CY 

13,820 
22,950 
9,964 

696 

54,626 

63,216 

78,156 

PBR #1 Pbh n 

Quantity 
Cost 

( $10 3 ) Quantity 

74,006 
1,712 
6,341 

561 
1,310 

83,104 
1,872 
7,120 

666 
1,844 

13,691 
2J.112 
9,892 

673 
6,715 

54,083 

62,594 

77,395 

15,374 
25,272 
11,107 

799 
9,452 

62,004 

71,561 

88,182 

71,159 
1,669 
6,097 

525 
1,148 

79,871 
1.795 
6,843 

630 
1,652 

Cost 
($10*) 

13,164 

22,532 

9.5-4 1 

630 
5,885 

51,722 

59,906 

74,138 

14,776 
24,233 
10,675 

756 
8,468 

58,908 

68,093 

84,068 
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Table 3.3.4. Differences in Total Costs (PCRV + Containment Building) 
for PBR Systems Relative to HTGR Systems 

Total Cost Difference (S10€) 

lOOO-HW(t) Systems 30w)-H'(t) Systems 

Concrete Cost PBR #1 PBR #2 PBR #1 PBR #2 

S185/CY +18.1 + 9-2 +25.1 +15.5 

S300/CY +21.2 +11.0 *ii.5 +18.4 

$500/tt +26 5 +14.2 +37.0 +23.4 
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3.4. FUEL FABRICATION 'HO RECYCLE UKIT COSTS 

3.4.1. Introduction 

The Drimary objectives i : the tasks described here were to develop and document con
sistent unit cost estimates for (1) the fabi'cation of makeup fuel elements and refabrica-
tion of recycle fuel elements for the PBR and MTGR and (2) the reprocess ng of the same 
fuel elements, together with costs for rpent fuel transportation. In addition, the tasks 
were to identify the required research, development, and demonstration (RDM)) needed to 
bring each process to a level suitable for commercial application, and to provide estimates 
of the cost and time required for the RD&C effort . 

3.4.2. Fabrication and Refabrication Unit Costs 

A. R. 01s«:n 

While a l l fuel fabrication/refabrication cost estimates should be specific to a given 
fuel eleaient design and fuel c>-le, i t was not possible to provide such estimates for the 
fuei cycles assumed in this comparative evaluation of the PBR and HT6R because detailed 
fuel element and fuel cycle descriptions were not available. Instead, the cost estimates 
were oased on four selected fuel cycles which had been analyzed earlier and for which the 
necessary fuel element descriptions and reactor mass flow data needei to define fabrication 
process requirements and to derive commercial-scale plant production capacity requirements 
were available. This approach is reasonable, since for a given type of fuel element the 
fabrication processes and equipment requirements are similar, and consistent and realistic 
estimates can be obtained for other cycles by the appropriate combination of major process 
equipment items and their corresponding costs. The four base cases were: 

(1) A PBR once-through cycle uti l izing l'/Th fuel enriched to <20S 2 3 5 U and identified 
as the M020 cycle; 1 

(2) An HTGR once-tnrough cycle uti l izing U/Th fuel enriched to <205 2 3 5 U and identified 
as the MEU(5)-Th(0T) eye'e: 2 

(3) A PBR recycle case util izing 93% 2 3 i U/Th in the ini t ia l fuel and identified as 
the Th/U cycle; 3 

(4) An HTGR recycle case util izing 935 2 3 5 U/Th in the in i t ia l fuel and identified 
as the HEU(5)/HEU(3)-Th cycle." 

The parameter details for these cycles are summarized in Tables 3.4.1 through 3.4.5. 
From these, fabrication requirements for the cycles were assessed and the cost estimates 
of commercial plants that wouH support 20 reactors of each type were obtained. These 
then provide the basic process concepts and equipment costs to be used 1n assessing any 
other fuel element designs or cycle definitions in the PBR vs. HTGR assessment. 
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Table 3.4.1. Comparison of PBR and HTGR Characteristics in Four Base Cases* 
Once-Through Cases Recycle Cases 

PBR. 
MD20 

HTGR, 
MEU(5)-Th(0T) 

PBR, 
Th/U 

HTGR, 
HEU(5)/HEU(3)-Th 

Design W ( t ) , Q t 3000 3360 30ui :360 
Design W ( e ) . Qe 1200 1332 1200 1332 
Plant efficiency Q / Q t 0.40 0.396 0.4 0.396 
Load factor 0.80 0.75 0.8 0.75 
Flectricity generation 

[•W(e)/yr] 960 999 960 999 
Fuel elements per core 3,233.370 5288 3,233.370 5288 
Fuel elements replaced 

per year 1,111.720 1322 1,497,450 1322 
Core power density (U/cm3) 5.C 7.1 5-0 7.1 
Average burnup (Nfd/kg HK) 100 133 36.5 59.5 
Fuel residence time 

(days, avg.) 872 1460 
Conversion ratio (*»•"»-

during equilibrium) 0-575 0.54 0.824 0.75 
M C / N HH 458 395 220 16* 

•Ncte: Cycle designations used here are consistent with those used in the corresponding 
referenced publ-c.Hions: H020 in ref. 1; HEU(5)-Th(0T) in ref. 2; Th/U in ref. 3; and 
HEU(5)/HEU{3)-Th in ref. 4. 

Cost Estimates 

The fuel fabrication cost estimates presentee here' have been derived from a variety 
o c previous studies and publications and must be considered preliminary in that plant 
design requirements, equipment designs, and capacities are in man) instances based on 
concepts and not on tested equivalent. This is particularly true for the PBR fuel, for 
which less information was available than for the HTGR. It had been hoped that through 
visits to HOBEG in Gennany and to General Atomic Company the process descriptions could be 
reviewed and that additional functional flowsheet process information could be obtained, 
together with as much information as possible on process status, equipment designs, and 
operating experience. This type of consultation would have been particularly valuable for 
a realistic evaluation of the PBR element fabrication processing and costs because of the 
limited amount of detailed information on the procures and the equipment requirements 
available in the literature. The HOBEG visit could not be arranged, however, and in 
developing the PBR estimates it was necessary to depe. '• on telephoned comments of the 
HOBEG staff on Jraft material forwardeC to them in early December 1979. By contrast, the 
HTGR estimates were based on a large amount of detail from several recent U.S. sfjdles. 



Table 3.4.2, Fuel Element Loadings and Carbon Ratios for Four Base Cases 

Once-Through Cases Recycle Cases 

HTGR, HEU(5)/HEU(3)-Th 

Refabrlcatlon 
P8R. M020 

Makeup 
MP 

Makeup 
MO* 

HTGR, 
KEU(S)-Th(OT>, 

Makeup 
M 

PBR, Th/U 

Fabrication 
Fl 

Refabr1cat1on 
Rl 

Fabrication 
Tl 

Fabrication, 
Makeup 

M 
Recycle, 

23R 

Fuel elements per year 898,806 221,912 

Loading ( y element) 

1322 171,000 609,000 716,000 500 733 

~?iote: Cycle designations used here are consistent with those used 1n the corresponding referenced publications: MOJO In ref. 1 ; 
MEU(5)-Th(0T) In ref . 2; Th/U in ref. 3; and HEU(5)/HEU(3)-Th 1n ref. 4. 

r N I , NO * Inner (outer) makeup elements; a l l element notation on this line corresponds to that used In refs . 1 4 . 
*HN ' heavy metal. 
'U = unshielded; S * shielded. 

Recycle, 
25R 

89 

Tota". U 

Tr 
Tot. KM-' 

2.76 
0,55 

5,31 
8.07 

4.60 
0,92 

3.47 
8.07 

2920 
05fcu 

2490 
5110 

1.24 
1.15 

15.22 
16.46 

1.86 
0.90 
0.20 

14.60 
16.46 

16.45 
16.45 

740 
690 

11,240 
u.v-o 

11 

u 

650 
30 

490 
,240 
,890 

1240 
530 

11,240 
1>,480 

Carbor. ratios 
C/Th 
C/U 
C/KN 458 4S8 

S50 
740 
395 220 220 220 

180 
2730 

169 

180 
3110 
170 

180 
1630 
162 

Shippirj requirements^ U U U U S U U 3 S 



Table 3 . 4 . 3 . Description < i f F lss l l e an d F e r t i l e Par t lc l es Lmployed 1n Four Base Cases 

Fl sslle Particles Fer t i l e Pa r t l c l e s 

Once-Through Recycle Once- . 
Through 
HTGR. 

M 
PBR. 

T l * 

ThO;. 

Recycle 

HTGR, 
M.23R.25R 

ThO? 

PBR/ 
MI.MO 

HTGR, 
M 

PBR HTGR 

Once- . 
Through 
HTGR. 

M 
PBR. 

T l * 

ThO;. 

Recycle 

HTGR, 
M.23R.25R 

ThO? 

PBR/ 
MI.MO 

HTGR, 
M Fl Rl M Z3R 2SK 

Once- . 
Through 
HTGR. 

M 
PBR. 

T l * 

ThO;. 

Recycle 

HTGR, 
M.23R.25R 

ThO? Composition (U,Th)0; UCO (U,Th)0; (U.Th)O,. UCO UCO UCO ThO •; 

PBR. 
T l * 

ThO;. 

Recycle 

HTGR, 
M.23R.25R 

ThO? 
Enrichment zo% * 3 5 u 204 - J *u 935 ; 3 "U 5 % Fissile 931 2 3 -0 80% Fissile 431 J 5 5 U - - • 
Kernel diameter (ym) 400 350 400 400 195 300 700 500 500 500 
Kernel density (q/cm') 9.S \0.8 9.5 9.5 10.8 10.8 10.8 9.9 9.9 9.9 
Buffer thickness (um) 85 105 85 85 no 105 I d 85 95 95 

u> 
i 

I I I thickness" (urn) 30 35 30 30 35 35 : i - - - to 

SIC thickness ( * 0 - 35 35 35 35 - - • 
OIL thickness" (xm) 80 45 80 80 40 4P 40 75 80 80 
Avg. particle diameter (w«l) 790 790 790 790 635 730 730 820 850 850 

"See Table 3,4.2 for Identification of notation used 1n column headings; see Fig. 3.« 1 for sketches of particles. 
"On PBR once-through cycle, only one type of particle 1s employed. 
Numbers for PBR recycle case »rt assumed. 

" I I I . OIL » inner (outer) Isotropic layer. For PBR fissile particles, these are high-temperature isotropic (HTI) layers; for PBR fert i le 
particles and for HTGR fissile and fer t i le particles, they are low-temperature isotropic (111) layers (see FI9. 3,4.1). 
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Table 3.4.4. Descriptions of HTGR Fuel Rods and Fuel Elements in Base Cases 

Once-Through, 
H 

Recycl e. Once-Through, 
H H 23R, 25R 

Fuel Rods 
Diameter Jm.) 1.17 1.58 1.58 
U content (g) 1.96 0.40 0.75 
Th Content (g) 1.67 6.79 6.79 

Fuel Elements 
138/766 

t. t . 
Number of fueled holes 138/766 138/76" 138/76" 
Diameter of fueled holes (cm) 1.20 . . 
Fuel rods/element 1656/851C 1656/8513 1656/851° 
Number of cooling holes 72/43* 72/43° 72/43 c 

Diameter of cooling holes (cm) 2.10 2.10 2.10 
Foison content (kg) 0.01 0.01 0.01 
Graphite (kg) 99 94 94 

"See Table 3.4.2 for identification of notation used in coluon headings. 
"Standard elements/control elements. 

Table 3.4.5. Description of PBR Pebbles in Base Cases 

Once-Through and Recycle, 
(MI, M0) and (F l , Rl, T l ) * 

Ball diameter (cm) 
Graphite shell thickness (cm) 
Graphite density (g/cm3) 

6 
0.5 
1.7 

*See Table 3.4.2 for identification of notation. 

The fuel fabrication costs were estimated by breaking the fabrication process down 
into functional areas or sequential steps and then estimating the capital and operating 
costs for each step, using a methodology described elsewhere. In order to permit uniform 
determinations of product costs to the reactors, the cost estimates for each of the four 
base cases were accumulated into four categories: faci l i ty capital costs, equipment 
capital costs, annual materials costs, and annual operating costs. The economic assessment 
used to define the costs to the reactor for these preliminary assessments was that used in 
a recent comparative cost estimate study, 7 Although this economic assessment can include 
a variety of financing assumptions, only those associated with a typical industry wi l l be 
reported here. 

Because of the inherent uncertainties associated with such estimates, the uncertainty 
associated with each cost category was assessed and the estimates were adjusted accordingly 
to obtain a probabilistic range. Then the cost to the reactor was calculated for both a 
high cost ( i . e . , a 90S probability that this cost will not be exceeded) and a low cost 
( i . e . , a 20% probability that the actual cost will be less than this cost) to provide a 
range of cost estimates for each case. The results are given in Table 3.4.6. 
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Table 3.4.6. Preliminary Cost Estimates for Makeup Fuel Fabrication 
and Recycle Fi'd Refabrication (Constant 1980 Collars) 

Fabrication Costs (S/kg »•)« 

Reactor/Cycle Case Fuel High Low 
Most 

Probable 

Kakeup 
Kakeup 

1390 
1510 

730 
1070 

1170 
1380 

Makeup 
Recycle 
Mid-life reload weighted average 

770 
2440 
1450 

410 
1530 
860 

640 
2190 
1270 

Makeup 
Recycle 
Mid-life reload weighted average 

880 
1890 
1510 

610 
1300 
1040 

800 
1740 
1380 

Once-Through Cases 
PBR, K02O 
HTGR, M£U(5)-Th(0T) 

Recycle Cases 
PBR, Th/U 

HTGR, HEU(5)/HEU(3)-Th 

•These estimates do not include the cost f i r uranium or thorium, since plants are assumed to 
operate as tol l processing fac i l i t ies uti l izing customer-supplied heavy metals. A 1" loss 
of such material is assumed during processing but not included in the costs. 

I t should be reemphasized that each of these cost estimates is cycle specific with 
plant capacities defined to provide equilibrium or mid-life cycle annual reloads for 20 
reactors operating on the given cycle. Thus, with the possible exception of the once-
through cases where the plant capacities are nearly equivalent, direct comparisons between 
costs for fabrication of different types of fuel elements should not be attempted. 

As indicated in the introduction to this phase of the study, the base cases were 
selected cycles from other studies which had util ized different economics in arriving at 
"optimum" cycle definitions. PBRs and KTGRs are both highly adaptable machines in that 
core loadings, and consequently fuel element designs, can be adjusted to adapt to varying 
design requirements. For example, conversion ratios can be increased by increasing the 
f issi le- to-fert i le ratio, adjusting the carbon-to-heavy-metal ra t io , and/or lowering the 
fuel residence times to conserve f issi le uranium. Thus for a true comparison of fuel 
fabrication costs, i t is necessary to iterate fabrication cost estimates with core design 
calculations and specific design details for the fuel elements to derive economic optimums. 
Such iterations could not be done within the time and funding restrictions for this 
preliminary assessment. 

To provide some guidance for possible future studies of this type, the effects of 
varying some fuel element design characteristics and of varying plant production capacities 
on PBR element refabrication were done. Similar work was not done for the HTGR elements 
because such guidance exists from previous studies. 
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One possible variation for PBR element designs is to increase the total hi«vy metal 
in each element. The specifics on fuel cycle mass flow and fuel performance we~e not 
examined, but the f issi le- to- fer t i le ratios for the base recycle cases were used as a 
partial normalization. The most probable cost estimates, based on normal industry 
economics and constant 1960 dollars, are given in Table 3.4.7. I t wil l be noted that 
increasing the heavy metal loadings by 22" and 73" reduces the refabrication costs by 13? 
and 22: respectively in terms of dollars per kilogram of heavy metal loading. I f the 
fuel bumup potential is proportional to the heavy metal loading, then significant savings 
in the fuel refabrication costs are possible. However, this may not balance the addition*! 
fuel inventory charges which will be incurred. 

Another variable which was investigated was a change in the coated particle designs 
for refabricated PBR fuel elements. This design change should not alter the .ore inventory 
or fuel bumup potential but only reduce the aacunt of heavy met?1 which would have to be 
remotely processed into coated particles without significantly affecting subsequent fuel 
fabrication process steps. In this case i t was assumed that half the heavy metal loading 
was made up of LTI-BISO-coated* Th02 particles fabricated in a contact operated and 
maintained portion of the plant (see Fig. 3.4.1). The remainder of the thorium and a l l of 
the uranium was contained in HTI-EISO-coated* (l',Th)0 2 particles processed in the remotely 
operated and remotely maintaired portion of the refabrication plant. Table 3.4.8 shews 
that this design modification -esults in an 11? reduction in the estimated costs in terms 
of dollars per kilogram of hea.y metal. A similar cost penalty for remotely processing 
thorium for use in an HTGR element to provide on-site denaturing has been identified in an 
earlier INFCE study. For ii.iz design modification two limitations should be noted: 
First, proper metering and blending of the two types of coated particles is required to 
assure homogeneity. While this has been demonstrated for coated ^articles made up into 
fuel rods for HTGR elements, no similar demonstration for overcoated particles for PBR 
elements has been reported. Second, the cost advantage for fabrication, where a l l pro
cesses are contact operated and maintained, wil l be severely reduced and because of the 
mixing for homogeneity may even translate into a disadvantage. 

The third parameter evaluated briefly is that of the PBR fuel refabrication plant 
capacity, or scaling. The results are given in Table 3.4.9, where the plant capacity has 
been lowered or raised by a factor of two. I t wil l be noted that lowering the plant 
capacity to 50" results in an estimated cost increase of 23", while increasing the plant 
capacity to 200* results in an estimated cost decrease of 15«. Since the reactor mass 
flow is dependent on cycle uesign and mass flows in effect dictate plant capacities, i t 
is apparent this can have a significant effect on fabrication costs. In general the PBR 
base cases in this study had lower burnup and consequently higher mass flows. This led to 
larger capacity plants and somewhat lower unit costs in terms of dollars per kilogram of 

*LTI, HTI » low (high) temperature isotropic layer; BISO • two-layer pyrocarbon coating, 
low-density inner layer (buffer) and high-density Isotropic outer layer. 

* International Nuclear Fuel Cycle Evaluation. 
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Table 3.4.7. Effects of Increasing Heavy Metal Loading 
on PBR Fuel Refabrication Costs-

(Constant 1980 Dollars) 

Pebble 
Loading 

(kg KN/Element) 

Most Probable Cost 
Estimates 

Case 

Pebble 
Loading 

(kg KN/Element) S/kg HK S/Element 

PBR, U/Th Recycle Case 16.46 2190 36.05 

Higher HM Loading" 20 1900 38.00 

Highest HH Loading" 25 1700 42.50 

"All plants were designed to produce the same number of fuel 
elements per year. 

"Constant f iss i le - to- fer t i le ratio. 

SEALER PYSOCTTIC CARBON 

OUTER ISOTROPIC 
PYROLYTtC CARBON 

FISSILE-FERTILE 
BrSO-HTI 

BUFFER 
PVROLYTlC CARBON 

200 

SILICON CARBIDE 
BARRIER COATING 

CJTER BOTHOWl 
PYROLVTiC CARBON 

FERTILE 
BISO-LTI 

FISSILE 
TRISO-LTI 

INNER ISOTROPIC 
pv»tx.mc CARBON 

FER 
PTROLTTlC CARBON 

[Lft* 

Fig. i . 4 . 1 . Typical Coated Fuel hirt icles: (a) PBR fissile particles, (b) PBR 
fert i le particles, and (c) HTiR f issi le particles. 

Table 3.4.8. Effects of Changing Coated Particle Design on PBR Fuel 
Refabrication Costs (Constant 1980 Dollars) 

Pebble Loading (g HM/Element) 

(U,Th)02 Th02 

Most Probable 
Cost Estimates 

$/kg HM S/Element 

PBR, U/Th Recycle Case 

Modified Loading with 
5<W (Th,U)02 HTI-BISO-coated 
and 50% ThO. LTI-BISO-coated 

16.46 

8.23 8.23 

2190 

1940 

36.05 

31.90 
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Table 3.4.9. Effects of Varying Plant Capacity on PBR Fuel 
Refauricau'on Costs (Constant 1980 Dollars) 

Plant Capacity Host Probable Cost 
Estimates 

KT HH/yr Pebbles/yi 
(10 e) S/kg HH S/Ele-.ient 

200.4* 12.17 2190 36.05 

10U.2 6.08 ?690 44.30 

400.& 24.35 18b0 30.95 

^Reference esse. 

heavy metal. Fowever, when the lower power generation production per kilogram of heavy 
metal is consiiered, the fabricat ion cost contribution to power cost is higher for the 
elements. 

Technology Status and R&D Requirements 

The assessment of the technoicqy status for the fabricat ion and refabricaticr. of fuel 
elements for the FBR or the HTGR shows tl.o technology to be f a i r l y well advanced. A l l 
jvocess steps have been demonstrated and much of the equipment has been demonstrated on 
a t least an engineering scale. The research, development and demonstration (RD&D) 
requirements to proceed to the design of commercial-scale plants derive primari ly from 
economic ,onsidera*:ons and from requirements for statutory compliance to obtain a license 
to build ?nd oper. te such plants. As is shown in Table 3.4.10, the overall RD&D cost 
estimates and the time required for completion depend s ign i f i cant ly on whether or not 
recycle with remote refabrication is included. There is no s igni f icant difference in the 
estimates for ine prismatic or pebbie fuel developed separately and only a small incre
mental cost addition i f they are developed together. 

T^bie 3.4.10. Estimated Costs ( in 1980 Dollars) and Time Requirements 
for Fuel Fabrication Research, Developmep*-, and Demonstration^-

HTGP. + PBR 
riTGR Fuel Only PBR Fuel Only (Combined kD&D) 

Time Time Time 
Cost Required Cost Required Cost Required 

(510 s) (yr) (S101) (yr ) ($10 3) (yr) 

Once-lhrough Fuels, 
Fabrication 72,000 6 72,500 6 88,800 7 

Recycle Fuels, Fabrication 
and Refabrication 180,800 11 192,100 11 215,100 11 

aCosts do not include fuel performance ver i f icat ion i r rad ia t ion tes ts , which would add $25 to 
$30 mi l l ion for each fuel cycle type l o assure product use l i censab i l i t y . 
Does not include consideration of detailed design and construction of a commercial-scale 
plant; conceptual design Is Included in the RD&D costs and time. 
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3.4.3. Reprocessing Uhi» Costs 

(Note: The following information has been extracted by the editors from a General Atomic 
Company report7 authored by L. Abraham, B. B. Haldy, and J. A. Oita.) 

In estimating the costs for PBR or HTGR fuel reprocessing, the technique was again to 
first determine the processes and equipment required to build a plant sized to service a 
reactor economy of about 20 GW(e) installed capacity. The results were then used as a 
basis for arriving at unit costs in terms of dollars per kilogram of heavy metal processed. 
Common economic assumptions used for the study included consideration of common licensing 
regulations for construction and operation of the reprocessing plant and consistent equip-
r^nt, material, and labor costs. 

As has been stated earlier, both the HTGR and the PBR can be operated on a variety of 
fuel cycles with a variety of fuel exposures. This flexibility in fuel design and in fuel 
cycle variables, such as enrichment, carbon-to-heavy-metal ratios, fuel element residence 
time in the reactor, power density, and fuel bumup, mandates that reprocessing unit cost 
estimates be specific with regard to fuel cycle conditions. In the absence of such 
specification for the systems of interest in this comparative study, the reprocessing 
cost estimates given here were based on the same recycle fuels and fuel element designs 
as were the refabrication estimates (see Tables 3.4.1 through 3.«.5). In addition to 
these, incremental costs associated with a variation in the PBR fuel element design were 
considered. 

The flow diagrams for the PBR and HTGR fuel cy^es are shown in Figs. 3.4.2 and 3.4.3 
respectively. The various processes and storage requirements were evaluated for both 
reactor concepts, including those for fuel element reduction or crushing, burning, dis
solution, feed cdjustment, solvent extraction, product handling and waste treatment. The 
plant design bases considered fuel receiving and storage, spent fuel reprocessing, product 
handling, waste treatment, off-gas treatment, and support facilities, including administra
tion buildings, stores, maintenance shops, ard other general services. The reprocessing 
plant design assumptions are summarized in Table 3.4.11. 

Cost Estimates 

Considering the above parameters and factors, the specific processes, and associated 
equipment requirements, capital costs for the reference fuel reprocessing plants were 
estimated on the basis of previous studies of HTGR fuel reprocessing plants. The repro
cessing plant costs considered the reprocessing plant design assumptions, the fuel cycle 
mass flows, the process stream characterization, the rep-ocessing equipment and support 
requirements, and also the associated building and storage requirements. The resulting 
reprocessing plant throughputs and associated costs are summarized in Table 3.4.12. These 
estimates were based on BISO-coated fuel for PBRs (see F1g, 3,4.1). If the TRISO-coated 
fuels used in the HTGR had been assumed for the PBR, it would have increased the capital 
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Table 3.4.11. Reprocessing Plant Design Assumptions 

Design Characteristic Assumption 

Scope of faci l i ty 
Overall design 

Feed material 

Product 
Production capacity 

Design capacity 
Yield 
Surge storage 

Maintenance philosophy 

Operating life 
Plant operating schedule 
Efficiency/availability 
Effective operating uays 

Safety 

Environment protection 

Safeguards and accountability 

Physical protection 

Self supporting 
Meets al l federal, state, and local requirements 
for licensable commercial faci l i ty 
HTGR: Spent uranium oxycarbide, thorium oxide 

prismatic fuels (average 180-day cooled) 
PBR: Spent uranium-thorium oxide pebble bed 

fuels (average 180-day cookd) 
U0 3; Th02 

HTGR: 20,000 prismatic fuel elements per year 
PBR: 20,000,000 pebble bed fuel elements per year 

1.25 times average production capacity 
98.55. recovery of f issi le material 
90-day spent fuel 
60-day product UO? 
5-year product Th(N03)i,; 10-year solid Th02 

5-year high-level liquid waste 
1-year high-level solid waste 
Remote replacement; out-of-cell repair varies -
remote to contact 
30 years 
24 hr/day, 365 days/year 
72% 
26 1 days/year (233 days/year for head-end 
processing) 
Administration, geometry, and/or neutron poison 
control for criticality 
Meets federal, state, and local requirements 
No release to ground water 
Off-gas treatment of iodine, NO , tritium, radon, 
'"•C, krypton, semi volatile fission products, 
particulates, and combustibles 
Liquid wastes inmobilized as insolubles for hipment 
Solid process wastes fixed in solid matrix for 
shipment 
Near real-time accountability at sensitive process 
points plus semiannual inventory; supplemented by 
item count and weight measurements 
Outer perimeter detection and defense system, 
physical barriers, and hardened defense posts. 
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Table 3.4.12. Reprocessing Plant Throughput Rates and Associated Costs 

HTGR PBR 

Fuel elements/yr 20,000 20,000,000 
Carbon, kg/yr 1.88 * 10 6 3.67 x 10 6 

Heavy metals ( to ta l ) , kg/yr 229.5 x l o 3 343.4 x 10 3 

Reactor economy, net GW(e) * .20 t 2 0 
Capital cost (1978 S) (S106) 

Facility 
Equipment 

171.5 
364.5 

210.6 
395.8 

Total* . c 536.0 506.4 
Operating cost (1978 S) (SlOVyr) 

Hardware 
Other 

21 
19 

24 
21 

Total" 40 45 

^Excluding replacement cost. 
r'The plants include 40% contingency on capital cost. 
tfThe olants include 202 contingency on operation cost. 

costs of the reference PBR reprocessing plant by approximately 2.6 to 4.OS and the 
operating costs by 1 to 2%. 

Based on a capital charge rate of 20*/yr, the e: aual cost of operating the fuel 
reprocessing plants would be $147 million/yr for the HTGR and $166 million/yr for the PBR. 
With throughput rates of 230,000 kg HM/yr for the HTGR and 343,000 kg HH/yr for the PBR, 
the unit costs are $639/kg HM for the HTGR and S484/kg HM for the PBR. Adding a 4% penalty 
for TRISO-coated fuel would increase the PBR unit costs to $500/kg KM. 

As indicated previously, the above unit costs are based on reference fuel cycles and 
throughputs and they should not be interpreted to mean that unit costs for processing PBR 
fuel are inherently lower than those for processing HTGR fuel. For the same heavy metal 
loading, the same carbon content, and the same throughput rates, the unit costs of repro
cessing PBR and HTGR fuel wil l be essentially the same. The difference in unit costs 
therefore largely reflect differences associated with different carbon throughputs and 
different heavy metal throughputs for specific fuel cycles. 

The cost values given are considered to be the most l ikely values, with capital cost 
ranges of up to +102 and down to -20%; the operating costs given are also the most likely 
values, with an estimated range of +15% * -5%. 

In addition to the reprocessing cojts, transportation costs for spent fuels were 
estimated to be $870,000 per GW-yr for the HTGR and $1.32 million per GW-yr for the PBR. 
The higher value Is associated with the higher volume of fuel that would be needed to be 
transporter1 for the reference PBR fuel cycle. 
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Reprocessing R&D Requirements 

The technical issues to be addressed in fuel reprocessing apply equally to PBR and 
HTGR fuels. A high degree of commonality is associated with the head-end and aqueous 
process systems for both reactor fuels and other technical issues are generic in nature 
between the two reactor fuel types and the required developmental resolution of Jesign 
issues is also similar for either fuel concept. 

Considering the commonalities and similarities of reprocessing development require
ments for the PBR and HTGR, it is estimated that the research, development, and demonstra
tion cost estimates for the two reactors are essentially the same. 

In both cases a continuing reprocessing development program is required to demonstrate 
the feasibility of commercial reprocessing of high temperature reactor spent fuels. In-

i formation needed can be derived from an extensive development effort carried through 
* appropriate laboratory, engineering prototype, and hot pilot plant stages. In the 

reprocessing development program for HTRs, most of the reprocessing functional areas have 
reached cold engineering and hot laboratory development states. R&D will be required 
relative to receiving and storage, head-end systems, dissolution and feed preparation 
systems, Thorex solvent extraction, Purex solvent extraction, gaseous effluent treatment, 
acid recovery and water recycle, product conversion, design studies, waste treatment, 
technical support, and safeguards methods. As shown in Table 3.4.13, these costs have 
been estimated to total $201 millicn, and hot pilot plant design and construction and hot 
pilot plant operation wou'd increase the costs to $637 million. Specific modifications 
to the development program and pilot plant designs to accomodate both types of fuel 
elements would probably require an additional $3 million, for a total of $640 million. 

Table 3.4.13. Estimated Costs and Time Requirements 
for Fuel Reprocessing Research, Develop.nent, and Demonstration13 

Time 
Cost Required 
(H0») (yr) 

Through development^ 291,000 11 
Hot pilot plant 
design and construction 361,000 7 

Hot pilot plant operation/demonstration 75,000 5 
Accommodations specific 

to PBR or HTGR fuel 3,000 
Total 640,000 

"Costs expected to be the same for HTGR and PBR fuels. 
l. 

includes conceptual design of hot pilot plant. 
"includes cold checkout and training, plus four years of hot 
operations. 
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3.4.4. Summary and Conclusions 

Consistent comparative fuel fabrication/refabrication and fuel reprocessing cost 
estimates for PBR and HTGR fuel elements have been made for selected base case cycles. 
The range of costs associated with the basic estimates have also been estimated. For both 
the fabrication and the reprocessing costs given, it is recognized that iterative analysis 
with specific modifications in fuel cycle conditions and fuel element designs could 
result in modifying the fabrication and reprocessing cost: for the various elements 
With that qualification, these studies indicate that the costs of fabricating fresh or 
makeup fuel would be slightly less for the PBJc than for the HTGR while the costs of re-
fabricating recycle fuel would be slightly greater for the PBR. For reprocessing, it 
appears that the unit costs for PBR fuel would be slightly less than those for HTGR fuel, 
but this difference was associated with the differences in fuel loading and the heavy 
metal throughput of the reprocessing plants rather than with the differences in the reactor 
fuel concept per se. For the same carbon and heavy metal throughput, reprocessing plant 
unit costs Vi'wld t»e essentially independent of reactor fuel types. 

The assessment of the technology status and required research, development and 
demonstration of fuel fabrication and fuel reprocessing shows no significant difference 
between the different reactor fuels. For both reactor fuel types, processes are at a 
relatively high level of development and the required resources to achieve coomercial 
status are essentially the same. 
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3.5. IMPACT OF FISSIOR-PROOUCT RELEASES 
H. F. Osborne and R. P. Uichner 

(Summary of Work Performed at General Atomic Company*) 

3.5.1. Introduction 

The release of fission products from the reactor core into the primary coolant circuit 
during normal operation reacts the design of many system components in both the HTGR and 
the PBR, as well as plant operating and maintenance procedures. If, in addition, 
unexpected releases occur, an even greater impact is realized. For example, if the 
coolant radioactivity becomes sufficiently high that scheduled (or unscheduled) -aintenance 
activities that normally would be performed while the reactor is operating must instead 
to be carried out during shutdown, then plant availability is affected. Not only are 
unanticipated and extended outages costly per se, but additional expenditures can accrue 
from the requirement for more personnel, equipment and/or shielding. 

The ccsts associated with such releases inevitably will be determined by the fission-
product radioactivities encountered, however, not necessarily in the same ratio for the 
two reactor types. Also, because of the differences in the HTGR and PBR cores, the 
releases for given outlet coolant temperatures will not be the same. Neither will they 
always be equivalent for given accident scenarios. 

In the investigations described below, both normal and abnormal fission-prod-ict 
releases in the KTGR and PBR are compared, and the results are interpreted in terms of 
occupational and public dose-rate exposures, added downtime, and requirements for 
additional personnel ano/or equipment, all, of which, of course, can be converted into 
costs. 

3.5.2. Fission-Product Releases to Coolant Circuit During Normal Operation 
(Summary of Work Reported by 0. Hanson, General Atomic Company) 

Calculational Method 

Calculations were performed to determine the fission-product activities in the 
primary circuits of the three reactor pairs described in Table 3.5.1. It should be noted 
that the terms "Steam Cycle," "Gas Turbine," and "Process Heat" used in Table 3.5.1 to 
identify the reactor pairs refer solely to the indicated outlet coolant temperature ranges, 
since the procedures employed to calculate fission-product migration were not sophisticated 
enough to distinguish between different methods for extracting heat in the primary system. 
It should also be noted that the reactors in each pair are not completely equivalent. A 

•Except for Section 3.5.5. 

i 
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Table 3 .5 .1 . Reactor Design Parameters for Calculations of Fission-Product Releases 
in Prism (HTGR) and Pebble Bed (PBR) Cores 

Thermal 
Power 

Power 
Density 

(W/cc) 

Fuel 
l ifetime 

(yr) 

Coolant Temperature ("C) 

Outlet '"'Core 

Fuel Particles- Fuel 
Element 

Type Reactor Type 

Thermal 
Power 

Power 
Density 

(W/cc) 

Fuel 
l ifetime 

(yr) 

Coolant Temperature ("C) 

Outlet '"'Core F i 's i le Ferti le 

Fuel 
Element 

Type 

Stem Cycle 

Coolant Temperature ("C) 

Outlet '"'Core F i 's i le Ferti le 

Pri jn 
Pebble Bed 

C240 
3000 

7.1 
5.5 

4 
4 

690 382 
/OO 382 

UC -T 
UC;.-T 

ThO -B 
ThO.-T 

10 row (81-
Ball 

Gas Turbine 
Prissi 
Pebble Bed 

2240 
3000 

6.5 
5.5 

4 
4 

850 400 
850 343 

UC -T 
UC.-T 

ThO—T 
ThO—T 

10 row 
Ball 

Process Heat 
Prise* 
Pebble Jed 

1530 
3000 

6.5 
5.5 

«(3)-
4 

950 500 
950 650 

UC.-T 
UC2-T 

ThO--T 
TW--T 

10 row 
Ball 

^T = T<USC-coated fue l ; B - BISO-coated fuel . 
rKTGR-SC calculated for both 10-row and 8-row fuel block. 
"HTGR-PH calculated for both 4-yr and 3-yr l ifetimes. 

precise comparison would have required that each reactor type be optimized for the given 
coolant temperature range; however, this was beyond the scale of effort available for 
this study. In addition, reactor size was deemed not to be a sensitive parameter on a 
unit power basis; therefore, the higher thermal power of the PBR within each pair is not 
highly significant, although it does somewhat favor the PBR since smaller PBRs would have 
less favorable fuel temperature distributions because of the increased effect of power 
peaking near side reflectors. 

As indicated in the table, the prism fuel element type was assumed to be a 10-row 
block; however, a coarser fuel dispersion (an 8-row block) was also studied for the steam 
cycle case. Also, a fuel lifetime of 4 yr was assumed for all the reactors with additional 
calculations performed for a 3-yr lifetime in the prism process heat case. 

Neutron flux and power distributions were calculated for the prismatic cores with 
the GAUGE, FFVER, and TSORT codes and for the pebble bed concepts with the 20B code. In 
general the estimates were somewhat more idealized for the pebble bed concepts in that the 
effects of control and shutdown rod actions were not accounted for, whereas full rod 
histories were incorporated in the GAUGE/FEVER calculations. 

Fuel element temperature distributions and fuel failure fractions were generated for 
prismatic cores by the SURVEY code and for pebble bed cores by the KUGEl code.* The fuel 
particle assumed in all the calculations is that described in the Fuel Design Data Manual, 
Issue C, September 1979, which also lists the applicable fuel failure models, as well as 
procedures for calculating fission-product release from the core to the primary coolant 
system. The current fuel failure model is described in GA-LTR-15. 

*KUGEL 1s an extension of the LASL PEBBLE code which Incorporates GA's fuel failure model. 
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The SURVEY and KUGEL calculations yielded the release rates for gaseous fission 
products, but the release rates for cesium and strontium were calculated separately using 
TRAFIC for the prism cores and TRAMP for the pebble bed cores. The release rate formulas 
used for both reactor types wer those specified in GA's design data manual, with the 
diffusive and sorptive properties of graphite assumed to be those specified for graphite 
H*51. (Note: At temperatures corresponding to the 700°C outlet coolant temperature, 
graphite properties are sensitive parameters and i f some other graphite should be assumed, 
the calculated results for the steam cycle could be significantly in error.) 

Fuel Temperature Distributions 

Figure 3.5.1 presents the estimated temperature distributions in the fuel for the 
three reactor pairs. In each pair the fuel temperatures for the pebble bed core are 
significantly lower than those for the prism core. In particular, a high-temperature 
" ta i l " is shown to exist in about 5 vol* of the prismatic fuel but is absent in the 
pebble bed fuel . This ta i l is caused principally by coolant/power mismatches in the 
vicinity of fuel zone boundaries. To a f i rs t approximation, sharp boundaries between fuel 
zones do not exist for pebble bed cores; hence the high-temperature tails do not appear 
However, the control rod and shutdown rod actions which could cause fuel ball displacement 
and thereby creatt localized power mismatching were not considered in generating Fig. 3.5.1 

Fuel Performance and Fission-Product Releases 

The fuel performance and fission-product activity releases in the primary coolant 
circuit for the three reactor pairs are compared in Table 3.5.2, where the categories 
under the f issi le and fer t i le particle failures refer to failures due to manufacturing 
defects, failures due to gas pressure buildup within the particles, failures due to 
migration of the fuel inside the particle, and failures due to corrosion of the SiC layer 
by palladium attack. 

Table 3.5.2 shows that the f issi le failures for the 700"C (steam cycle) and 850°C 
(gas turbine) systems are low for both the pebble bed and prism cores. The significantly 
higher cesium and strontium releases for the HTGR-SC over the PBR-SC are dee to lower 
retentions In the graphite at the higher prismatic core temperatures. (As noted ear l ier , 
graphite diffusion and sorption properties are highly sensitive parameters in the 700°C 
outlet temperature range.) The percent of fer t i le particle failures 1s approximately the 
same for a l l systems except for the HTGR-SC, which uses a BISO-coated particle as opposed 
to TRISO-coated particles in the other systems. 
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At the 950JC outlet coolant temperature, significantly increased fuel failures 
appear for the prismatic fuel relative to the pebble bed fuel. The higher fuel tempera
tures induce increased SiC corrosion by the fission-product palladium and chemically 
similar metals. The term "Old Pd" in the table refers to estimates of the palladium 
attack rate which varies linearly with time as based on short-term test data and published 
in GA's design data manual. More recent test data based on longer term experiments indi
cate that the palladium attack rate may actually vary with the /time, which, i f true, 
would yield fewer fuel failures for the high-temperature prism core as indicated in the 
columns labeled "Rev Pd." 

3.5.3. Operational and Public Exposures Due to Coolant Radioactivities 
During Normal Operation 

(Summary of Work Reported by A. Barsell, General Atomic Company) 

The fission products circulating in the primary coolant during normal operation are 
a potential source of exposure both to reactor operating personnel, particularly those 
performing duties inside the containment building, and to the public outside the 
Exclusion Area Boundary (£AB). Fission-product dose rates were calculated parametrically 
and compared with established ALARA* limits for occupational exposure (100 mrem/week) and 

*ALARA « as low as reasonably achievable. 
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Table 3 , 5 . 2 . Comparison of Fuel Fai lures and Fission-Product 
1n PBR (Pebble Bed Core) and HTGR (Prlsftt Core) 

Releases 

Steam Cycle (T>700"C)" Gas Turbine (T'850°C) Process Heat (T-950'C) 

Pri sm 
Pebble 

Bed, 
4-yr 

Lifetime, 
Old Pd 

Prism 

Parameter Pebble Bed 
10-row 

Fuel Block 
8-row 

fuel iilock Pebble Bed Prism 

Pebble 
Bed, 
4-yr 

Lifetime, 
Old Pd Old Pd Rev Pd 

j - y r nit;time 

Old Pd Rev Pd 

Fissile particle fai lure (X) 
Defects 0.070 0.072 0.072 0.071 0.072 0.071 0.073 0.073 0,073 0.073 
Pressure vessel 0.007 0.008 0.012 0,011 0.015 0.016 0.035 0,035 0.035 0,035 
Kernel migration - - ... -
SiC corrosion - 0.004 1.412 0.027 0,379 0,020 

Total 0.077 0.080 0.085 0.082 C.091 0.087 1.52 0.135 0.488 0. lira 

Ferti le particle f a i l u r e ^ ! ) 
Defects 0.061 0.023 0.023 0.061 0.060 0.061 0,062 0.062 0.058 0,058 
Pressure vessel 0.088 0.090 0.001 0.002 0,001 0.011 0,011 0.004 0.004 
Kernel migration - - V - -
SiC corrosion - - •-

Total 0.061 0.111 0,113 0.062 0.062 0.062 0.073 0.073 0.062 0.062 

Kr-88 circulating (C1/HM) 
No hydrolysis of fai led fuel 0.15 
1005. hydrolysis of failed fuel 0.38 

40-yr plateout (C1/MH) 
Cs-137 0.06 
Sr-90 0.01 

0.25 
1.22 

1.16 
0.04 

0.38 
1.85 

3,4 

0,28 0,41 
0.73 1.34 

3.3 14.7 
0.02 0.04 

0.34 7 
1.14 19.1 

7 
2.3 

0.68 0.57 
4.25 1.61 

7.0 484 39,9 78.4 20,9 
O.OJ 7 7 7 7 

~T*Coolant out let tempe«,»U>r*. 
:BlSO-coated f e r t i l e particles assumed for HTGR-SC; a l l other cay. assumed TRISO-coated particles. 

in 
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for offsite exposures (5 mrem/yr to the whole body or 15 mrem/yr to the thyroid hy inhala
t ion). The assumptions and conditions used in these calculations were: 

(1) The PCRV leakage rate was assumed to be 3.655/yr. 
(2) The analysis considered both an open containment (continuously purged up to 

1 vol/hr) and a closed containment (semiannual purge). 
(3) The containment was assumed to have a volume of 8 x 1 0 K cm2 and a closed leak 

rate of 0.15/day. 
(4) On the basis of the expected absorption by concrete, an iodine decontamination 

factor of 100 was assumed for leekage through the PCRV. (1-131 is the nuclide 
controlling the thyroid dose rate.) 

(5) The site boundaries and meteorology corresponded to those of a hypothetical 
plant whose site was less favorable than 90* of the sites of existing LWRs in 
the USA (so-called reference s i te ) . 

(6) Kr-88 was assumed to be the dominant radionuclide cr.-.tributor for both public 
and occupational exposures; thus, the analysis was keyed to Kr-88, with other 
nuclides contributing always in the same fixed proportion. 

(7) The levels of circulating activity were designated as Level A ( e x p e c t value) 
and Level B (design value), with Level B being about 4 times higher than Level A. 

The relative importance of the offsite whole-body and thyroid dose rates was 
determined in a preliminary calculation using the Fulton HT6R as a base case. The 
circulating inventories (a l l nuclides) .*»re increased proportionally until the offsite 
limit of a 5-mrem/yr whole-body dose rate «.»• a 15-mrem/yr thyroid inhalation dose rate 
was reached. I t was found that the whoi^-body limit was always reached f i r s t , regardless 
of the containment purge rate. 

Subsequent calculations for a Level A circulating activity in the Fulton HTGR and 
the 3.652/yr PCRV leak rate snowed t U t the major radionuclide class contributing both to 
operating personnel exposures and to the airborne whole-body offsite exposures was the 
circulating noble gases (see Table 3.5.3). Kr-88 clearly dominates in a l l cases except 
for the occupational exposure with the closed containment, in which case Xe-133 and Kr-88 
contribute approximately equally. 

Examination of the results in Table 3.5.3 and the corresponding dose rates revealed 
that in most cases the irventory of circulating noble gases could be substantially 
increased without exceeding the maximum permissible dose rates. Table 3.5.4 shows, for 
example, that the Kr inventory could be increased by a factor of 1000 i f containment 
access were not a consideration and the maximum offsite whole-body dose rate were the 
limiting factor. The factor of 1000 would correspond to an upper bound Level A circulating 
noble gas activity of 10 7 C1, of which 2 x 106 Ci would be Kr-88. The corresponding 
upper bound of circulating 1-131 would be 2200 C1. However, to enable 40-hr/week contain
ment access, the Kr-88 inventory would have to be limited to 3900 CI and the 1-131 inven
tory to 1.4 CI, in which case the allowable increase factor (for a closed containment) 
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Table 3.5.3. Noble Gas Isotopes Contributing to Occupational 
and Public Dose Rates* 

LlDseo 
(Purged 

Containment 
Twice per Year) 

Continuously Ve 
(Vented at 

nted 
0.5 

Containment 
vol /hr) 

Containment Access 
Dose Rate 

Offsite 
Dose Rate 

Containment Access 
Dose Rate 

Off s i te 
Dose Rate 

Kr-83M 7.3': 0.3% 15.0i 0.5S 
Kr-85M 3.5 3.7 3.8 3.8 
K'r-87 6.8 6.8 17.8 11.6 
Kr-G3 29.8 50.8 46.2 67.0 
Rb-88 3.3 5.1 5.1 5.5 
Xe-133 30.4 15.6 1.4 0.8 
Xe-135 0.5 12.1 5.5 7.2 
Xe-138 - 1.3 

97.3% 

2.1 

96.9* 

1.5 

90.6i 

1.3 

97.3% 

2.1 

96.9* 97.92 

'Level A ac t i v i t y , 3.65S/yr PCRV leak rate. 

Table 3.5.4. Allowable Increase Factors f c * Kr Circulating Inventory* 
(Base Case = Fulton .JGR) 

Containment purge rate (vol /hr) 0 0.2 

Allowable Kr increase factors 

For o f fs i te whole-body dose rat" 1000 10 

For occupational dose rate 1 -5 4 
(at 40 hr/week) 

0.5 

7.4 

7.4 

1.0 

5.7 

n.o 

*T"--e allowable increa.-e factors for 1-131 are at least 10 times 
areater. 

would be only 1.5. But under the condition of an open containment with a purge rate of 
O.C vo l /hr , the nobie gas inventory could be increased to 74,000 Ci (14,000 Ci Kr-88 and 
about 6.8 Ci 1-131) without exceeding either the occupational dose rate ( for 40-hr/week 
access) or the o f fs i te whole-body dose rate. Tnese results demonstrate that the noble 
gas component r ' the f iss ion products, especially Kr-88, is the cont ro l l ing factor both 
for o f f s i t e dose rates and for allowable containment access times. Offs i te dose rates 
are d i rec t ly proportional to c i rculat ing ac t i v i t y and increase with an increasing purge 
ra ' ' . . 
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In lioht of the above, the Level B (desiyn) circulating i"ventories of Kr-88 were 
calculated for each of the HTGR and P8R pairs, using the circulating levels given in 
Table 3.5.2 and assuming 100° hydrolysis of the failed fuel and an open containment purge 
rate of 0.5 vol/hr. The results, together with the corresponding offsite dose rates and 
containment access times, are presented in Table 3.5.5. In a l l cases, the dose rates for 
the PBR are lower than those for the HTGR (by factors of about 2 to 4) and are well below 
the maximum allowable dose rates. Also, even at the Level B inventories, a 40-hr/week 
containment access is permissible for a l l the PBRs and also for the steam cycle HTGR under 
the conditions of an open containruent. Even with a closed containment, the access times 
are acceptable for these reactors. lr -"-« case of the gas turbine HTGR and the process 
heat HTGR, the offsite dose rates sorot . t exceed the permissible l imits, as would be 
expected from their Kr-88 inventories. I t should be noted, however, that had Level A 
inventories been used as a basis for calculating the offsite dose rates, which has been 
allowed in past licensing of reactors, then al l the reactors would be well below the 
maximum allowed dose rates. Even so, to meet ALARA limits for occupational exposure, some 
rotation of operational personnel may be required for the closed containment condition for 
the KTGR-GI and the HTGR-PH. At the ?ime time the alK)ve results are based upon the assump
tion that the palladium attack of .ciC varies linearly with time ("Old Pd" designation), 
which may not be valid. Using the "Rev. Pd" relationship appears to eliminate the above 
requirement. 

Table 3.5.5. Comparison of Design (Level B) Offsite Dose Rates and Containment 
Access Times During Normal Operations of PBR and HTGR 

Plant 

Core 
Outlet 

Temperature 

Design 
Kr-88 

Circulating 
Activity 7 

(Ci) 

Offsite 
0o:* 

(mrem/yr) 

Containment Access 
Time (hr/week) 

Open Closed 
Containment Containment 

Steam Cycle 
1170-MW(t) HTGR 
1170-MW<t) PBR 

700 
700 

5,710 
1,780 

2.0 
0.6 

40 
>40 

27 
>"0 

bas Turbine 
3000-MW(t) HTGR 
3000-MW(t) PBR 

850 
850 

16,000 
8,760 

5.7* 
3.1 

35 
>40 

9 e 

17 

Process Heat 
1170-MW(t) HTGR 
1170-MW(t) PBR 

950 
950 

19,900 
5,340 

7.2* 
1.9 

28 
>40 

8 ? 

29 

"Level B inventory, which is four times higher than Level A (expected) inventory. 
^Exceeds ALARA limits slightly for design level. 
^Personnel rotation may be required. 
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3.b.4. Impact of Coolant Radioactivity on Scheduled Maintenance Ac t iv i t ies (HTGR-SC) 

(Sunnary of Work Repc-ted by J . N. Sharaahd and D. 0. Orvis, General Atomic Company) 

A study was performed1 to determine whether the amount of fission-product ac t i v i t y 
in the primary coolant c i r c u i t would have a s igni f icant iiupact on plant ava i l ab i l i t y by 
recessitating that new procedures and techniques be adjpted for scheduled maintenance 
ac t i v i t i es . As a reference case, the study focused o;i the impact that a range of "clean 
to d i r t y " coolant would have on scheduled maintenance and inspection ac t i v i t i es for 
the reference 90O-MW(e) steam cycle HTGR. The coolant c i r c u i t coiiidu^'ient level of 
th is base case was specified as "x , " and the ef fect of re la t i ve c i r c u i t cleanliness was 
examined by varying the c i r c u i t c i rcu la t ing and plateout inventories to O.lx, lOx, and 
lOOx. 

In order to characterize the effects of primary c i r c u i t f ission-product a c t i v i t y 
inventory on ava i l ab i l i t y over a range from "clean" fuels to levels exceeding typical 
de?ign levels, a number of sources were studied and questionnaires were prepared. Several 
meetings were then held to ident i fy the nature of the l imi ta t ions on maintenance and i n -
service inspection ( ISI) ac t i v i t i es and on the shielding and remote-handling requirements 
for each of 52 a c t i v i t i e s . In the discussions, each a c t i v i t y was examined to determine 
(a) where in the plant the ac t i v i t y would be performed and whether personnel radiat ion 
exposure would be from gasborne contaminants, plateout, fuel element ac t i v i t y or neutron 
act ivat ion sources wi th in the PCRV, (b) whether the scheduled operations in the reference 
case would be conducted by contact or by remote maintenance, (c) whether var iat ion in 
the primary c i r cu i t contamination levels would require more or less shielding and/or 
remote operations, and (d) whether such differences would s ign i f i cant ly change the times 
required to perform the ac t i v i t y . The subsequent analysis was divided into two major 
parts: (1) scheduled inspection and test ing (ISI) of components inside the containment 
area during normal operation and (2) planned maintenance of major pieces of hardware, 
such as the steam generator, core auxi l iary heat exchanger (CAHE), and instrumentation, 
during shutdown. 

Of the 52 ac t i v i t i es considered, six (12%) were scheduled to be performed during 
operation, and for these the analysis showed that the cont ro l l ing source of radiation was 
gas'xjrne ac t iv i ty plus direct radiation from the core. For 80% of the a c t i v i t i e s , a l l 
scheduled as shutdown maintenance, the control l ing source was plateout, and for 6* i t was 
fuel ac t i v i t y and plateout. Only in 2" of the cases was neutron act ivat ion and plateout 
the control l ing source; however, neutron act ivat ion i s a second-order ef fect . 

Examination of the base dose rate ( for a contamination level of x) versus the number 
of maintenance procedures for f ive categories of dose rates ( <1 mrem/hr, 1-10 mrem/hr, 
10-20 mrem/hr, 20-50 mrem/hr, and 100-30? mrem/hr) showed that 1n most cases the shielding 
provided by the reference design holds the dose rate a t or below 10 mrem/hr. In 6>' of 
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the cases, the dose rate was below 1 mrem/hr, which is too low to have any impact on 
maintenance. In 825 of the cases, the maintenance operations were perforated total ly 
by remote mw. i , so that increasing or decreasing the level of contamination by a factor 
of 10 would have no significant impact on maintenance. In the remaining 12i of the 
cases, maintenance could be performed only when extra shielding was provided. 

The impact on the scheduled activities of decreasing and increasing the base case 
is summarized in Table 3.5.6. As would be expected, decreasing the contamination level 
to O.lx would have essentially no effect since the base case already provides for high 
accessibility and low dose rates to personnel for the majority of the planned operations. 

Increasing the contamination level by a factor of 10, however, would require that 
extra shielding be installed for most of the activit ies. In nearly a l l cases, the basic 
design provides ample space for the shielding to be included and thus no time penalties 
would be incurred. For some activit ies, temporary shielding would have to be installed 
during each shutdown. These activities are conservatively estimated to add about 30-56 
hr/yr to the average planned maintenance, but may not add to the overall shutdown 
duration because of other controlling operations. 

For the six activities inside the containment during normal operation, the controlling 
source of radiation is direct radiation from the core at the refueling floor and gasborne 
activity elsewhere. With the reference 900-MW(e) HTGR-SC assumed to have a PCRV leak 
rate of 3.652/yr and containment venting at 0.5 vol/hr, personnel exposure limits inside 
the containment would be reached i f the circulating activity and the consequent 
containment gasborne activity were to be increased by a factor of about 2. Therefore, 
increasing the contaminant level to 10 times the reference would require that ISI 
personnel be rotated and/tr that the containment vent rate be increased. 

When the level of contamination in dirty fuel approaches 100 times that of nominal 
fuel , then access to the containment during operation becomes impractical. Thus the 
activities inside the containment would have to be performed during shutdown and would 
add about 123 hr/yr to the planned outage activit ies. The requirements for the shutdown 
activities would be approximately the same as for the lOx case. 

Even though there appears to be an increase of up to 56 or 179 hr/yr in planned 
outage activities for the lOx and lOOx cases, respectively, the net impact on plant 
availabil ity of increasing the primary circuit contamination cannot be quantitatively 
evaluated from this study since many of these tasks are performed concurrently with 
others in the group, as well as concurrently with refueling and turbogenerator overhaul. 
Quantitatively, the estimated net impact on plant availabil ity of varying the circuit 
contamination level could be quite small. At the same time, the maximum increase of 
scheduled maintenance downtime caused by a hundred-fold increase in contamination levels 
above base levels would be 15% to 18%. 
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Table 3.5.6. Effect of Fission-Product Releases 1n Primary Coolant Circuit on Scheduled 
Maintenance Activities for Representative HTGR-SC 

ISI , lest and 
Maintenance 
Activity 

Number of 
Specific ISI/ 
Maintenance 

Activities 

Approxirate 
Time Required 

(hr/yr) 

Controlling 
Source of 
Radiation 

Effect of Change in Circuit Contamination (x •> Base Case) 
Method:Time Impact" 

O.lx lOx 

Inside containment 

At PCRV tophead 

At PCRV bottomhead 

Steam generator 

Core auxiliary 
heat exchanger 
Instrumentation 
at various loca
tions, inside 
containment, 
control room, etc. 

10 

17 

52 

Maintenance During Normal Operation 

123 

76 

115 

220 

100 

466 

123 + 977 

Gasborne and 
direct from 
core 

None: none' 

Shutdown Maintenance 
Plateout, None:none 
fuel activity 

Plateout, 
neutron 
activation 

Plateout 

Plateout 

Plateout 

None:none 

None:none 

None: none 

None: none 

Personnel 
rotation: none 

Increased permanent 
shield, remote 
operation: none 

Increased permanent 
shield, remote 
operations, 
increased temporary 
sMeld:14-24 hr/yr 

Increased temporary 
shield:8 hr/yr 

Increased temporary 
shield:8-16 hr/yr 

Increased permanent 
shield, remote 
operation, some temporary 
sh1eld:small 

30-56 hr/yr 

lOOx 

No access:123 hr/yr 

Same as lOx 

Same as lOx 

Same as lOx 

Same as lOx 

Same as lOx plus 
personnel rotation 

153-179 hr/yr 
!Time impact means increase in time 
downtime. 
Would allow more frequent access. 

to accomplish group of tasks; i t does not necessarily mean an extension at annual scheduled 
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Inasmuch as the fission-pr juct release characteristics of PBR fuel under conditions 
comparable to those used i.i this HTGR evaluation are not presently available, this study 
was unable to establish any firm comparison of the relative effect of fuel type on 
radiation constraints on maintainability and availabil ity. However, since the primary 
circuit contamination for the HTGR does not strongly influence plant availabil ity for 
scheduled maintenance activit ies, i t is assumed that a similar conclusion would be reached 
for the PBR. 

3.5.5. Impact of Coolant Radioactivity on Unscheduled Maintenance Costs 

P. R. Kasten 

I f unscheduled replacement or repair of primary coolant circuit components or of 
secondary systems is required, insofar as possible the same procedures, equipment, and 
shielding would be used as for scheduled maintenance activit ies. By its very nature, 
however, unscheduled maintenance can require activities that are not foreseen, and these 
could have a major impact on plant shutdown because of the times involved to make 
appropriate j igs , fixtures, and replacement equipment. Also, as indicated in Section 3.5.4, 
increasing the radioactivity of reactor systems tends to increase the requirements even 
for planned and scheduled maintenance, and i t could have a much larger effect on 
unscheduled maintenance. 

Since there was insufficient information available to perform a precise analysis on 
the effect of circuit activity on unscheduled maintenance requirements, in i t ia l ly a gross 
analysis was made in which i t was assumed, f i r s t , that unscheduled maintenance normally 
would require about the same plant outage as scheduled maintenance, which appears to be 
the case in general reactor experience, and, second, that the magnitude of the coolant 
circuit activity could have a large influence on the tine required to carry out unscheduled 
ma'-enance operations. (Recent studies2 of perronnel exposure indicate reactor downtime 
is proportional to personnel exposure.) Under these assumptions, unscheduled maintenance 
operations could lead to a mean plant outage of about four weeks per year for relatively 
low-level circuit activity and to about eight weeks per year for a substantially increased 
circuit activity. This would, in turn, lower reactor availabil ity by about 10%, which is 
very significant. Thus i t is importan . that the relationship between circuit activity and 
unscheduled maintenance operations be known much better than i t is known today. In an 
attempt to examine this relationship in more deta i l , the approach given below was used for 
this comparative evaluation of the PBR and HTGR. 

As is discussed in Section 3.5.2, fission-product release into the coolant loop from 
high-temperature reactor fuels is relatively low at the lower outlet coolant temperatures, 
but increases with increasing temperature (see Table 3.5.2) due to decreased fuel perfor
mance at the higher temperatures. At the lower outlet coolant temperatures, e .g . , 700°C 
and even up to 850°C, fuel matrix contamination and manufacturing defects in particle 
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coatings control circuit activity. However, at high outlet coolant temperatures, i . e . , 
950°C, palladium attack of silicon carbide coatings controls fuel failures and the 
associated fission-product release. For example, Table 3.5.2 shows that the 40-yr plate-
out values for I 3 7 Cs activity in the coolant circuit of an HTGR varies from a relative 
value of 1 at a 700°C outlet coolant temperature up to 20 to 400 at a 950°C outlet coolant 
temperature, the increase at the higher temperature being influenced strongly by the 
mechanism of palladium attack and to a lesser extent by the fuel irradiation exposure. 
The 40-yr 1 3 7 Cs plateout activity for the PBR is mucH less than that for the HTGR under 
corresponding reactor conditions; however, as pointed out in Section 3.5.2, the PBR values 
are based on an "idealized" reactor in which the interactions of control rods with the 
fuel are not consisereo. Conceivably, there could be breakage of fuel particles from the 
control rod interactions, with a concomitant increase in the fission-product release, but 
in this study such breakage was not considered. Because of the protection given coated 
particles themselves, i t was assumed that the primary effect of the interaction would be 
on the pebbles and not on the fuel particles. 

In view of the above discussion, 1 3 7 Cs activity was used as the basis for estimating 
the effect of coolant circuit activity on unscheduled maintenance time, the f i rs t step 
being to convert the activities given in Table 3.5.2 to the relative activities shown in 
Table 3.5.7. Next, i t was assumed that above a certain person-rem exposure level, un
scheduled maintenance time would increase in proportion to the exposure. Finally, the 
activities in Table 3.5.7 were converted to person-rems by normalizing the "Old Pd" loop 
activity for the HTGR at an 850°C outlet temperature and a 4-yr fuel exposure to 400 
person-rems/GW(e)-yr. The result was the family cf curves presented in Fig. 3.5.2. 

While the normalization to 400 perscn-rems/GW(e)-yr is somewhat arbitrary, i t was 
done on the following bases: (1) At 850°C outlet temperature, the circuit activity would 
be significantly above that associated with FSVR operation, such that a personnel exposure 
of 400 person-rem per GW(e)-yr appears reasonable, particularly at the higher fission-
product releases associated with the "Old Pd" correlation. (2) Above ^850°C, the 
palladium-induced SiC corrosion effect on fission-product release starts to become signi
ficant relative to other causes of fission-product release. 

I t is apparent from Fig, 3.5.2 that the manner in which the palladium attack mechanism 
is treated is an important factor in predicting fission-product releases. As indicated 
previously, GA has obtained experimental results which indk**.- that the palladium attack 
rate varies as the square root of time; however, other information available supports a 
linear relat ion. 3 Since i t is s t i l l unclear as to which relation Is correct, for this 
'.valuation a value was chosen that was between the extrenies, but favored the square-root-
of-tlme relation. Thus, for the HTGR an adjusted value of 2800 person-rem/GW(e)-yr at 950°C 
was chosen for a four-year fuel l i fe and an adjusted value of 1000 person-rem/GW-yr at 950°C 
was chosen for a three-year fuel l i f e . And since the values chosen for the HTGR were below 
those indicated by the "Old Pd" linear relationship, the "Old Pd" value for the PBR was 
similarly lowered (see open triangle in Fig. 3.5.2). Finally, a second adjustment of the 
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Table 3.5.7. Relative I 3 7 Cs Activity in Coolant Loop After 40 Years' 

Reactor 

Fuel 
exposure 

(yr) 

Relative Activity 

T=700'C T=850'C T=95C°C 

HTGT. 

<1 
12.7 34* - 4 1 7 

18* - 67 

P8R «\ 2.8 

All activities calculated under assumption that the palladium attack 
rate varies linearly with tiae (see "Old Pd" in Section 3.5.4) 
except for asterisked values, which were calculated under the 
assumption that the palladium attack rate varies with .time (see 
•Rev. Pd"}. 
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Fig. 3.5.2. Variation of Equivalent Exposure for Given Maintenance Procedures as a 
Function of Outlet Coolant Temperautre. Curves normalized to 400 person-rem/GW(e)-yr for 
HTGR operation at 850°C coolant, outlet temperature and at 4-yr fuel exposure and corrosion 
* t. 
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FSR value was made to account for the fact that the PBR value was for an "idealized" 
reactor that neglected the control rod actions. Information from FRG* had suggested that 
neglecting the effect of control rods on fuel movement and fuel temperatures would lead 
to an effective decrease of 50DC in the outlet coolant temperature for the same peak fuel 
temperature; that i s , the PBR exposure would actually occur at a lower outlet coolant 
temperature. Accordingly, the PBR point was shifted 50°C to the le f t . 

To calculate the costs of circuit activity on reactor operation from the above 
information, the permissible person-rem/6W{e)-yr is needed as well as the cost of a 
person-rem/GW(e)-yr. In this analysis, i t was assumed that up to 800 person-rem/GW(e)-yr 
can be accumulated by reactor plant operations without exposure penalty. (This leads to 
no penalty for the 750 and 850°C outlet coolant temperatures). Above that exposure, a 
penalty of $25,00'* per person-rem is imposed. This penalty includes not only the direct 
person-rem cost in terms of additional required manpower, but also the cost associated 
with the plant downtime due to the unscheduled maintenance i tse l f . There have been a 
number of estimates made relative to the cost of a person-rem in terms of the personnel 
costs themselves, and they range from S1000 to $10,000 per person-rem and greater. Here 
i t i * considered that the direct personnel costs would be about $2500/person-rem, but that 
the cost of the associated plant downtime would be such that the equivalent cost of 
personnel plus plant downtime would be S25,000/person-rem. 

Using a cost of S2b,000/person-rem for exposures above 800 persor.-rem/GW(e)-yr, 
and the circuit activity and reference points given in Fig. 3.5.2, the effective cost of 
unscheduled maintenance for the HTGR at 950T. outle* olant temperature would be between 
$5 million and $50 million per year; at 850°C ouVvt coolant temperature, the effective 
cost would be zero. For the PBR, the effective unscheduled maintenance cost would be zero 
for a l l the outlet temperatures. 

I t should, of course, be remembered that this calculational procedure is offered only 
to estimate costs. In practice, the actual person-rems would be limited to about 800 
person-rems/GW(e)-yr by uti l izing appropriate shielding and maintenance procedures. To 
estimate ccsts, the method basically assumes that the cost of doing unscheduled maintenance 
activities with unlimited manpower resources is equivalent to the cost based on limited 
exposure and more lengthy maintenance times involving expensive equipment. 

I t should also be emphasized that these estimates of the effects of circuit activity 
levels on plant operating costs are very uncertain. I f the circuit activity due to 
matrix contamination and in i t ia l broken fuel particles were normalized to 100 person-
rem/Gw(e)-yr rather than to 400 person-rem/GW(e)-yr, a l l the curves in Fig. 3.5.2 would be 
shifted down by a factor of 4, and the HTGR would have zero penalty at 950°C outlet 
coolant temperature. Further, these analyses were based on relative plateout of radio
active I 3 7 Cs in the primary circuit alone. The importance of this activity on the time to 

•Personal communication from GHT staff during visit of U.S. team to FRG, March 1979. 
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carry out maintenance operations is not well known. Another factor which influences 
personnel exposure is gaseous activity leakage from the PCRV i tsel f . This aspect was not 
considered. However, since gaseous release is less temperature-dependent than fission-
product plateout, differences between the reactor types due to gaseous activity release 
would probably not be as significant as those considered above. Based on Section 3.5.6, 
there could be a factor of about four in gaseous fission-product release - PBR advantage -
based on the "old Pd" relation. 

The estimated annual cost penalty of S5 million to $50 million can be compared with 
costs presented in the previous section on the effect of increased radioactivity on 
scheduled maintenance times. The results given there indicate that a fac-.or of 100 in 
increased activity leads to a 15 to 18% increase in scheduled maintenance - i re. Con
sidering the normal scheduled maintenance time to require 1000 hours leads to an additional 
time of 150 to 180 hours to carry out scheduled maintenance when activities are a factor 
of 100 greater than normal. I f this "extra" time reduced plant availabil ity, i t would 
mean about an additional week of plant downtime. Assuming that the effective cost of 
replacement power is 3{/kUh, a week of downtime would lead to S5 million in extra costs 
for a l-GW(e) plant on an annual basis. 

Overall, an HTGR penalty of <5 million per year for a l-GW(e) plant appears to be 
reasonable when the outlet coolant u^oerature is 950CC, recognizing, however, that the 
penalty could be zero, or as high as $50 ni^lion per year. Thus, in this study, the mean 
cost of unscheduled maintenance a c u i t i e s for a Z 'M(t) HTGR at 950°C outlet coolant 
temperature was taken to be 55 million per year, and the probabilistic values varied from 
zero to $50 million per year. 

For a l-GW(t) reactor with 950°C outlet temperatures, the HTGR penalty on a unit 
power basis would be the same as for the 3-GW(t) plant, i . e . , SI.67 million/GW(t)-yr. 
For HTGR outlet coolant temperatures of 750°C and 850°C, the relative maintenance penalty 
would be zero, and for a l l PBR outlet coolant temperatures, the penalty would be zero, 

3,5.6. Relative Risks of Accidents Releasing Fission Products 

(Summary of Work Reported by A. Barsell, General Atomic Company) 

The various design bases and Class 9 accidents* that are important in the HTGR and 
PBR concepts were analyzed as summarized in Table 3.5.8. Available information and/or 
the scope of the effort was Insufficient to evaluate relative safety performance in a 
completely quantitative or probabilistic manner. Thus, we were not able to define a PBR 
risk curve for comparison with the HTGR risk curve as established by the AIPA (accident 
initiation and progression analysis) Phase I I analysis. However, the relative safety of 

•Class 9 accidents are those having very low probability but very high consequences. 
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Table 3.5.8. Comparison of PBR and HTGR Core Accident Analyse* 

Safety Issue 

Depressurization accidents 

Earthquake ef fects on 
reactor internals - flow 
blockage and local over
heating 

Spent-fuel hana'ing 
accidents 

Hater ingress accidents 

Pebble Bed/Prismat1c Core Comparison 

HTGR r isk dominated by spurious l i f t i n g of PCRV r e l i e f values or 
small pipe leaks. For these, PBR r isk should be s imi la r ; how
ever, PBR has addit ional poss ib i l i t y of depressurization from 
fuel loading/removal system, unquantif lable at th is time. Even 
so, consequences for PBR would be Z to A times lower. 

Fuel element cracking a concern for HTGR, top re f lec tor collapse 
for PBR. Differences 1n core support structural behavior not 
quant i f iab le at th is time. 

Fuel element drop by fuel-handling machine on unloading specif ic 
to HTGR. Spil lage of fuel bal ls on transfer to transport cart 
specif ic to PBR. Drop or Impact of fuel transfer cask or cart 
s imi lar to both concepts. 

Occurrence probab i l i t ies should be s imi lar . HTGR release paths 
for f i ss ion products, in order of importance, are (1) dump 
l i nes , (2) steam r e l i e f valve, and (3) PCRV u M e f valve per 
AIPA Phase I I ; these should be simi lar for PB r. Graphite 
oxidation should be higher for PBR by about .. factor of 2 because 
of corresponding higher surface area of ba l ls compared to 
coolant channels 1n the block. Steam d i f fus ion to fuel should 
be s imi lar . Hydrolysis and attendant release of noble gases 
should be s imi lar for 700°C and 850°C out le t temperature designs 
because fa i led fuel f rac t ion is s imi lar . PBR release should be 
a factor of 5 lower for 950UC out le t temperature due to a lower 
fa i l ed fuel f rac t ion . 

Required Detailed Analysis 

Re l i ab i l i t y analysis of 
fuel loading/removal systems 
for depressurization. 

Translation of earthquake 
in tens i ty into loading on 
Internals components. 
Probabi l is t ic analysis of 
structural r e l i a b i l i t y , 
including oxldat lcn ef fects, 

Re l i ab i l i t y analysis of fuel 
unloading or removal; conse
quence analysis. 

Application of HRB version 
of OXIDE-3 code for PBR 
oxidat ion, hydrolysis, 
pressure. 

s 

Core heatup 
Probabilities* 

LOSP leading to LOFC 
LOSP + LHuC leading to 

LOFC 
Control rod Insertion 
Reserve shutdown rod 

Inser t ion 

Should be same (3 x 10"°) for both concepts. 
Should be the same (3 x 10 ' 5 ) depending on CACS. 

Prismatic 1s K P ; PBR should be notably higher. 
Should be simi lar ( . 10 " 3 } . 

CACS r e l i a b i l i t y analysis 
for PBR. 

CRD r e l i a b i l i t y for PBR. 



Liner cooling fai lure 

Containment failure 

May be sii.vilar ( 1 0 _ l ) depending on effect of top reflector 
collapse 1n PBR. 

Corresponds directly to Uner cooling system failure (10" ' ) , 

Analysis of thermal barrier 
failure after top reflector 
collapse. 

Consequences 
Afterheat function 
Heat capacity 

Axial heat transfer 

Radial heat transfer 

Initial temperatures 

Fission-product release 

Containment failure time 

Boron carbide slumping 
(reactivity poisons) 

Boron carbide vapor 
diffusion in graphite 

Maintenance of shutdown 
margin 

PBR 's 15% less due to lower core residence time of fuel. 
Similar for active core; Insufficient Information for 
reflectors, tentatively assumed to be similar. 

Effective conductivities similar. PBR heat transfer area 
almost twice greater due to larger diameter core. 

Significantly higher for PBR due to radiation heat transfer. 

Negligible effect of differences 1n In i t ia l temperature 
distribution. 

Should be slower 1n PBP due to slower heatup of core. 

Should be longer for PBR In sequences with liner cooling 
failure due to lower afterheat (higher heat transfer works 
opposite). 

Dead-end channels l imit slumping 1n HTGR to -4 blocks voided 
for CRD and 3 blocks voided for RSS. PBR case should be 
distinctly worse due to no constraints. 

Should occur later 1n PBR due to lcwer temperatures; diffusion 
enhanced by higher power factors at top of core and greater 
surface area of balls 1n PBR. 

Tradeoff between lower temperatures 1n PBR and enhanced B̂ C 
diffusion and limited slumping 1n HTGR. 

Reflector heat capacity 
analysis. 

PBR concrete degradation 
analysis. 

Need experimental data. 

Need experimental data. 

SORS code analysis of B.C 
behavior and corresponding 
reactivity analysis. 

i 

*L0SP = loss of site power; LOFC » loss of forced cooling; LMLC •= loss of main loop cooling. 

*"!? 
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the tM> concepts based on existing information is summarized, and additional detailed 
analyses required fcr quantification of the relative risks are identified. 

Design Basis Depressurization Accidents (DflDAs) 

Data obtained from the " l i f tof f" studies in the GAIL Looo have shown that the radia
tion dose released during DBDAs are, in order of importance, due to 

(1) Sr-90 l i f t o f f of plated-out activity, 
(2) iodine l i f t o f f , chiefly 1-131 and 1-133, and 
(3) noble gas circulating activity, mainly Kr-88 and Xe-133. 

Using the Fort St. Vrain NRC assumption of 5" l i f t o f f , the reference Level B plateout 
inventory of Sr-90* can be increased by a factor of 880 and the iodine plateout inventory 
by a factor of 2500 before the dose-rate limits are reached. Likewise, the noble gas 
circulating inventory can be increased by a factor of 20,000. These factors indicate 
the enormous safety margins which exist for DBDAs; therefore the OBDA should not be a 
constraint for setting limits of primary circuit inventories, nor a major consideration 
for licensing comparisons of PBR and HTGR concepts. 

While for licensing analysis the Sr-90 and 1-131 contributions to inhalation doses 
are considered to be the most important, the AIPA Phase I study showed that the major 
dose to the public due to depressurization is the exte J whole-body gamma-ray dose 
resulting from noble gas activity released to the circulating primary coolant. Core 
performance analysis (Table 3.5.5) indicates that circulating noble gas activity is 2 to 
4 times lower for the PER. Thus, i t may be concluded that consequences of depressuriza
tion wil l be 2 to 4 times lower for the PBR. 

Regarding probability and risk of depressurization, i t should be noted that the events 
of highest risk in the AIPA study were (a) spurious l i f t ing of PCRV rel ief valves, and 
(b) rupture of small instrument or pipe lines penetrating the primary coolant boundary. 
Large penetration failure was a lower risk due to low probability. The PBR should be 
similar n these regards; however, the PBR fuel loading ano removal systems present 
unique possibilities for additional paths of depressurizations. Lacking a comprehensive 
re l iabi l i ty analysis for the PBR, i t is not known whether depressurizations in these 
systems could constitute a significant risk contribution, but the preliminary availability 
analysis indicates a relatively low probability of failure. Therefore, the preliminary 
indications are that the probabilistic risk of depressurization accidents is a factor of 
2 to 4 lower for the PBR. This would lead to lower reactivity in the containment vessel, 
which could influence maintenance activit ies. However, that factor is not considered to be 
significant. 

*7890 CI of Sr-90 In primary circuU [2240 MW(t) HTGR-SC], 
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Earthquake Effects Comparison* 

The reactor core and PCRV internals are designed to industry code and regulatory 
standards which provide wide margins of safety for loadings imoosed bv earthouakes up tc 
a maximum Safe Shutdown Earthquake (SSE)- Thus, structural failure of these components 
is not within design basis. However, for purposes of this safety comparison, the 
structural concerns, during earthquakes in excess of SSE (class 9 events) for example, 
are listed. In the absence of a detailed seismic analysis of PBR and HTGR cores, i t is 
expected that the fuel balls will withstand the seismic forces much better than the HTGR 
fuel blocks. Fuel element cracking coul- cause partial flow blockage and local over
heating in the core. On the other nana, the PBR top cover reflector is supported and 
suspended form the top; i ts failure could cause overheating locally in the PBR core i f 
parts collapse on top of the bed. 6*sed on existing information, such as the Mechanics 
Research Institute study, failure of t ie IfTGR core support structure is an extremely low 
probability event, even considering graphite oxidation effects over the l i f e of the plant. 
Although the PBP. core support design is different, i ts structural re l iabi l i ty may be high 
enough that any differences with HTGRs may be unimportant. However, re l iabi l i ty analysis 
of the PBR core support design is needed for verification. Also, the rel iabi l i ty analysis 
of the HTGR core support needs to be updated for the recent design.. 

In summary, the concept comparison for earthquake safety seems to be governed by 
relative structural re l iabi l i ty of HTGR fuel blocks and the PBR top cover reflector. 
Relative rel iabi l i t ies of the core support structures are not expected to be important 
due to extremely low failure probability of both concepts. 

Spent Fuel Handling Accidents 

This class of accidents does not contribute significantly to the overall risk envelope. 
However, there are safety implications in the HTGR concept for (a) postulated drop of a 
spent fuel element block on unloading the core or (b) drop of a shipping container loaded 
witlt six fuel blocks as analyzed in AIPA Phase I , Volume I I I . Equivalent PBR events can 
occur on transfer of sp^nt fuel element balls to the fuel transport cart. Lacking a 
re l iabi l i ty analysis of the fuel removal system, there is no indication at present that 
the PBR risk will be different from that for HTGRs. 

Hater Ingress 

Occurrence probabilities for water ingress (analyzed in <f?tii] in AIPA, Phase I I 
for steam generators) should be independent of core design since they are dominated by 
random defects or failures in the secondary coolant boundary. For a steam cycle plant, 
the major risk release pathways are through the secondary system and to the atmosphere 
via failed-open steam rel ief valves or failed-open dunp valves (SG-1 and SG-2 release 
categories, respectively). Again, this should be similar for the PBR. Regarding 
consequences, 1t is concluded that: 

•See also Section 3.9. 
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(1) Graphite oxidation in the PLR would be about a factor of 2 higher because the 
surface area of the ."uel pebble is about twice the surface area of the coolant 
channel surface area in prismat."r. blocks. (Most oxidation occurs near the 
surface when temperatures are s t i l l hot.) 

(2) Stea. would diffuse to the fuel when temperatures begin to cool and a l l fuel 
part icles with rai led coatings would hydrolyze with attendant release of noble 
gases. Failed fuel fractions for the PBR a i~ similar to those for- the HTGR 
for core outlet temperatures of 7UG~C and 850°C; thus, there should be no 
difference in f iss ion gas release for these cases. For the 950°C case, however, 
the fai led fuel f ract ion and f iss ion gas release of the rC?. would be about a 
factor of 5 lower than for the HTGR due to the hydrolysis. 

(3) On the assumption that the PBR has about twice the core surface area of the 
HiGR, nuclides of cesium and strontium sorbed in graphite would undergo twice 
as much release in tho PBR due to twice the graphite oxidat ion. However, 
these nuclides are not major contributors to health effects fo r th is event. 

In summary, the r isk of water ingress appears to be similar for the PBR and HTGR 
b i th ou-.let core temperatures up to 850°C; at a 950°C out let temperature, the PBR f i ss ion-
product release appears to be 5 times smaller due to the lower fuel fa i lu re fract ions in 
the PBR. These conclusions should be confirmed, however, through an analysis wi th the 
0XI0E-3 code, even so, this difference in r isk is not considered' to be sigr- ' f icant i n 
th is study. 

Core Heatup 

TIP probabi l i t ies of i n i t i a t i ng events leading to core heatup in PBRs are expected 
to be simi lar to the probabi l i t ies previously analyzed in AIPA Phase I for HTGRs. This 
i : became the key faul ts i n i t i a ted are either in the cooing systems (main loop and 
CA(.'.*,, which are assumed to be similar for both concepts, or in e lec t r ica l supply systems. 
However, the events that occur following heatup may d i f fe r for the two reactors, 
espec* l l y I T gnwvned by core response. One such event is rapid insert ion of th*» control 
rods (SCRAM). Since the HTGR control rod drive (CRD) i s largely passive (gravity 
inser t ion) , and tho PBR control rods require forojrl insertion into the pebble bed, the 
HTGR r e l i a b i l i t y i lO " 5 per ref , 4) seems inherently b t t e r . However, sequences in which 

•CACS * Core auxi l iary coo'ing system. 
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control rods failed to shut down the reactor did not contribute to the overall core heat-
up risk in the AIPA study, and it appears doubtful that a licensed PBR control rod 
system could ha/e low enough reliability that such sequences could become important for 
the PBR risk curve. Detailed reliability analyses are required for verification. 

The PBR reserve shutdown system (RSS), being similar in concept to the HTGR system, 
is judged to have a similar reliability (10~ 3 per demand). 

Analyses of convective, radiative and conductive heat trans^'r form the core to the 
thermal barrier, liner and liaer coding system for the PBR design are not available. 
Consequently, the change in rverall probability of liner cooling system failure (10~l) 
resulting in concrete degradation and subsequent containment failure cannot be assessed. 
One possible difference could be the high-temperature failure of metal supports for the 
PBR top cover reflector and the subsequent collapse of the top reflector on the pebble 
bed core. Based on existing information, it is not clear whether this would greatly 
affect liner cooling system failure. 

Overall, it is judged that probabilities of core heatup initiation and important 
subsequent events are similar for both concepts. In considering the consequences of 
core heatup, it is noted that because of the lower fuel residence time in its core, the 
PBR has an afterheat function which is about 15% lower than that for the HT6R. Along 
with core heat capacity and thermal conduction out of the core, the afterheat governs 
the rate of temperature risk and the maximum temperature attained. Initial temperatures 
or temperature distributions have been found to exert little influence on the he?.fup 
transient and resulting fission product release. 

Post-Accident Containment Access 

Access by operating personnel to the containment building following an accident may 
be an important factor, both in restoring control and in mitigating tnr consequences. 
A survey of HTGR accidents involving the release of radioactivity indicated that 
primary coolant loop depressurizations are the most significant. Analysis of both slow 
and rapid depressurizations show that the containment building should be accessible 
within 1-4 days. However, no significant difference in containment dose rates for PBR 
and HTGR concepts is apparent. 
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T.6. HEAVY METAL LOADINGS IN PBR AND HTGR CORES 

F. J . Homan 

3 .6 .1 . Introduction 

Flexibil i ty of the conversion ratio and the specific power density in a reactor is 
directly related to the amount of heavy metal that can be loaded into a fuel element. 
Higher conversion ratios require higher metal loadings, and the loading capabilities of 
the fuel element ivy be limiting. More metal could be loaded into the core by making the 
core larger ( i . e . , lowering the specific power density), but this would impact the capital 
costs because i t would require a larger pressure vessel and a greater number of fuel 
elements. Thus i t is important to know the extent to which the heavy metal loadings in 
PBR and HTGR fuel elements could be ;r.r-»ased. 

In this section heavy metal loadings that have been achieved in PBR and HTGR fuel 
elements are reported and the potential for increasing the loadings is discussed, together 
with the development work that would be required. As part of this comparative analysis 
of the two types of reactors, calculations of heavy metal loadings were performed for both 
PBR elements and HTGR elements, assuming in a l l cases that the reactor: would be operating 
on highly enriched fuel . I t was fe l t that the incentive for higher metal loadings ( i . e . , 
higher conversion ratios) is exclusively associated with recycle cases, and recycle is 
most promising when uranium of high enrichment is used. In the case of the PBR, consistent 
data se ts 1 ' 3 were available on which to base the calculations, but no such consistent sets 
were found for the HTGR calculations. As a result, old information from GA (as much as 
five years old) had to be used. The availabil i ty of more recent HTGR data probably would 
not have changed the final conclusion of the study, however. 

3.6.2. PBR Heavy Metal Loading Capability 

PBR Fuel Particles and Potential Fuel Element Loadings 

The PBR core des'gn currently favored by FRG features a spherical fuel element com
posed of overcoated particles similar to the particles currently being developed in the 
U.S. for an HTGR MEU feed/breed cycle.* Features of three variants of the FRG particles, 
together with those of the U.S. design, are given in Table 3 .6 .1 . (The FRG data are 
taken from ref. 4.) 

In this study potential heavy metal loadings were calculated for all four particle 
variants under the assumption that the overcoated particles comprised 65 vol .* of the 
fueled matrix of the element sphere. A comparison of the results (see last entry in 
Table 3.6.1) reveals the inefficiency of the FRG feed/breed design (Variant 3) when com
pared with the U.S. design (Variant 4 ) . This Is primarily due to the very small HEU 

•See Fig. 3.4.1 for sketch of typical coated particles. 
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Table 3.6.1. Features of PBR Fuel Elements and Coated Particle Variants Under Development 

One-Particl e Designs Feed/Breed Designs 

Var. 1 , 
FRG 

Var.2, 
FRG 

Var. 3, 
FRG 

Var. 4, 
U.S. (HTGR) 

Kernel conposition (Th,U)0; (Th,U)0 2 UC ;/Th02 UC0/Th02 

Coating type HTI-BISO LTI-TRIS0 TRIS0/TRIS0 TRISO/TRISO 
Kernel i'.armter {-jr>) . 400 500 200/500 350/600 
Coating thickness i.-m) 

Buffer 
Sealer + LTI 
SiC 
OLTI 
Overcoating 

80 
105 

100 

90 
40 
35 
35 

200 

100/90 
40/40 
35/35 
35/35 

250/150 

115/110 
35/35 
35/35 
40/40 

250/150 
Volumes ( 1 0 " i : m3) 

Kernels 
Coated particles 

3.351 
47.787 

6.545 
115.030 

0.4189/6.545 
73.562/90.478 

2.245/11.310 
115/125 

Fuel element (sphere) geometry 
Diameter (cm) 
Un.'ueled region thickness (outer 

shell) (cm) 
Volume (10—: m3) 
Fueled region volume (10" 6 mJ) 

6.0 

1 " 
113.04 
65.45 

6.0 

1.0 
113.04 
65.45 

6.0 

1.0 
113.04 
65.45 

6.0 

1.0 
113.04 
65.45 

Densities (g/cc) 
Kernel 
Heavy metal 

9.50 
8.35 

9.50 
8.35 

10.0/9.50 
9.10/8.35 

10.0/9.50 
9.2/8.35 

Particles/sphere 89,020 36,982 57,829/47,017a 36,982/33,763a 

Potential heavy metal loadings 
In particles (10~ 5 g/particle) 
In sphere (g/sphere) 

27.98 
24.91 

54.65 
20.21 

3.82/54.65 
2.204/25.70° 
1.543/7.714b 

1.187/11.862^ 
0.812/16.233* 

20.654/94.438 
7.638/31.890° 
3.48/17.39* 
2.25/22.50= 
1.32/26.38-3 

"Assumes that spheres contain only f iss i le or only fertile particles; fuel elements of this 
type not expected to be fabricated and calculation shown only for comparison purposes. 

^Assumes that Th/U = 5; total heavy metal loading (sum of U * Th) is 9.26 g/sphere for 
Variant 3 and 20.9 g/sphere for Variant 4. 

^Assumes that Th/U = 10; total heivy metal loading is 13.1 g/sphere for variant 3, 24.8 
g/sphere for Variant 4. 

^Assumes that Th/U = 20; total heavy metal loading is 17.0 g/sphere for variant 3, 27.7 
g/sphere for Variant 4. 
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f issi le kernel (200-un diameter) used in a particle with a thick (250-um) overcoating. 
Variant 4 has a dense uranium oxide/uranium c»> bide (UCO) f issi le kernel that should give 
superior performance compared to the dense UC2 kerr"! cf Variant 3. Variant 4 should also 
nave the added advantage of a greater loading efficiency because of i ts larger size. The 
loading of Variant 4 compares very well with the FRG one-particle variants (Variants 1 and 
2) . 

PBR Achieved and Tested Loadings 

During fabrication of the PBR spherical fuel elements, the overcoated particles 
described in Table 3.6.1 are mixed with matrix material (composed of natural Hake graphite, 
electrographite flour, phenol formaldehyde resin and methanol) and loaded into a rubber 
mold. The rubber mold is transferred to a press and the contents are compressed isostatic-
a l ly . This produces a fueled core, which is then removed from the mold and forwarded to 
the next stage cf the fabrication pruvess. There, a fuel-free zone (a 0.5-cm thick graphite 
layer) is added, and the element is cold-pressed to achieve high density. In this process, 
the heavy metal loading is determined by the relative quantities of overcoated particles 
and matrix material blended together for loading into the rubber mold. 

Loadings that have been achieved and tested for the spherical fuel elements used in 
the PBR core are shown in Tables 3.6.2 and 3.6.3. The data in Table 3.6.2 are for the 
reference spherical fuel element design for the PNP (nuclear process heat) and HHT (gas 
turbine HTR) programs in Germany," the particle variants being the same as described in 
Table 3 .6 .1 . As shown, the heavy metal loading for the reference fuel element is 11.24 g 
per sphere. 

Table 3.6.3 summarizes FRG's experience with fuel elements having heavy metal loadings 
greater than 11.24 g per sphere (up to 25 g per sphere). Comparison of the results of 
these experiments with the results of experiments with lower heavy metal loadings have 
led to two major conclusions: 

(1) Volume loading and particle type influence the neutron-induced shrinkage of a 
spherical fuel element under irradiation. There is also a temperature 
dependence. As shown in Fig. 3 .6 .1 , greater fuel element shrinkage under 
irradiation is associated with high volume loadings as compared to low loadings, 
and with BISO-coated particles as compared to TRISO-coated part ic les. 5 

(2) There was a high failure rate in the particles Irradiated in the AVR VI experi
ment. There was an inhomogeneous distribution of fuel particles within the 
fuel element, which may have contributed to the high failure fraction. The 
failure mechanism is unknown at this time. 
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Table 3.6.2. Heavy Hetal Loadings in Reference FRG PNP' and HHT' Fuel Elements 
(0.96 q ? 3 5 U and 10.21 g 2 3 2 Th per Sphere; 935 Enriched U) 

Particle 
Variant" 

Heavy 
Metal 

Loading 
(g/sphere) 

Number of 
Part icles 

per Sphere 

Percent Volume 

Part ic les 
Only 

of Sphere Matrix 

Part ic les 
with 

Overcoating 

1 

2 

3 

11.24 

11.24 

11.24 

37,000 

19,000 

44,000 

15 

n 
13 

27 

32 

53 

"FRG nuclear process heat system. 

CFRG gas turjine HTR. 

"See Table 3 .6 .1 . 

Table 3 . 6 . 3 . Summary of FRG Experience with PBR Fuel Element Heavy Metal Loadings 
> 11 g per Sphere 

Expt. Dfi-
Spheres 1- 27 

ZiLyl. fRJ2-K8 
Expt. Dfi-

Spheres 1- 27 Sphere 5 Sphere 6 Expt. AVK-VI 

Heavy metal loadings (g/sphere) 
Total m 
Total U 
255rj 

20.0 
<!5.0 
2.4 

20.0 
20.0 

1.4 

20.0 
20.0 

1.4 

20.0 
20.0 

1.4 

Par t ic le content of sphere matrix I vol.0 14.3 12.4 12.4 12.4 

Number o f par t ic les per sphere 23.000 9400/ 
8200* 

94 Off." 
820T 

9400: 
8200/ 

Kernel diameter" ( jn ) 602 608. : 

618' 
608? 
618'' 

608?. 
618" 

EFPD 351 137 137 1233 

« t . E - 0.1 MeV (x 1 0 ' - ' ) 2.9 0.014 0.C14 2.0 

Maximum surface temperature ( X ) 1200 1247 1140 980 

I FIHA 4.6 3.2 3.3 7.4 

Fuel element power (kW/fuel element) 
Minimum 
Maximum 

2 
4 

5.9 
9.2 

5.4 
8.5 

1.4 
2.1 

Par t ic le batch E0391 E0414-428? 
£0431-441" 

E0414-428? 
E0431-441" 

E0414-428; 
E0«31-44r 

^Natural uranium kernel;. 

Low-enriched uranium itirrvpls. 
aU0? kernels. 
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Fig. 3 .6 .1 . Shrinkage of Spherical Fuel Elements Versus Fast Neutron Dose. 
(From ref. 5.) 

PBR Heavy *eta1 Loading Limits 

Loading 1 ir.its are influenced by the particle design (particularly the thickness of 
the overcoating), the alloMble reject fraction (zero under the current specification), 
and the required crushing strength of the fabricated fuel element (greater than or equal 
to 22 kN under the current specification). The overcoating thicknesses currently used for 
variants 1-3 are included in Table 3 .6-1 . Experience within the FRG program has shown 
that thicknesses of 150 to 250 un are required on TRISO-coated particles to avoid particle 
breakage during element fabrication (presumably in the cold-pressing step). For the BISO-
coated particle, an overcoating thickness of 100 ym is sufficient to ensure an as-fabri
cated particle breakage fraction of less than 10"''. Some characterization results on fuel 
elements with different particle loadings are shown in Table 3.6.4. 

Based on their current experience, the Germans have identified the loading limits 
listed below:" 

Particle Variant Heavy Metal Loading (g/sphere) 

15-20 
20 
15 

http://ir.it
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Table 3.6.4. Characterization of PBR Fuel Elements with 11 to 25 g 
of Heavy Metal per Sphere 

Matrix Type A3-3 Matrix Type A3-27 

Heavy metal loading (g/sphere) 11 15 18 20 25 11 15 20 25 

Part icle Variant 1 

Percent volume of sphere matrix 
Particles only 
Particles with overcoating 

16 
27 

21 
37 

23 
50 

35 
62 

16 
27 

21 
37 

28 
50 

35 
62 

Overcoating thickness (um) 100 100 100 100 100 100 100 100 
Particles/sphere ( 1 0 : ) 34 47 62 78 34 47 62 78 
Percent rejects a f ter carbonization 0 0 0 0 0 0 0 O 
Crushing strength (kN) 

Perpendicular 
Parallel 

25 
26 

24 
23 

22 
22 

19 
18 

25 
23 

25 
22 

24 
22 

22 
21 

Matrix contamination 
(Exposed HH/*otal HH * 1 0 " ) 280 3- 290 280 240 230 210 170 

Broken f i s s i l e part ic le 
fraction (lO -*-) 30 100 30 50 20 -20 -30 ^20 

Particle Variant 2 

Percent volume of sphere matrix 
Particles only 
Particles with overcoating 

13 
32 

18 
44 

24 
58 

30 
73 

13 
32 

18 
44 

24 
58 

30 
73 

Overcoating thickness (^m) 200 200 200 200 200 200 200 200 
Particles/sphere (10 ' ) 20 28 37 46 20 28 37 46 
Percent rejects after carbonization 0 0 0 0 0 0 0 67 
Crushing strength (kK) 

Perpendicular 
Parallel 

23 
23 

23 
23 

23 
22 

20 
22 

26 
26 

24 
24 

24 
24 m 

Matrix contamination 
{Exposed HM/total HM « 10'*) •30 30 30 -30 -30 --30 <30 NM 

Broken f i s s i l e part ic le 
fract ion ( I 0 ~ f ) 150 170 100 160 50 60 70 m 

Particle Variant 3 

Percent volume of sphere matrix 
Particles only 
Particles with overcoating 

18 
53 

22 
63 

26 
71 

28 
76 

34 
89 

18 
53 

22 
63 

28 
76 

34 
89 

Overcoat thickness (ym) 250 250 250 r.o 150 250 250 150 150 
Par t ides/sphere (10 5 ) 46 53 58 62 71 46 53 62 71 
Percent rejects af ter carbonization 0 0 0 5 90 0 0 100 100 

Crushing strength (k«) 
Perpendicular 
Parallel 

24 
24 

24 
23 

22 
21 

19 
19 

11 
11 

25 
24 

23 
24 

KM 
NM 

NM 
NM 

Matrix contamination 
(Exposed HK/total HM * 10"') -30 30 30 30 NM -30 30 NM NM 

Broken part ic le fraction (• 10"') 
Fissi le 
Fer t i le 

160 
150 

140 
530 

350 
170 

410 
1720 

HM 
NM 

240 
230 

300 
250 

NM 
NM 

NM 
NM 

NM * not measured. 
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They feel that the absolute upper limits that could be achieved using the cold isostati-
pressing fabrication technique would be the loadings associated with 65 vol.5 overcoated 
particles, and, with the zero percent reject requirement, to attain S'ich high volume 
loadings would require several years of development. If 65 vol.? of jvercoated particles 
in the fuel matrix could be achieved, however, the heavy metal loadings could be increased 
to the following: 

Particle Variant Heavy Metal Loading (g/sphere) 

1 27 
2 23 
3 18 

An attempt has been made in this study to duplicate these numbers, as shown by the 
calculated potential loadings presented in Table 3.6.1. The calculated values shown are 
reasonably close to those shown above. Variant 3 provides a problem in that tht Th/U 
ratio must be known to calculate the grams of U and Th present in the sphere. Tie calcu
lation has been done for Th/U ratios of 5, 10, and 20, and also under the assumption that 
the spheres contain onij » zr only Th. 

Hot pressing i s a fabrication a'ternative being developed by FRG to increase the 
heavy metal loading capabilities of tht spherical fuel elements. Through the use of hot 
pressing, they hope to: (1) influence tr.̂  mix of raw materials used in fuel element 
fabrication (specifically to avoid the use of natural graphite and use only German 
electrographite), (2) use steel dies rather than rubber molds, and (3) avoid the use of 
overcoatings while at the same time reducing the beginning-of-life broken particle fraction 
to zero. 

Good results have been achieved to date with the hot-pressing development effort; 
however, some problems s t i l l persist, including a nonuniform matrix density and the 
tendency for the overcoated particles to concentrate in the bottom half of the ball. At 
this time attempts at hot pressing particles without overcoating s t i l l result in broken 
particles, even when low pressures (100 kg/cm- or less) are used. (The pressure used for 
cold pressing is on the order of 3000 kg/cm .) '; is expected that the" problems will be 
overcome through the use of additives in the iratrix and the improvement of ti*. die shapes. 
Irradiation data on matrix performance will be obtained from a test series in the HFR-
Petten (HFR-GM1). 

Previous work on hot pressing at Dragon, CERCE (France), .nd UKAEA has shown that an 
upper limit of 35-40 vol.* of particles in the fueled matrix can be reached when working 
with overcoated particles. In this wirk TRI.O-coated particles were used and excellent 
results were achieved relative to mechanical strength of the fuel elements and to low 
broken-particle fractions. The Germans expect that fuel elements conuining (Th,U)02 and 
U02 TRISO-coated particles can be loaded to 35 vol.*. Particle loadings above 35 vol.* 
should be possible through the use of hot pressing on particles without overcoatings. 
However, significant development work will be required to achieve this goal. 
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PER Fuel Element Development status 

The development status of the P6R spherical fuel elements is summarized in Table 
3.6.5 (from ref. 1 , pages 2-8). As shown, the AVR and THTR fuel is ful ly developed and 
features heavy metal loadirgs of 6 and 11 g per sphere. Higher conversion ratios wil l 
require higher metal loadings, in the range of 16 to 25 g of heavy metal per sp.iere. 
Loadings in this range can be reached through the cold-pressing fabrication techniques 
currently in use, but some additional development work is needed to reach the fuel quality 
required deeding and near-breeding will require heavy metal loadings in the range of 
30 to 45 g of heavy metal per sphere. A fabrication technology featuring hot pressing 
must be developed and qualified to produce loadings in this range. 

The heavy metal loadings for various PBR fuel cycles are summarized in more detail :r. 
Tables 3.6.6 and 3.6.7 (from ref. 1) . Additional information on the various PBP fuel 
cycles and conversion ratio options is given in refs. 2 and 3. 

Table 3.6.6 shows the relationship between the various fuel cycles, heavy metal 
loading requirements for the fuel cycles, and the conversion ratios associated with those 
fuel cycles. Table 3.6.7 shows the relationship between conversion ratio and a number of 
r j t ing parameters, including the heavy metal loadings. I t can be seen that for a burn-

%f MOO W(t)-d/kg HM, current technology limits the conversion ratio to about 0.71. 
Higher conversion ratios at this burnup will require success in the effort to develop 
fabrication techniques that permit higher heavy metal 'oadings in the spherical fuel 
elements. 

One advantage of on-line refueling in the PBR concept is that the burnup can be 
decreased withouc shutting down the reactor for refueling. Thus, burnups well below 100 
MW(t)-d/kg HM are economically feasible for high ore costs and fuel recycle. A summary 
of conversion ratio versus burnup for two feasible heavy metal loadings is shown in Table 
3.6.8 (from ref. 2). 

Table 3.6.5. PBR Fuel Element Development Status 

Fraction of 
Overcoated 

Heavy Metal Loading Particles in Matrix 
Fuel Description (g/sphere) (vol. ) Comments 

AVR fuel 6 -10 Off-the-shelf; ful ly 
qualified; 3.5 years 
with 950 C exit gas. 

THTR fuel 11 10 Developed; tested in 
the AVR, qualified 
for use. 

Developed fuel 16-25 12-21 Developed; under test 
in AVR; not fully 
qualified. 

Projected fuel 30-45 25-40 Needs manufacturing 
development (now 
under way). 



Table 3.6.6. Descriptions of PBR Fuel Cycles 

Fuel Cycle Designation Description 

Mixed Oxide. 93t Enriched 
Mixed Oxide, LOM Enriched 

UO... Cow Enriched 
Mixed Oxide. 201 Enriched 
Seed/Breed. ? « Enriched 

Once-Through, Mixed Oxide 

Seed/Breed, 93t Enriched 

Mixed Oxide. Recycle 

Prebreeder 
Near Breeder 

Het Breeder, C/HH * \ \ 0 . 20^ F1MA 
C/MM • 110, lot F!W 
C/HM • 80, 20t riMA 
C/HM » 80 . \0\ FIMA 

Pebble Bed Thermal Breeder Reactor 

M093 (TOT) 
1113 

1013 

1213 

UOT 

MO20 
SB 20 

4011 
402; 
SB93 

MOR 

RSE 

321 

srB 

PB 
N8 
110/20 
110/10 
80/20 
80/10 
P8TBR 

Ref. cycle (THTR fuel) 
LEU cycle (9 MW/mJ) 
LEU cycle (9 KX/V) 
LCU cycle (9 rV/m 1) 
IEU c y c l e (5 MW/m') 
201 U-Th fuel 
Like M020. except separate 
f e r t l l e spheres 
Once-through cycle (9 MW/m') 
Like 4011 (5 MW/m') 
Ilk.- M093, with 
separate fertile spheres 
Recycling reactor 
More complex recycling 
Variation of MOR, RSE 
Even more complex recycling 

Prebreeder 
Near breeder 
Net breeder with radial blanket 
Net breeder with radial blanket 
Net breeder with radial blanket 
Net breeder with radial blanket 
Net breeder with decoupled 
fissile and fertile fuel flow 

Fuel Type 
Loading 

(g HM/Sphere) 

Moderation 
Ratio 
C/HM 

Durnup 
(t*fd/kg) 

Conversion 
Hallo 

U-Th mixed oxide U.l 325 100 0.60 
U mixed oxide 10.4 363 70 0.58 
U mixed oxide 10.4 363 100 0.55 
U mixed oxide 10.4 363 130 0,52 
U mixed oxide 10.2 357 100 0.5B 
U-Th mixed oxide 6.1 453 100 0.58 
U oxide, Th oxide 

6.0/16.5 458 101 0.56 
U-Th mixed oxide 15 244 101 0,68 
U-Th mixed oxide 15 244 102 0,62 
U oxide, Th oxide 

6.0/20.1 355 100 0,58 
U-Th oxide 11.2 325 100 0.57 
U-Th oxide 1.7/15.0 242/2110 100 0.62 
U-Th oxide 16.5 220 93.6 0.71 
U-Th oxide 2.0-20,0 

(4 streams) 
100-1679 100 0.65 

U-Th oxide 1.4-32.4 198 23.2 0.74 
U-Th oxide 32.4 110 24,0 0.97 
U-lh oxide 32 no 20 1.01 
U-Th oxide 32 110 10 1.04 
U-Th oxide 44 80 20 1,03 
U-Th oxide 44 BO 10 1.05 
U-Th oxide 32 110 24 1.1 
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Table 3 .6 .7 . Relationship Between Increased P8R Conversion Ratios 
and Operating Parameters 

7. 

Conversion 
1 Cycle Conditions Ratio 

Normal 5 MW/m', 0.6 
Converter 100,000 MW-d/t HM, 
Reactor 11.2 g HM/sphere, 

C/HM = 325 

Recycle 5 MW/m\ 0.71 
Reactor 93,600 MW-d/t HM, 

16.5 g HH/sphere, 
C/HM = 200 

Recycle 5 MW/m~~, 0.8 
Reactor 100,000 MW-d/t HM, 

-30 g HM/sphere, 
C/HM = 120 

Near 5 MW/m2, 0.97 
Breeder 24,000 MW-d/t HK, 

: r U fuel, 
32.4 g HM/sphere 
C/HM = 110 

Near 2.5 m/m:. 1.0 
Breeder 24,000 MW-d/t HM. 

: : ' U fuel, 
35 g HM/sphere, 
C/HM = 110 

Breeder 5 MW/nT, 
10,000 MW-d/t HM. 
: r : U fuel, 
35 g HM/sphere, 
C/HM = 80 

1.015 

Breeder 4.5 MW/m5, 
10,000 MW-d/t HM, 
•"' ;U fuel, 
45 g HM/sphere, 
Radial blanket, 
C/HM = 80 

1.05 

Breeder 5 MW/m-, 
10,000 MW-d/t HM, 
• r 'U fuel, 
45 g HM/sphere, 
Radial blanket. 
Top thorium blanket, 
C/HM = 80 

1.06 

Breeder 5 MW/nT, 
24,000 MW-d/t HM, 
32.4 g HM/ball, 
C/HM =110. 
Oecoupled fer t i le 

throughput 

1.1 

Remarks 

Reference cycle (THTR fuel) 
Mo problem 

Heavy metal loading increased 
(new THTR fuel) 
No problem 

Heavy metal loading increased 
further 
Separate feed-b-eed tv»lls 

• Continued -ncrease in heavy metal 
loading 

• 2 3 3 U fuel needed 

Continued increase in heavy metal 
loading 
2 3 3 U fuel needed 
Reduces power density 

Continued increase in heavy metal 
loading 
Reduces burnup 

• Radial blanket added 
• Cold streaks to be looked a t 

• Top blanket added 
• Top blanket to be removed per iod i 

c a l l y 

Uses new technology for core 
(spheres, flow of spheres, control 
rods) 
Has high pressure drop, lower 
efficiency, greater blower power 
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Table 3.6.8. Summary of Several PBR Mixed Oxide Recycle Cases 
with High Conversion Ratios and Low Burnup* 

Kcvy Metal Loading Burnup Conversion 
C/HM (g/sphere) (MW-d/kg HM} Ratio 

325 11.24 23.7 0.78 
31.8 0.77 
43.3 0.75 
59.8 0.7J 

100.0 0.57 

180 20.0 24.0 0.87 
32.0 0.85 
43.0 0.82 
60.0 0.78 

•From ref. 2. 

PBR Fuel with U.S. Particle Designs 

The heavy metal loadings in PBR fuel elements fabricated by the cold-pressing tech
niques can be increased by using the U.S. feed/breed particle design shown as Variant 4 
in Table 3.6.1. (This is a l ikely particle concept for the U.S. HTGR operating on HEU 
fuel with recycle.) 

As noted earl ier, PBR loading calculations performed for this study included Variant 
4, assuming the same overcoating thicknesses specified for FRG Variant 3. The results, 
summarized in Table 3.6.9, show that with respect to heavy metal loadings, the U.S. 
feed/breed particle concept is more efficient than either the FRG one-particle designs or 
the FRG feed/breed design (Variant 3) . Variant 4 could be loaded to 25 to 28 g/sphere «n 
the Th/U ratio range of interest, whereas Variant 3 could be loaded only to 13 to 17 
g/sphere. I t is to be remembered, however, that the calculations assume the maximum 
theoretically possible volume loading (65 vol.X), and the loadings achieved to date in the 
FRG program are well below i-his. 

Table 3.6.9, Calculated Maximum Heavy Metal Loadings for PBR Fuel 
Elements Fabricated by Cold-Pressing Techniques* 

(Overcoaed parcicles occupy 65 vol.?. of sphere matrix.> 

Heavy Metal Loadinq (q/sphere) 
Th 
U Var. 1 Var. 2 Var. 3 

U.S. 
Var. 4 

5 25 20 9 21 
10 25 20 13 25 
20 25 20 17 28 

*See Table 3.6.1 for descriptions of coated particle variants. 
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3.6.3. HTGR Heavy Metal Loading Capability 

HTGR Fuel Particles and Fuel Elements 

The heavy metal loading capabi l i t ies of HTGR fuel elements are somewhat more d i f f i c u l t 
to assess. While the detailed studies of the various PBR fuel cycle options included 
calculations of the grams of heavy metal required per fuel tlement, corresponding data are 
not available for the HTGR options. In part icular , two parameters of great importance — 
the so-called "zoning factor" and the isotopic concentration of the f i s s i l e species in 
recycle fuel elements - were not included in publisi.^d reports and therefore were not 
available to us for th is study. 

The fuel par t i c le and fuel element designs current ly being developed wi th in the U.S. 
program are summarized i n Tables 3.6.10a and b. One f i s s i l e and three f e r t i l e par t ic le 
designs are being considered. The HEU fuel par t ic le design for the steam-cycle HTGR (the 
design for which most of the fuel CjCle calculations have been done) called for TRISO-
coated f i s s i l e and BISO-coated f e r t i l e par t ic les. The TRISO-coated f e r t i l e par t ic le designs 
r.hown in Table 3.6.10a are being pursued for the higher fission-product retention 
capabil i ty thought to be necessary for advanced concepts (d i rect cycle and process heat). 
The larger TRISO-ccated f e r t i l e par t ic le (with the 600-iim kernel) i s being developed to 
provide a separable s>stem for recycle. 

Table 3.6.10a. Features of HTGR Coated Particles 

Dense Th02 Th02 Th02 

UCO BISO TRISO TRISO 

Kernel diameter (i;m) 35C 500 600 450 
Coatinq thickness (urn) 

Buffer i l 5 95 110 70 
ICTI 35 35 35 
SiC 35 35 35 
OLTI 40 85 4G 40 

Volumes ( 1 0 ~ n nf') 
Kernels 2.245 6.545 11.310 4.771 
Coated part icles 26.808 33.304 58.898 27.826 

Kernel oxide content (g/cc) 10.5 9.5 9.5 9.5 
Heavy metal content 

Kernel density (g/cc] 9.2 8.3 8.3 8.3 
Part icle loading (10 5 

g/psr t ic le) 20.65 54.32 93.87 39.60 
Part icle density (10" 6 

g/ir,3 of part ic le) 0.770 1.632 1.593 1.432 
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Table 3.6.10b. Features of HTGR Fuel Elements 

10-Row Block 8-Row Block 

Fuel holes/block 216 132 

Rods/hole 14 14 

Fuel rod volume {cm:") 6.435 10.055 

Rod volume per block (cm3) 19,453 18,581 

Volume available to par t ic l es (cm-") 12,064 11,521 

Two points are s igni f icant from the data included n Table 3.6.10: (1) the large 
TRISO-coated f e r t i l e par t ic le provides 98" as much heavy aietal leading capabi l i ty as the 
BISO-coated pa r t i c l e ; and the 10-row block design provides higher heavy metal loading 
capabi l i ty than the 8-row block design. 

Tatle 3.6.11 contains the heavy metal loading requirements for several HTGR concepts, 
(from re 1 s . 6, 7) . Knowing the amount of heavy metal required in the core, together with 
the number of fuel elements, the loading calculations should be f a i r l y straightforward 
on an average basis. However, the loadings are not constant throughout the core. Due 
to considerations jch as axial and radial f lux f la t ten ing , age peaking, e t c . , the loadings 
are higher a t the top and edges of the core than at the center and bottom. The term 
"zoning factor" i s the ra t io of the local heavy metal content per element to the average 
element loading. Figure 3.6.2 (from ref . 8) shows the way in which the U and Th zoning 
is influenced by power density. As power density increases, the rat io of peak U loading 
to average U loading increases much more rapidly than the same rat io for r h . Zoning 
factors calculated for various HTGR cases are summarized in Table 3.6.12 (from re fs . 8-10). 

Another factor which influences the lo. ng calculation is that the recycle fuel 
elements have a higher concentration of p? ; ic isotopes, and must therefore have higher 
concentration?; of f i s s i l e isotopes to m. •••- • :he same evel of react iv i ty as fresh and 
makeup fue l . Table 3.6.13 contains sonv. .isentative f i s s i l e loadings for several steam 
cycle reactor designs operating on the HEU fuel cycle (from refs. 7, 11). I t should be 
noted that the recycle J 3 f i U loadings are decidedly higher than the 2 J 0 U loadings in i n i t i a l 
and makeup blocks, ,'he ? 3 3 U recycle (23R) block loadings are about the same as the 
i n i t i a l and makeup block loadings. 

Isotopic concentration of ? 3 3 U and ; 3 r j U in recycle fuel elements (23R and 25R blocks) 
is also a factor in the calculation of heavy metal loadings. As shown in Table 3.6.14 
(from refs . 11-14), the concentration of f i s s i l e uranium decreases from the beginning of 
recycle to equi l ibr ium recycle. The data l i s ted under "Ref. 11" in Table 3.6.14 shows the 
2ii\S concentration changing from 92% at the beginning of recycle to 61% at equil ibrium 
recycle. For the 25R blocks, the change is 73* 'n''\i to 30%. 
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Table 3.6.11. Ini t ial Core Loadings for Various HTGR Fuel Cycle Cases 

Reference 
Steam Cycle 

Plant-
Lead . 
Plantc 

High 
Conversion Ratio 

Steam Cycle 
Plant 3 Breeder*" 

Conversion ratio 0.66 0.76 0.82 1.0 
kg Th/MW{e) 32.3 38.0 49.4 128.3 
kg - :iU/MW(e) 1.4 1.57 1.89 
kg : } U/HW(e) 4.91 
Th/U (93 enriched) 21 23 24 24 
C/Th ratio 214 220 70 
Power density (W/cm3) 8.4 7.0 6.0 

aFrom ref. 6. 
0From ref. 7. 
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Table 3.6.12. Heavy Metal Zoning Factors for Various HTGR Cases 

Zoning Factor1 

Th U 
HTGR lead plant" 1.30 1.68 
4000-HW(t) initial core " (5384 blocks) 1.45 1.63 
4000-MW(t) reload (1376 blocks) 1.26 1.65 
2000-MK(t) initial core' ^.744 blocks) 1.32 1-50 
2000-MW(t) reload" (704 bloiks) 1.23 1.53 
3000-MW(t) initial core* (3944 blocks) 1.21 1.43 
3000-MU(t) reload (1064 blocks) 1.24 1.47 
3000-MH(t) initial core-
Layer 1 
Layer 2 
Layer 3 
Layer 4 

1.21 
1.07 
0.94 
0.81 

1.48 
1.12 
0.90 
0.79 

3000-HH(t) reload 
Layer 1 
Layer 2 
Layer 3 
Layer 4 

1.08 
1.04 
0.91 
0.74 

1.47 
1.16 
0.87 
0.68 

"Zoning factor = (peak heavy metal loading) 
'From ref. 8. 
"From ref. 9. 
"From ref. 10, 

(average loading). 

HTGR Heavy Metal Loading Limits 

Loading requirements for the HTGR are discussed in terms of several example cases 
presented in Tables 3.6.15 and 3.6.16. These cases were made up from data taken from the 
references cited. Complete data sets were not available for any of tne cases, so 
assumptions had to be made on the basis of information presented in earlier tables from 
this section. The intent of the calculations presented in Table 3.6.16 was to establish 
the percent of available space in the fuel element required to achieve the heavy metal 
loadings necessary. The following comments and conclusions apply to the calculations 
shown In Table 3.6.16. 

(1) I t was assumed that maximum zoning factors of 1.48 for the f issi le isotopes and 
1.21 for the fert i le isotopes applied to a l l cases. This seems reasonable in view of the 
data presented In Table 3.6.12, although for the lead plant i t might have been more 
appropriate to use zoning factors of 1.68 and 1.30 respectively (also based on data pre
sented in Table 3.6.12). 
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Table 3.6.13. Heavy Metcl Loadings in Typical HTGR Fuel Elements 

Heavy Metal Loading (kg/Block) 

Init ial and 
Makeup 2 3 5 U Blocks 2 3 3 U Recycle Blocks 

U Th 

2 3 S U Recycle Blocks 

U Th 

2 3 3 U Recycle Blocks 

U Th U Th 

HTGR Lead Plant'7 

Init ial core 0.381 9.19 
Transition reload 0.73 11.39 
Equilibrium recycle 0.79 11.39 0.63 11.39 1.31 11.39 

Equilibrium HTGR£ 

Init ial core 0.394 9.19 
Transition reload 0.75 11.39 
Equilibrium recycle 0.81 11.39 0.65 11.39 1.31 11.39 

Commercial HTGR° 
Block with max. U 
Block with max. Th 

0.87 
0.49 

7.4 « 
8.4 f 0.72 12.1 1.46 8.9 

Block with min. U 0.36 5.0 0.31 6.0 0.48 6.0 
FSVR6 

Block with max. U 0.32 11.63 0.99 11.63 1.23 11.63 
Block with max. Th 0.15 12.11 0.45 12.11 0.61 12.11 
Block with min. U + Th 0.11 7.84 0.37 7.84 0.49 7.84 

aFrom ref . 7. 
5From re f . 11 . 

Table 3.6.14. Concentrations of Uranium Isotopes in Typical HTGR Fuel Elements 

Source Fuel Cycle Step 

Ref. 11 Beginning of recycle^ 

Residual recycle 

Fresh 

Equilibrium recycle 

Ref. 12 Beginning of recycle 

Equilibrium recycle 

Concentration (wt.") 

232| 213, 23". u 235 u 
23R 

25R 

IVC 
23R 
25R 

IM 

23R 

23R 

Ref. 1 * Near equil ibrium recycle . 
Conversion ra t io = ^0.75 23R 

25R 
Makeup 

0.022 

0.024 

Ref. 13 FSVR a f t e r 6 f u l l power years 23R 0.032 

92.1 

61.4 

44.6 

40.1 

78.4 

75.38 

7.35 0.568 
1.40 73.0 
0.79 93.0 

24.3 8.02 
1.67 30.08 
0.97 93.0 

9.62 

12.7 

17.3 

14.9 

12.3 

3.7 

4.62 
42.74 
93.24 

2 3&U 

0.0245 
15.7 
0.22 
6.30 

49.70 
0.22 

23.4 
26.9 

0.62 

:38 u 
0.0126 
9.88 
5.81 
0.0362 

17.7 
5.81 

7.40 
7.95 

"V,st reactive fuel. 
J'lM * Ini t ia l and makeup. 



Table 3.6.15. Definitions of Cases for HTGR-SC Loading Calculations 

1, Referenced- 2, Lead Plant'' 3, Higher Conversion Ratio 

In i t ia l Core Reload In i t ia l Core Reload In i t ia l Core Reloa 

Power, MH(t) 
Power, MW(e) 

3000 
1200 

3000 
1200 

3200 
12B0 

3200 
1280 

3200 
1280 

3200 
1280 

Number of fuel blocks 3944 1064 5288 1322 5288 1322 
Power density (W/cm3) 8.4 8.4 7.0 7.0 6.0 6.0 
Conversion ratio 0,66 0.66 0.76 0.76 0.82 0.82 
Heavy metal loading [kg/MW(e)] 

Th 
1.4 

32.3 
0.63 
8.1 

1,57 
37.97 

1.89 
49.4 

Average loadings per block (kg) 
2 3 ? U (IM) 
23R 
25R 
Th 

0.458 

9.83 

0.764 

9.12 

0.331 

9.19 

0.79 
0.63 
1.31 

11.39 

0.46 

11.96 
Atom Density Ratios 

Th/C 
C/Th 

21 
214 

12 
214 

22 
2?0 180 

24 

aFrom ref. 9. 
^From ref. 6. 
^From ref. 7. 
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Case' 

core 

core 

1, I n i t i a l 
1, Reload 

2, I n i t i a l 
2, Recycle 
2, Recycle 
2, Recycle 

3, I n i t i a l 
3, Recycle 
3, Recycle 
3, Recycle 

2, I n i t i a l core 
2, Recycle 
2, Recycle 
2, Recycle 

core 

Table 3 .6 .16 . Summary of Loading Requirement C a l c u l a t i o n s f o r HTGR-SC Cases 1 , 2 and i 

Particles Zoning Factor 
U Th 

1.48 1.21 

1.48 
1.48 
1.48 
1.48 

1.48 
1.48 
1.48 
1.48 

1.68 
1.68 
1.68 
1.68 

1.21 
1.21 
1.21 
1.21 

1.21 
1.21 
1.21 
1.21 

1.30 
1.30 
1.30 
1.30 

Peak Heavy Metal Loading per Block (kg) 

H) (im 23R 2SR 

0,729 
1.216 

0.564 
1.169 

0.732 
1.517 

0.9:2 

1.210 

1.949 

2.530 

per Block (10*'') 

F iss i le Fer t i le 

Particle Volume (cc) 
Per Block 

Volume Percent of Fuel Space 
Needed For Particles 

Fissi le l e r t l l e Total 10-Row Block 8-Rcw Block 

n.R9 35.3 213.9 946 72H9 8235 611 71 
11.03 58,9 203.1 1578 6762 8340 69 72 

11.2 27,3 204,7 732 6317 7548 63 66 
13.78 56.6 253,7 1517 8448 9965 83 56 
13.78 45.1 253.7 1209 8448 9767 81 35 
13,78 94.4 253.7 2509 644B 10977 91 95 

14.47 35.4 266,4 950 88 70 9820 81 85 
17.89 73.5 329,4 1964 10967 12936 107 112 
17.89 58.6 329.4 1570 10967 12637 104 109 
17,89 122,5 329.4 3283 10967 14250 118 124 

B42 7324 8116 67 71 
1745 9076 10821 90 94 
1391 9076 10467 87 91 
2810 9076 11936 99 104 

'See Table 3.6.IS for case def in i t ions . 
'Assumes that Case 3 ra t i o of f i s s i l e material in recycle blocks and makeup Mocks to f i s s i l e material in i n i t i a l core blocks is same as for case 2 
(lead p lant ) . 
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(2) I t was assumed that 62% of the space in fuel rods would be available for 
particles. This is certainly an upper l imit . GA has used values of 56% (ref . 15) in 
their calculations. As shown in Table 3.6.10, the l>row block design has somewhat more 
space available (about 4 .7! more) than the 8-row block design. 

(3) For case 1 (reference steam-cycle HTGR, 0.66 conversion rat io, 8.4-H/an 3 power 
density), there is no loading problem. Only about 70« of the space available for fuel is 
needed. No recycle was considered for this case, because loading data for the 23R and 
25R blocks was not available. 

(4) For case 2 (lead plint design, 0.76 conversion rat io, 7.0-W/cm3 power density), 
essentially a l l of the space was needed in the recycle fuel elements, especially the 25R 
blocks (recycle of 2 3 5 U ) . I f the higher zone factor values were used and the 56S particle 
volume fraction value, the 25R blocks could not pack in enough fuel . However, i t could be 
argued that the 25R blocks could be used in regions of the core associated with lower 
zoning factors, but this would reduce f lexibi l i ty in fuel management schemes. The loading 
requirements for the in i t ia l core (IC) for case 2 can be met with less space than for case 
1 , even though the heavy metal loadings for case 2 are higher. This is because the power 
density is lower for case 2. 

(5) For case 3 (higher conversion ratio plant), the recycle loading requirements 
could not be met under the assumptions used ir. the calculation. The assumptions were that 
the maximum zoning factor values were 1.48 ( f issi le) and 1.21 ( f e r t i l e ) , and the heavy 
metal loadings in the 23R, 25R and makeup fuel elements were increased by the same ratios 
(over case 2 values) as the ratios for heavy metal loadings in the in i t ia l core elements. 
This second assumption was required because no mass balance data were available for this 
case. While the fresh fuel loadings can be met for case 3, this is of l i t t l e comfort. 
There is l i t t l e logic associated with striving for higher conversion ratios unless the 
bred fuel can be recycled. 

The conclusion reached in tlr*s analysis of the HTGR fuel loading requirements 1s 
that current technology will l imit the conversion ratio to about 0.76 for a bumup of 
approximately 65 MW(t)-d/kg H'I. Higher loadings are possible with a larger core (lower 
specific power). Higher conversion ratios can be achieved with the current design (7.0 
W/cc) i f the recycle fuel is used only in those regions of the core where low zoning 
factors are required. Data relative to options In fuel management schemes to qualify this 
possibility were not available for this study. 

3.6.4. Comparison of PBR and HTGR Fuel Elenv it Heavy Metal Loading Capabilities 

The following conclusions have been reached 1n this comparison. 

L 
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Higher conversion ratios are possible by modified designs or fuel cycle assumptions. 
An economic penalty is associated with either option. Lower specific power would require 
a larger core and higher capital cost. Lower fuel bumup would result in higher fuel 
cycle costs. Lower bumup is a more feasible possibility with the PBR because of its on
line refueling feature. Lower burnup for the HTGR would mean more frequent shutdowns and 
possibly lower reactor availability. 

The PBR fuel element has greater potential for improved loading capability through 
advanced technology. Thus, the potential higher conversion ratio is greater in the PBR 
because of higher possible loadings and the econoaic feasibility of low burnups due to 
on-line refueling. If the overcoatinc could be made thinner, or eliminated through the 
use of the hot-pressing fabrication bxhnology, higher heavy metal loadings could be 
achieved. Less flexibility exists with regards to high fuel loadings for HTGR fuel. 
Coating thicknesses substantially reduced in thickness relative to current designs are 
unlikely to meet the performance requirements currently in place. 

There is considerable uncertainty associated with this comparison, because of the lack 
of specific designs and d tailed calculations of zoning factors, heavy metal loading 
requirements for each type of prismatic fuel element (initial core, makeup, 23R, 25R) etc. 
The quality of ir.tormation on the PBR systetn, relative to heavy metal loading requirements, 
was superior to w^at was available for the HTGR system. 

3.6.5. Cost Estimate to- Fuel Development for PBRs 

A cost estimate was prepared for u > with the PBR vs. HTGR assessment. This estimate 
represents the cost increment associate! with development of PBR fuel within the U.S. 
program. The following assumptions were used: 

(1) No costs would be associated with fuel particle development. The particles 
would be developed under fne HTGR program. 

(2) Costs associated with the Fort St. Vr^.r. reactor surveillance are also covered 
under the HTGR fuel development program. 

(3) All HOBEG fabrication technology would be available to GA at no cost. Some 
development costs would be incurred by GA in setting up the equipment and pro
cesses in San Diego, and in making a product using a somewhat different particle 
concept and somewhat different requirements (i.e., different broken particle 
fraction during fabrication and during irradiation). 

A program to develop and qualify PBR fuel is outlined in Fig. 3.6.3. This program 
calls for five HR8 capsules, two HT capsules, and proof testing in the Fort St. Vrain 
reactor. There does not currently exist e. capability in the U.S. program for testing 
spherical fuel elements. Some work would oe necessary to modify test rigs and perhaps 
develop a miniature fuel element, for testing in HRG capsules. 
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Fig. 3.6.3. Cost Estimate for PBR Fuel Development Qual i f icat ion and Licensing Within the U.S. Program (1980 
Constant Dol lars) . 

http://5OQ__.50vL.5Qfl
http://_A0.Q-.100
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As design work proceeds on the reactors, there may be changes in the fjel performance 
requirements. A decision relative to final application (direct cycls r steam cycle, or 
process heat) and specific design features (intermediate heat exchanger or no intermediate 
heat exchanger, for example^ will strongly influence fuel performance requirements. The 
qualification program may need to be stretched out if the performance requirements become 
more strict. 

The incremental cost increase associated with PBR fuel development in the U.S. 
relative to HTGR fuel development totals approximately S15 million. 
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3-7. REACTOR AVAILABILITY 

V. H. Guthrie 

(Note: Most of the information in th is section has been extracted from a General Electr ic 
Company >-eport; authored by C. P.. Davis and W. B. Scott.) 

3 . 7 .1 . Introduction 

f a c t o r ava i l ab i l i t y d i rec t ly influences the capital cost component of energy since 
an increase in ava : l a b i l i t y permits more energy to be obtained without any s igni f icant 
increase in capital investment. A comparison of ava i l ab i l i t y between the HTGR and the 
PBR is par t icu lar ly important because the PBR feature of continuous refuel ina during 
operation would seem to indicate a higher ava i l ab i l i t y of the PBR than that of the HTGR, 
which must be shut cown for refuel ing. However, both reactors must be shut down for 
(1) periodic servicing of the core equipment, (2) maintenance and inspection of the 
turbine-generator, (3) in-service inspection of primary coolant boundaries and reactor 
internals, and (4) maintenance of primary and secondary heat transfer system components. 
I f the time required to carry out each of these tasks is the same for the two reactor 
types, and i f the HTGR i s never refueled more frequently than the scheduled shutdown for 
maintenance, and i f the refueling can be aone in paral lel with the scheduled maintenance 
and within the same time frame, then the total reactor unavai lab i l i ty &•" to refueling 
and scheduled maintenance would be the same for the PBR and the HTGR. 

The objective here is to compare the plant outages of the PBR and the HTGR result ing 
from scheduled shutdowns for refuel ing, inspection, and maintenance. This is done by 
reviewing the HTGR work flow charts for scheduled shutdowns and determining whether there 
w i l l be any differences in the tasks to be carried out for the PBR or tn the times required 
to perform the tasks. Although an annual refueling of the HTGR is most l i k e l y , th is 
comparison also covers 2- and 3-year shutdown intervals for the two types of reactors. 
In considering th is comparison, i t should be noted that shutdowns for unscheduled main
tenance can also cause a loss of reactor ava i l ab i l i t y . While th is aspect of reactor ava i l 
ab i l i t y is not treated here, i : is discussed in Section 3.5.5. 

3.7.2. Assumptions 

This study of ava i l ab i l i t y concentrates on the differences between the services 
required for the spherical fuel of the PBR and the prismatic fuel of the HTGR. The 
differences in the two types of fuels resul t in d i f ferent types of refuel ing systems, 
d i f ferent designs and quantit ies of control rod and control rod drive assemblies, and 
d i , .erent designs and quantit ies of ref lector elements to be replaced. Likewise, the 
handling equipment for f u e l , for control rods and dr ives, and for ref lectors are d i f fe ren t . 
Ex-core systems such as the turbine, heat transfer systems, etc. are assumed to be similar 
for the two concepts. With these points in mind, the fol lowing assumptions ire made: 

(1) The differences in the ava i l ab i l i t y of two equal size plants (PBR vs. HTGR) 
used for the same purpose (generation of e l e c t r i c i t y or process heat) w i l l be 
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almost t o ta l l y dependent upon the differences in the time required to service 
the cores and other reactor components. 

(2) PER refueling is accomplished during power operation. 

(3) HTGK refueling requires reactor shutdown and depressurization of the priirary 
c i r c u i t . 

(4) Outage requirements to maintain the components of the primary and secondary 
heat transfer systems (PHTS and SHTS) are the same for each plant. This could 
change i f one plant has more radioact iv i ty plated-out in the PHTS than the 
other (see Section 3.5). 

(5) Maintenance of a l l HTGR core-servicing equipment is accomplished between 
refueling ac t i v i t i es without the neea f o r reactor shutdown. 

(6) Maintenance of a l l PBR core-servicing equipment, except for safety valves, can 
be accomplished during power operation. Replace«nent of safety valves (49 in 
the refueling system) requires reactor shutdown and depressurization. 

{7} The reference reactors were an KTGP.-SC rated at 900-KW(e) { re f . 1) and a PBR-SC 
rated at 3000-MW(t) ( re f . 2) . 

(8) The time required for in-service inspection ( IS!} of the primary coolant boundary 
and reactor internals is assumed to be the same for bou. reactors. 

hhh. Evaluation of HTGP and PBR Ava i lab i l i t y 

The work flow cnart for a scheduled annua] • ..elir.g shutdown for a steaa-cycle 9C0-
MW(e) HTGR is shown in Fig. 3 .7.1. A similar fiow chart can be determined for a P8R by 
projecting the times required for control rod and control rod drive removal and replace
ment, maintenance of the core-servicing equipment, and ref iector removal and replacement. 
Recall tnat these tasks are the only ones assumed to impact differences in ava i l ab i l i t y 
between tne concepts. Each task discussed below is followed t.» a inal"s is of the ef fect 
of increasing the servicing intervals and refueling period of " ' t ^GR to two or three 
years. The ti^ie required for maintenance of the turbine-genera Lor "nay control the shut
down time interval dnd is discussed separately. 

FjjeJ_X'ement. Control RodL,__ and Control Rod Drive Replacement 

HTGR. Refueling of the HTGR is accomplished on an annual basis to replace one-fourth 
of the fuel assemblies. During the same outage (reactor shutdown and depressurization), 
an average of one-eighth of the control rods and control rod drive assemblies are also 
replaced. Removal and replacement of control rods and drive assemblies are accomplished 
i.i paral le l with refuel ing, so that only 5 hr is added to the refueling time, i . e . , 2 hr 
to remove the f i r s t control rod and drive assembly before s tar t of re f ue l ing , and 3 hr to 
replace the last control rod and drive assembly after the end of refuel ing. [This time 
was confirmed at a recent refueling outage of the Fort St. Vrain Reactor (FSVR).' !] 
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According to G.A, replacement of fuel assemblies requires d.T min each, and this was 
used here. This time nay be optimist ic when compared to observed and estimated times for 
other plants; however, the GA refueling system is not available for evaluation. Some other 
plant refueling times are given in Table 3 .7 .1 ; i t is estimated that 10 min per assembly 
is achievable in HTGRs. 

Table 3 .7 .1 . Refueling Times for Several Reactors 

Time Required to Replace 
Plant One Fuel Assembly (ir.in) 

Fort St. Vrain Reactor (HTGR) 126 
Prototype Fast Peactor (LHFBR) 36 
Conceptual Design Study (LHFBR) 32 
Brown's Ferry Reactor (BWR) 10 

The annual refuel iag time required fcr the 900-m(e) HTGR is 156 hr (6.5 days). 
This includes handling 936 fuel assemblies and 14 control rods and drive assemblies. [ I t 
also includes 104 ref lector elements, whos? replacement times are the same as the fuel 
element replacement tint's (see further discussion below).] 

PER. Although not required to refuel the PBR, reactor shutdown and depressurization 
w i l l be necessary to remove and replace control rods and drive assemblies (on an annual 
basis or on some other predetermined schedule). Since the PBR control rods and drive 
assemblies are similar in design and ins ta l la t ion to those used in LHFBRs, i t is expected 
that handling equipment and removal and replacement times w i l l be the same as for the 
Clinch Rive" Breeder Reactor (CRBR) or the Conceptual Design Study (CDS) plant. The 
equipment for the CRBR has bee.' designed and b u i l t and w i l l be performance tested. The 
time is predicted to be 7.2 hr per control rod and drive assembly, which is the same (7 
to 8 hr) as is estimated for the Thin .'r West Germany. 

In the reference PBR, there are 151 co i t ro l rod and drive assemblies; 51 are estimated 
to have a 4-yr l i f e and 100 are estimated to have indef in i te l i f e . Therefore, on an 
annual basis, one-fourth of the 51 (13) and one-tenth of the 100 (10) w i l l be removed and 
replaced. Removal, inspection and replacement of the 100 control re. and drive assemblies 
a t the rate of 10 per year w i l l sat isfy in-service inspection (ISI) requirements. Section 
XI , Division 2 of the ASHE Code requires that components traversing the primary coolant 
boundary be inspected 100" within a 10-yr period. 

Removal and replacement of control rods and drive assemblies requires also the removal 
and replacement of some (estimated as one fourth of 43) of the fuel feeding tubts wi th 
their valves, hoppers, d is t r ibu tors , and other components. On an annual basis, i t is 
estimated that removal of the fuel feeding tubes w i l l require 66 hr, that removal and 
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replacement of the control rods and drive assemblies w i l l require 166 hr, and that replace
ment of the fuel feeding tubes w i l l require 66 hr. The to ta l time would be 298 hr. The 
result ing flow chart for a 3000-!>W(t) PER plant is shown in Fig. 3.7.2. 

The reftr^oce control rod l i fe t ime used in th is study is 4 yr . I f the l i fe t ime 
could be extended to 8 yr as estimated by KFA, the annual core-servicing outage time would 
be reduced by two days. 

Maintenance of Core-Servicing Equipment 

HTGR. Maintenance of a l l core-servicing equipment used for the HT6R can be accom
plished between refueling operations and hence no outage times for th is a c t i v i t y are 
required. 

PBR. Maintenance of a l l core-servicing equipment used for the PBR, except the equip
ment required for the removal and replacement of safety valves, can be accomplished during 
power operation. 

I t is estimated that during the 40-yr l i f e of the plant, there w i l l be seven safety-
valve fai lures ( re f . 1 , App. B). Six of the 43 safety valves located in the fuel feed 
tubes and one of the six safety valves used in the spent fuel ex i t tubes w i l l need to be 
replaced. To replace a safety valve requires that the reactor be shut down and depressur-
ized. An a i r - lock (or glove box) must be bu i l t about the valve and the valve removed and 
replaced by working through glove ports in the a i r - lock . For replacement of the safety 
valve in a spent fuel ex i t tube, the a i r - lock must include gamna shielding and, i f neces
sary, be large enough for the use of long-handle tools in order to protect personnel from 
excessive exposure to radiation {ref. 1, App. C). Table 3.7.2 presents the times required 
to remove and replace the seven safety valves and the resultant ef fect on plant ava i l ab i l i t y . 

Table 3.7.2. Times Required for Removal and Replacement 
of Fuel Feed and Spent fuel F.xit Safety Valves in a PBR 

Action 

Shut down and depressurize 
Insta l l a i r - lock 
Renove/replace safety valve 
Remove air- lock 
Pressurize and star t up 

Total hours per valve 
Total number of valves 
Total hours 
Average hours per year 13 

Time (nr) 
Fuel Feed Fuel Exit 

24 24 
8 24 
4 U 
8 24 
24 24 

68 108 
6 l 

408 108 
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Reflector Removal and Replacement 

HTGR. The top, bottom, and radial side ref lectors .or the HTGR are removed and re
placed in the same manner as the fuel assemblies. Assuming a 10-yr l i f e for re f lec to rs , 
one-tenth of them are replaced each year (104) as a part of the refuel ing operation. The 
time required i s 8.7 min per re f lec tor , which, as noted above, i s included in the refuel ing 
time given in Fig. 3 .7 .1 . 

PBR. Only the top and upper one-third of the ref lectors in the PBR require removal 
and replacement.* This replacement has been determined to be necessary only once during 
the l i f e of the p lan t . 5 I t is assumed that th is ac t i v i t y can be accomplished, i f not in 
paral le l wi th, then in series with an annual outage for control rod and drive assembly 
replacement. For th is reason, no addit ional time i s required for reactor shutdown, 
depressurization, pressurization, and startup. Two concepts of equipment designs and 
procedures have been developed for ref lector removal and replacement, one by Novatomt of 
France and the other by KFA of West Germany. Both concepts are described in re f . 5. 
Table 3.7.3 gives the times required for replacement of the top and upper one-third radial 
sidewall re f lectors . 

Table 3.7.3. Times Required for Removal and Replacement of Top Reflector 
and Upper One-Third of Radial Reflector in a 3000-HW(t) PBR 

Time (hr) 

Action Concept 1 Concept 2 

Unload one-third of fuel elements ( W : . 179 477, m" 
Remove and replace reflectors 900 520 
Reload one-third fuel elements1 577 577 

Total Hours 1,656 1,276 
Average Hours per Year 41.4 31.9 

'Unloading is at a rate of 2,100 fuel spheres per hour, and reloac'ng 
is at a rate of 1,733 fuel spheres per hour (see Sections 5.2.2 aid 
5.2.3 of ref . 2). 
Unloading of one-third of the fuel spheres in the core requires 477 
hr ; however, unloading can be accomplished in paral le l with the 298 
hr required to remove and replace control rods and drive assemblies 
(see Fig. 3.7.2). 

•See discussion in Section 3.8 concerning possible development of re f lec tor graphites to 
last throughout plant l i fe t ime. 
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Alternative Core-Servicing Intervals 

HTGR. For the 2-yr refueling interval for the HTGR, the following assumptions are 
made: 

(1) the l i f e of the fuel assemblies is 4 yr; 
(2) the l i f e of the reflectors is 10 yr; 
(3) the l i f e of the control rods is 8 yr; 
(4) the time required for in-service inspection is reduced by 52, since more inspec

tion is accomplished during the extended refueling time; and 
(5) the time required for turbine-generator maintenance is reduced by 10% over that 

required for annual outages. 

The resultant outage time is given in Fig. 3.7.3. On an annual basis, this is an increase 
of \% in the maximum theoretical availabil ity. 

For the 3-yr refueling interval, the assumptions are revised as fo l low: 

(1) the l i f e of fuel assemblies is 6 years (the same as for the FSVR); 
(2) the l i f e of the reflectors is 12 yr; 
(3) the l i f e of the control rods is 8 yr; 
(4) the time required for in-service inspaction is reduced by 10* since more inspec

tion is accomplished during the extended refueling time; and 
(5) the time required for turbine-generator maintenance is reduced by 20f". over that 

required for annual outages. 

The resultant outage time is given in Fig. 3.7.4. On an annual baois, this is an increase 
of IS in the maximum theoretical availabil i ty. 

PBR. For the 2-yr core-servicing interval for the PBR, the following assumptions 
are made: 

(1) the l i f e of fuel is 3 to * yr (same as for annual core-servicing outage); 
(2) the l i f e of the reflectors is about 20 yr (same as for an annual core-servicing 

outage); 
(3) the l i f e of the control rods is 4 yr for one-third (51) and 10 yr for two-thirds 

(100); 
(4) the time required for in-service inspection is reduced by 5% since mere Inspec

tion is accomplished during the increased core servicing time; and 
(5) the time required for turbine-generator maintenance Is reduced by 10% over that 

required for annual outages. 

The resultant outage time is given in Fig. 3.7.5. On an annual basis, this is an increase 
of 1% in the iraximum theoretical availabil ity. 

For the 3-yr interval the following assumptions are made: 

(1) the l i f e of the fuel Is 3 f. 4 yr; 
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(2) the l i f e of the ref lectors i s about 20 y r ; 
(3) the l i f e of the control rods is 6 yr for one-third (51) and 10 yr for two-thirds 

(100); 
(4) the time required for in-service inspection is reduced by 10 since more inspec

t ion is accor.?lished durim, the increased core servicing t ime; and 
(5) the time required for turbine-generator maintenance is reduced by 201 over that 

required for annual outages. 

The resultant outage time is given in Fig. 3.7.6. On an annual basis, this is an increase 
o f 2% in the maximum theoretical ava i l ab i l i t y . 

Steam Turbine-Generator Maintenance 

I t i s interest ing to note that for a l l the outage intervals ci ted above for the HTGR, 
the turbine-generator is the " c r i t i ca l path" item. For the PBR, the c r i t i c a l oath item 
may not be the turbine-generator serv ic ing, depending upon the time required. 

The vendor recommends' that the turbine-generator be t o ta l l y disassembled and r e b u i l t , 
with appropriate repairs and replacements, at the end of 1 yr of operation and every 
5 yr thereafter. This procedure requires 8 to 10 weeks each time the turbine-generator is 
disassembled and rebu i l t . For a 40-yr l i f e plant, there would be eight turbine-generator 
outages (years 1 , 6, 11.. .36). On an annual basis th is would be equal to 11.2 to 14.0 days 
per year. The vendor also reports that turbine-generators being supplied for nuclear 
plants can be disassembled and rebu i l t in sections. Dependent upon the number of sections, 
the required outage time can be reduced to 2 to 3 weeks a year, or 3 to 5 weeks on a 2-
to 3-yr in te rva l . 

HTGR. As indicated in Fig. 3 .7 .1 , the HTGR-SC plant may employ a turbine-generator 
outage of 14 to 28 days annually. For 14 days of turbine-generator servicing, the time 
required for refuel ing and other core-servicing ac t i v i t i es i s about the same since the 
two ac t i v i t i es could be performed in pa ra l l e l . Therefore, the resultant maximum theore t i 
cal plant ava i l ab i l i t y could be 96". 

PBR. For the PBR, 14 days annual outage for the steam turbine-generator servicing 
i s less than the 19.5 days of outage required for core servicing. Therefore, 19.5 days 
would result in a lower theoretical plant ava i l ab i l i t y of 945!. 

Projected Plant Outages 

The projected scheduled plant outages of the HTGR and PBR are summarized in Table 
3.7.4. Note that the time required for ref lector and safety v*lve replacements for the 
PBR have been annualized and 2 days/yr added to the scheduled outage on the average. For 
a l l scenarios, the outage for the PBR i s longer than that for the HTGR. 
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Table 3.7.4. Comparison of HTGR and PBR Outage Times for Refuelinq, Inspection and Maintenance 

Time (Days) Per Scheduled Shutdown 

Ac t i v i t y 

Shutdown and depressurization 
Equipment preparation 
Refueling 
Removal and replacement of control rods and drives 
Removal and replacement of top and radial reflectors 
Maintaining serving equipment 
In-service inspection" 
Removal and replacement of high-temperature 

f i l t e r and absorber 
Cleanup 
Steam turbine-generator maintenance' 

Pressurize and startup 

Total outage 

Ava i l ab i l i t y ( ) 

One-Yea» Interval 
PBR 

Two-Year 
HTGR 

Interval 
PBR 

Three-Year Interval 
HTGR 

Interval 
PBR 

Two-Year 
HTGR 

Interval 
PBR HTGR PBR 

1.0 1.0 1.0 1.0 1.0 1.0 
0.5 0.5 0.5 0.5 0,5 0.5 
6.5 NA; 13.0 NA 19.5 NA 

12.5 •> 21.0 19.5 
• • 1.5' 3.0'" • • 4.5'' 
NA 0.5'"' NA l.rr NA 1.5' 

11,3.0 11,3.0 21,5.5 21,5.6 33.8.0 33,8.0 

1.0 1.0 1.0 1.0 1.0 1,0 
0.5 0.5 0.5 0,5 0.5 0.5 

14,2.5 . 
[28,16.5]-

l d,0 
[28,10.5]-' 

25.4,5 25,0 33.5,4,5 33.5,3,5 

1.0 1.0 1.0 1.0 1.0 1.0 
16.0 . 

[30.0]-
21.5 ,. 

[32.0]-
27.0 34.5 36.0 41.U 

96 . 
[92> 

94 . 
[92 ]• 

96 95 97 96 

;NA = Not appl icable. 
' included in refuel ing time for HTGR. 
Occurs only once in the l i f e of the nlant. 
"Maintenance of fuel feed and spent fuel ex i t safety valves requires seven outayes during plant l i f e . 
F i rs t njmber in each column represents tota l time for a c t i v i t y ; second number represents time required for part of ac t i v i t y 
that cannot be accomplished in paral le l with other a c t i v i t i e s . 

-Assumes turbine-generator maintenance requires 28 days. 
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In terms of normal scheduled outages (addit ional 2 days/yr not included for the PBR), 

the following observations are made: 

(1) The PBR core-servicing outage is longer than the HTGR annual refuel ing outage; 
i . e . , 19.5 days versus 13.5 days (5.3 vs. 3 .7 ' ) . The PEP. core-servicing 
outage i , used to service the control rods and drives. The assumed l i f e of 
one-third (51) of the control rods is only 4 yr. However. \F£ is s t r iv ing to 
lengthen control rod l i f e to 8 y r , and, i f success'-'., the annual PBR core 
outage time would be reduced to 17.5 days. HTGR control rods and drives are 
serviced in paral lel wi th refuel ing. 

(2) The outage time reauired to service an HTGR turbine-generator on an annualized 
basis exceeds the HTGR refueling time; i . e . , 14.0 days versus 11.5 days. (Out
ages caused by maintenance of other major components, such as heat exchangers, 
helium c i rcu la tors , recuperators, e tc . , were not considered.) 

(3) The outage time required to service the PBR turbine-generator on an annualized 
basis is less than the PBR core-servicing outage, i . e . , 14.0 days versus 17.5 
days. (Outages caused by maintenance of ether major components were not con
sidered.) 

(4) Plant ava i l ab i l i t i es can be theoret ical ly increased by 1 to 2 by allowing 2-
or 3-yr intervals between core-servicing and turbine-generator maintenance out
ages (see Table 3.7.4). This is desirable i f core servicing, in-service 
Inspection and other major component maintenance can be accomplisned in pa ra l le l . 

3.7.4. Research and development Co_s_ts JpjlJ^or^Se£vicJJK[_ Egui£men. t 

R&D costs for HTGR core-servcing equipment w i l l be minimal. GAC has completed the 
design and engineering of the prisma t i c - fue l handling equipment, which also removes and 
replaces ref lector elements. The cost of building and testing prototype refueling equip
ment should be minimal since the engineering principles employed are the same as are used 
for the FSVR, which has a proven performance record. Handling of control rods and drives 
can also use proven FSVR type equipment. 

Most of the handling equipment for PBR new and spent fuel has been developed and 
operated in West Germany in the AVR, and in the near future i t w i l l be operated in the 
THTR. I f suf f ic ient information is available to sa t is fy U.S. l icensing requirements, no 
additional R&D should be required. Since the control rods ar. 1 drives for the PBR are 
similar in design and ins ta l la t ion to those used in CRBR, the CRBR equipment could be 
adaptable to the PBR. The CRBR equipment has been b u i l t and is scheduled for performance 
testing in the near future. Removal and replacement equipment for ref lector elements has 
been only cursor i ly addressed in Europe so far . Two conceptual designs have been prepared 
with the objective of proving to European u t i l i t i e s that the operation can be performed, 
i f necessary. Continuation of the development of e i ther design on a schedule for f ina l 

J 
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design, bui ld ing, and testing has not been established. I f a decision is made to bui ld a 
PER, i t would be prudent for the U.S. to plan on developing ami performance test ing t re 
ref lector harwiling eauipnent. I t is estimated that such an R&D project would cost about 
SI0 t r i l l i on , including a fu l l - s i ze nockup of the reactor for testing purposes. 

3.7.5. Recommendations 

I t is recommended that a mo-e in-depth stuay of plant maintenance and ava i l ab i l i t y 
be carried out when GA releases the overall design for a large HTGP. and when a comparable 
design of a PER is avai lable. I t is also recommended that the decision to build ei t i ier 
the rfTGF. or the PBP. be based on c r i t e r i a other than core-servicing or steam turbine-
generator outage time requirements, since differences obtained are well wi thin tne uncer
taint ies of such estimates. 

The major item in the PER core-servicing time is the removal and replacement time 
for control > ods and drive assemblies. This time depends on control rod l i f e and inspec
t ion requirements. PBP. development ef for ts should be directed toward extending control 
•-oc l i f e and reducing the total number of control rods required. 

T*e spent fuel unloading system for the PBR should be evaluated for redesign so 
that the principal components would be more l ike the new fuel feeding system. This would 
include transfer o f spent fuel by pipe(s) through the reactor containment to storage, 
thereby eliminating spent ;'<jel container t ransporter 3nd decreasing radiation exposure 
to personnel. 

I f the PBR plant is selected for construction in the United States, i t is recommended 
that i t s design be carried out in paral lel with the design of the necessary equipment for 
ref lector element removal and replacement. Likewise, a f a c i l i t y for development and 
performance testing of this equipment needs to be designed and bu i l t . 
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3.S. GRAPHITE REFLECTOR DAMAGE 
W. P. Eathe.-iy 

3.8. \. '^t/o^ucti on 

The graphite ref lectors for both the HTGR and the PBR are subject to hiyh temperatures 
and neutron fluences, and *.ne result ing stresses and dimensional ; n s t a b i l i t y ore a major 
problem. The damage to the graphite ref lectors is a much mort important problem for the 
PBR than for the H7GR for two reasons: 

(1) The front face of the side and bottom ref lectors in the HTGP are co-ncosed )f 
graphite blocks similar to the hexagonal >uel element block; and can ne replaced 
periodical ly during refueling with the same equipment u-od for replacing the 
fueled blocks. The FBR side re f lec tors , however, cannot be so easily replaced 
since the fueled pebbles in the core must be emptied from the core at least to 
the depth to which the ref lector must be replace 4 . This would be a lengthy and 
expensive process that should be avoided : f at a l l possible. 

(2) The side ref lectors in the PBR must serve the addit ional function of providing 
latera l containment of the core. Thus, maintaining structural in tegr i ty in the 
graphite ref lectors takes on an obvious added significance for the PBR. 

The preferred solution for the PBR is to design both the top and side ref lectors 
sjcn that they w i l l not need to be replaced during the l i fe t ime of the reactor. However, 
to ensure that the graphite w i l l withstand the high temperature and neutron fluences over 
the reactor l i fe t ime w i l l require detailed analyses of the expected damage rates of the 
graphite grades being considered as potential candidates for use in the ref lector . The 
objective here is to provide an estimate of ref lector l i fet imes th3t might be expected 
for the PBR. 

Preliminary indications from results of ORNL i r radiat ion experiments on German-grade 
graphite 1 are that for the large PBR, the established reference qrades of graphite being 
considered w i l l not last much longer than perhaps one-half of a 30-year reactor l i fe t ime 
(see below). Certain specialty grades of graphite, such as POCC M.VP, might provide a 
viable- solution i f i t can be ver i f i ed that thei r use substantial ly increases ref lector 
l i fe t imes. However, experimental results on thedamage rates of these specialty graphites 
are fragment.../ with regard to both f l jence and temperature and therefore accurate es t i 
mates of the i r expected l i fet imes cannot be made at th is time. A description of the PBR 
ref lectors and a more detailed discussion of pot tn t ia l problems are provided in re fs . 2 
and 3. 
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3.8.2. Experimental Studies of Graphite Damage 

The development of reflector and support structure grapuites in the Federal Republic 
of Germany (FRG), which must consider the demanding requirements of systems for process 
heat as well as electricity generation, has advanced to the stage where several candidate 
materials have been fabricated on full-scale production runs. The previously established 
reference grade graphite ATR-2E is now considered too anisotropic to withstand the severe 
neutron irradiation exposure without excessive dimensional instabi l i ty; therefore, new 
isotropic graphites with greater dimensional stability are needed for use in those regions 
of more severe exposure in the reactor. These graphites are primarily based upon domesti
cally (German) available, f i l l e rs derived from coal tar coke, in contrast to the U n 
developed petroleum-derived filler-cokes. 

FRG graphites that have been examined in irradiation experiments in the High-Flux 
Isotope Reactor (HFIR) at ORNL are listed in Table 3 .8 .1 . (Their properties have been 
given previously by Haag et al. 1*) The graphites were irradiated to a maximum EDN fluence* 
of 2.0 x i o 2 2 neutrons/cm2, and dimensional changes, electrical resistivity by eddy-
current measurement, elastic constants by sonic measurements, bri t t le-r ing strengths, and 
the 500°C coefficient of thermal expansion (CTE) were measured. The irradiation was per-
forred at 600 to 620°C as indicated by SiC thermal monitors. 

Table 3 .8 .1 . Graphites Irradiated ; i HFIR 

Grade Filler Type of Fabrication 

V483 Pitch coke Isostatic molding 
V356 Petroleum coke Isostatic molding 
ATR-2R Semi-isotropic pitch coke Vibrational molding 
ATR-2E Semi-isotropic pitch coke Extrusion 
ASR-1R Pitch coke Vibrational molding 
ASR-2R Pitch coke Vibrational molding 
UKAEA-11* Pi tch coke Extru<iGn 

*An experimental UKAEA grade run for comparison. 

The time at which a particular graphite returns to its original bulk density after 
contraction is defined as its "lifetime." At this point, the physical properties are 
degrading rapidly and this definition thus closely approximates the true useful l i f e . As 
a part of this investigation of reflector graphites, a significant body of data on the 
thennomechamcal properties has permitted the conclusion that this definition of lifetime 
Is conservative. The volume changes of several of these graphites are shown in F1g, 3 ,8 .1 , 
and th* corresponding lifetimes in Table 3.8.2. Vhus, i f graphite grade ATR-2E were to 
be used 1\>- the reflector material, I t could be ised with confidence to an EDN , luence of 
1.7 x 10 2 2 ncutrons/cm2 or slightly greater. 

*EDN * Fluence (EDN) - Fluence (E > 0.18 MeV)/1.8. 



3-115 

ORNL-Owe 8 0 - 1 9 5 5 0 

FLUENCE.EON (neutrons/cm 2 ) OF GRAPHITE 

Fig. 3 .8.1. Percent Volume Change of Graphite as a Function of Fluence. 

Table 3.8.2. "Lifetimes" of Graohites Tested in HFIR 

Graphite Lifetime 
( A V / V 0 = 

Fluence, EON °> , Type of 
Grade 

( A V / V 0 = 
Fluence, EON ( 10" ) Fabrication 

V483 1.55 Isostatic molding 
V356 1.6 Isostatic molding 
ATR-2R 1.4 Vibrational molding 
ATR-2E 1.7 Extrusion 
ASR-1R 1.45 Vibrational molding 
ASR-2R 1.35 Vibrational molding 
UKAEA-11 1.7 Extrusion 
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Microscopic damage to the graphite increases rapidly as the volume of the graphite 
undergoes a net volumetric expansion (see Figs. 3.8.2 and 3.8.3). As illustrated in Fig. 
3.8.2, che moduli of elasticft increase in two stages before the nsrimum densification 
of the grap'.iite is achieved. As the graphites achieve maximum density and begin to expand, 
the structure degradation is evidenced by a decrease both in Young's indulus and in 
Pcisson's rat io. This loss in structural integrity is also observed by a decrease in the 
strength of the graphite (see Fig. 3.8.3). 
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Fig. 3.£.2. Young's Modulus and Shear Modulus for Graphite as a Function of Fluence. 
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Fig. 3.8.3. Brittle Ring Strength of Graphite as a Function of Fluence. 
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In general, the linear growth of the isotropic German graphites is dominated by the 
rate of densification. The maximum density for a l l grades was obtained at an EDN fluence 
of from 0.9 to I » 1 0 2 2 neutrons/cm2 and the overall lifetime depended upon the subsequent 
rate of volume expansion. The German grades ATR-2E and V356 were found to be equivalent 
to or slightly longer lived than UKAEA No. 11. The actual choice of reference grades For 
the reflector and core support blocks will obviously be based upon subsequent evaluations 
of compatibility or performance with design and economic considerations. But i f a graphite 
reflector is required to last a ful l reactor lifetime, on the order of 30 years, then with 
the high flux levels in a large PBR, the improved graphites under development must be 
stiown to have projected lifetimes greater by a factor of approximately two than those 
studied here. Such improve-nents appear feasible. 

3.8.3. Cost of Improved Graphite 

A graphite reflector capable of maintaining i ts structural integrity throughout a 
reactor's lifetime wil l require the development and use of a superior grade of graphite. 
This implies an increase in the capital cost of the reflectors above that for the current 
reference graphites. I t is estimated the cost of improved graphite (not including develop
ment) woulu be about a factor of ten greater than present type graphite ($20-30/1 b versus 
$2-3/1b). 
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3.9. SEISMIC EFFECTS 
G. A. Aramayo 

3.9.1. Introduction 

The purpose of this review is to assess the state of knowledge of seismic effects 
on the core regions of HTGRs and PBRs. The review is primarily concerned with the safety 
considerations as related to licensing requirements. The safety issues under considera
tion pertain to the ability of the reactor to operate safely when subjected to low-level 
seismic excitations and, in tin limit, to the ability of the reactor to achieve a safe 
shutdown when subjected to a higher level excitation. 

Extensive work has been performed in the U.S. to verify the integrity of the HTGR 
core when subjected to seismic excitations of the range of levels expected in the U.S. 
Reference 1 presents a review of the work performed at GA to verify the methodology used 
to assess the seismic issues related tn licensing requirements of HTGRs. This work 
covers extensive and expensive development of computer programs that study the core 
behavior. Most of these programs are mathematical simplifications based on observations 
and results obtained from a broad experimental program. The assignment of numerical 
values 'o the parameter, Involved in the analytical work is also a result of the experi
mental work. 

By ontrest, it is not clear that similarly detailed work has been performed to 
assess the core behavior of &BRs in response to a seismic excitation. Reference 2 presents 
a cursory review of work associated with the PBR seismic issue. Some analytical work has 
been performed at General Electric Advanced Reactor Systems Division, but the results 
do not permit an adequate engineering assessment. Neither have the results of an 
experimental program conducted in West Germany in support of the PBR system been made 
available. 

The cost of obtaining the knowledge required to address the seismic question is a 
fur.".ion of the number of problem areas needing further work. These areas and their 
current status are discussed below. 

3.9.2. Current^ Results 

The safety-related areas of major concern with respect to seismic effects are: 
(1) Core Oisarray. - Is there any possibility that as a consequence of a seismic 

excitation the core will undergo a disarray that wiU cause blockage of the 
coolant and prevent insertion of control rods? 

(2) Core Support. - What is the probability of failire of the core support structure 
as a consequence of a seismic event? 
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(3) Core Lateral Restraints. - What would be the effects of failure or loss of 
support of the core due to structural failure of the side reflectors? 

(4) Top Reflector Response. - How would the top reflector structure respond relative 
to the reactor core? (It is clear that if large relative notions exist, the 
ability for insertion of control rods could be inpaired.) 

The above issues have been addressed very specificaTy for the HT5R cores. 1 To look 
at the problen areas, GA has developed a number of good programs that are based on the 
observation that in the scale model testing of the HTGR core, the core behaves as a 
single unit. It is then possible to uncouple the core so that by analyzing a horizontal 
layer and a column, conclusions can be drawn on the core behavior. It appears that the 
analysis addresses the issues in detail, although there is some question as to the 
validity of the data used in the impact problen (impact between the core blocks and between 
core and reflector blocks); the concern is with regard to scaling issues. The question of 
core disarray seems to be addressed correctly on the basis of the experimental work; addi
tional problems are to be considered if higher temperatures in the core are t;ed, since the 
ability of the dowels and core support parts at this higher temperature might be limited. 

The state of knowledge on these issues is iess well established for the PBR. The 
available screes have been considered, but most of the conclusions presented below are 
primarily subjective. 

One of the sources in ref. 2, which presents a bi ief summary of work conducted at GA 
on seismic effects on the PBR. However, this work does not really address any of the 
areas that could be considered as safety items. Moreover, it is quite questionable 
whether the mathematical representations of the core in the analysis are correct. Observa
tion of the PBR core suggests that it would beba,2 like a highly viscous and highly damped 
fluid and not a collection of blocks similar to the HTGR core. In any event, the scope 
«nd content of the results of this analysis are very limited. 

Finally, on the basis of observation of a scaled-down model of the PBR core !iRS in 
Germany has concluded that there is no problem associated with blockage of the coding 
passages caused by the accumulation of smaller pebble particles and KLAK at the chutes 
which might occur as a consequence of a seismic event. Traditionally in the case of 
granular material there is a segregatior. by size of the granular components with the 
smaller size particles going to the bottom of the container. Observations of the experi
ment indicated that only the top two or three layers of pesbles suffer any significant 
disarray; thus the bulk of the core would not undergo any considerable disarray. The core 
behaves as a single unit with no significant relative nr iion between core barrel and 
pebbles; this is also based on experimental observation. Control-rod insertion during a 
simulated seismic event presented no problem on the basis of experimental observation. 
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3.9.3. Conclusions 

At the present tine the issue of core integrity subject to seismic effects is not 
totally resolved for either the HTGR or the PBR, although in the case of the HTGR, an 
extensive R&D effort has been conducted. While most of the work has been documented, 
there is a need for a report that summarizes the past work and indicates how the various 
concerns related to seismic issues are addressed. For the PBR, significant additionel 
research, both analytical and experimental, is s t i l l needed. On the other hand, i t 
appears that either concept is capable of being developed into a seisnically safr? system 
without unreasonable effort . 

References 

1. General Atomic Company, "Core Seismic Methods Verification Report," GAA14812 V.l 
< Member 1979). 

2. General Atomic Company, "Pebble Bed Reactor - Review Update," GAA15687 (January 1980). 



3-lZl 

3.10. TPfrtRATURE/FLOW OSCILLATIONS IN HTGRs 

P. R. Kasten 

One technical issue that has not been addressed in this cooperative analysis of the 
PBR and HTGR, but one that would be thoroughly analyzed preliminary to the selection of 
the HTGR for commercialization, is the temperature/flow oscillations that have been observed 
in the Fort St. Vrain HTGR (FSVR) as the power has increased above certain levels. These 
oscillations apparently have been due to periodic t i l t ing of fuel elements within the core. 
The fuel block movements open up alternate flow paths, leading to oscillations in coolant 
flew through a specific region of the reactor ind causing substantial and varying changes 
in the core outlet coolant temperature at a g i»o position. A siuilai type of temperature 
oscillation would not occur in a PBR since no significant changes in coolant flow paths 
could take place in a pebble bed system. 

The temperature oscillation problem became evident during the operation of the FSVR 
at ptwer levels of about 60 to 70% of the design level, and, under certain conditions, at 
lower power levelr. Significant temperature variations in the coolant leaving a specific 
region of the FSVR core were observed, with the periud of an oscillation being about Tc' 
minutes. Investigations of the phenomenon included measurements of neutron fluxes in the 
region of temperature change, and the flux readings exhibited marked step changes in 
amplitudes with time. Since physical movement of the graphite blocks could open up path
ways for neutrons to more easily stream to the neutron detection instruments, and thereby 
increase the flux readings, i t was inferred that block movement had occurrea.1 In adoi-
tion, out-o^-reactor tests were also carried out - a t General Atomic (GA) and at the 
nuclear research center near Julich, Federal Republic of Germany (FRG) -which indicated 
that block movement can cause variations in cooling in specific regions. (The FRG results 
were reported by H. G. Groehn.2) 

In the FRG studies, bypass flow was introduced by causing a wedge-shaped gap (1.P5 
to 6 mm) to be located between two adjacent graphite blocks. Coolant velocity d is t r i 
butions and pressure losses were measured in pertinent regions. From the results i t was 
inferred that bypass flow through gaps between stacks of fuel blocks could cause varia
tions in coolant temperature at specific locations. 

The GA explanation of the mecianismi responsible for the FSVR oscillations is known 
as the "Jaws theory."3 This theory postulates that periodic t i l t ing of fuel elements 
near the top of the core will open up alternate coolant f i r * paths through the "jaws" so 
formed, and that the resulting flow changes through a region's coolant channels could 
cause substantial and rapid changes in coolant outlet temperature. GA postulated that the 
largest temperature fluctuation observed could have been caused by a 38% change in region 
flow, and that such a flow change was feasible based on the Jaws model. 
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To investigate the validity of the Jaws model, 0RNLl> performed modeling studies and 
calculated the regional flow variations required to provide the observed outlet tempera
ture perturbations. Tic calculated flow variations appear larger than ou ld reasonably 
be expected from Jaws-type bypass flow leakage; however, i t is quite possicie that the 
measured temperatures of the outlet coolant were incorrect, since bypass flow leakage into 
the thermocouple assembly sleeve i tse l f could have affected the temperature readings. 
Thus, the uncertainties associated with region outlet thermocouple readings makes i t 
diff icult to prove or disprove the Jaws theory. 

Since the neutron flux measurements at FSVR definitely indicate physical motion of 
the blocks, and since the temperature measurements are probably not accurate because of 
fluid flow bypasses affecting the temperature readings, i t is reasonable that the tempera
ture fluctuations in the FSVR are indeed due to block motion, w.th this motion probably 
being due to pressure differentials across blocks and to temperature gradients in the 
core support structure. By reducing the gaps between biocks in new core designs, control 
of the temperature oscillations to tolerable levels shoulc e possible. 

Another factor which can influence coolant bypass flow is the effect of irradiation 
exposure on graphite dimensions. Particularly for the higher temperature operating 
systems, the effect of reactor irradiations on graphite di.nensional changes can be 
significant over a period of time (see Sec'ion 3.8) . Thus, the design of an HTGR, particu
lar ly for the higher outlet coolant temperatures, has to be done with care so that changes 
in block dimensions during reactor operation do not lead to bypa'.s flows that can cause 
regional variations in coolant temperature. 

In summary, while temperature oscillations in HTGR systems should be controllable 
by proper core design, i t is important that a l l the factors which can influence flow 
oscillations be carefully considered, particularly for the higher outlet coolant tempera
ture systems. 
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3.11. PLANT CAPITAL COSTS 

J. G. Delerw? and M. L. Myers 

3.11.1 Introduction 

As has been explained in Section 2.9, the capital costs of the HTGR and PBR were 
compared by estimating the costs for the HTGR systems and then estimating the change in 
costs in various capital cost categories for the same plant with a pebble-bed core. This 
section explains how capital cost estimates, in 1979 dollars, were obtained for HTGRs 
based on a l l three concepts (steam cycle, gas turbine, and process heat). In each case a 
3000-MW(t) plant was assumed, and for the HTGR-PH, estimates were also obtained for a 
lOOO-MW(t) plant. The estimates include both direct and indirect costs and a contingency 
allowance but exclude costs for interest during construction (IDC)'and costs for escalation 
during construction. 

Because the work scope for this comparative assessment did not provide for a detailed 
cost analysis of the individual systems, the general procedure was to use available 
information to obtain an inter,tally consistent set of cost estimates for the three concepts 
in as much detail as possible. The available information largely consists of capital 
investment cost estimates by General Atomics (GA) and United Engineers and Constructors 
(UESC), beginning with 1975 dollar estimates for a 3000-MM(t) HTGR-SC and a 3000-MW(t) 
HTGR-GT [1160-MW(e)] (ERDA-109, ref. 1) and for a 3000-MW(t) HTGR-PII, both with and 
without an intermediate heat transfer loop (IHL) (ORNL/TM-5409, ref. 2 ) . Later, GA and 
UE&C issued companion reports giving estimates in 1979 dollars for a somewhat smaller 
HTGR-SC system, GA providing the NSSS costs3 and IOC the balance of plant (BOP) costs.^ 
In the analysis presented here, data from these later GA and UESC reports were used as a 
basis for scaling and otherwise adjusting the Is75 dollar estimates for the 3000-MW(t) 
plants to 1979 estimates. In addition, costs for the PCRV structure, l iners, and penetra
tions and for the thermal barrier and containment annulus were estimated from unit costs 
and quantities of material. These est' ..es are discussed in Section 3.3. 

3.11.2. Technique for Estimating HTGR-SC and HTGR-GT Costs 

The 1975 dollar estimates presented in ERDA-109 for the 3000-MW(t) HTGRs are actually 
adjusted costs based on the breakdown of a steam cycle NSSS* bid package for a 770-MW(e) 
plant in January 1973 dollars. The 1973 estimates for the HTGR-SC were adjusted by UE&C 
to a 1160-MW(e) pl'.nt [̂ -3000 MW(t)] in mid-1974 dollars. They then assumed a further 
escalation of 52 to obtain a total estimate for the NSSS bid package of $126 * 106 in 
January 1975 dollars. 

*In nuclear terminology NSSS (originally coined as the acronym for Nuclear Steam Supply 
Systems) is comnonly used to cover the reactor-related components in a l l nuclear plant 
concepts. 
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The cost breakdown of the 1975 estimate, together with that for the original 1973 
bid package, is shown in Table 3.11.1. Here the PCRV li<ier and penetration cost was taken 
directly from ERDA-109 (Table 6.6-1), and the costs for the remainder of the reactor 
equipment items wen assumed to increase [from the 770-Hf(e) 1973 values] in proportion 
to the increase in tiit balance of the totals for the two estimates- In addition, the 
reactor internals category was assumed to include the permanent side reflector, (.exagonal 
reflector blocks, and the PCRV pressure rel ief systems cost items. 

Estimates of NSSS costs for the HTGR-6T in January 1975 dollars are also shown in 
Table 3.11.1. These costs, which are based on Tables 6.6-2, 6.6-3, 6.1-1 and 6.7-2 of 
ERDA-109, total SI21 million. 

To the NSSS costs were added the reactor equipment balance of plant (BOP) costs to 
obtain a total cost summary by cost category for the 3000-MW(t) HTGR-SC and HTGR-GT in 
1975 dollars. The reactor equipment BOP costs, presented in Table 3.11.2, were estimated 
froTi Tables 6.7-2 and 6.1-1 in ERDA-109, using the cost breakdowns given in Table 3.11.1. 

The January 1975 cost breakdowns of the non-reactor plant accounts were assumed to 
be those in Table 6.7-2 of ERDA-109. 

The next step was to estimate the 3000-MH(t) HTGR-SC costs in January 1979 dollars. 
The general procedure was to take the unit 1 , equilibrium NSSS base scope price estimated 
by GA for the 90O-MW(e) HTGR-SC [2240 MW(t)] (Table 4-2, ref. 3) and add to i t the BOP 
costs estimated by UESC (Table 5.3-1, ref. 4 ) . These costs were scaled to 3000 MW(t) 
using scale factors for each account. These scale factors, given in Table 3.11.3, are 
based on ORNL estimates and are employed in ORNL code CONCEPT.5 The capital cost for the 
heat reject system for the HTGR-SC plant was obtained by escalating the $40.8 x 10 6 for 
a dry cooling system in 1975 dollars (given Table 6.4-2 of ERDA-109) for 4 years at 8%. 

The 1979 capital investment costs Tor the HTGR-G" plant were obtained as follows: 

(1) The 1975 cost ratios between the HTIR-SC and the HTGR-GT were assumed to hold 
to 1979, so that, except as noted, al l costs --ere obtained by applying these 
ratios to the 1979 HTGR-SC costs. 

(2) As in the case of the HTGR-SC plant, the costs for PCRV structure, liners and 
penetrations, and for the thermal barrier end the containment annul us were 
calculated from weights, volumes and unit costs. This analysis is discussed 
elsewhere in this report. 

(3) The equipment portion of the instrumentation and control was assumed to be the 
same as for the HTGR-SC, although in ERDA-109 this ratio is 0.43 (GT/SC). 

(4) The circulating water system items (232) and intake structure (214) were taken 
as part of the heat reject system (Item 26). 
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T»ble 3.11.1. 1975 NSSS Cost Estimates0 for 1160-MW(e) 
KTGR-SC and HTGR-GT [3000-W(t)] 

Estimated Costs (S106) 

HTGR-SC 
HTGR-6T, 

1160-fM(e), 
Jan 1975 Item 

770-MH(e), 
Jan 1973 

6.32 

1160-m(e) 
Jan 1975 

21.22 

HTGR-6T, 
1160-fM(e), 
Jan 1975 

PCRV Liner and Penetration 

770-MH(e), 
Jan 1973 

6.32 

1160-m(e) 
Jan 1975 

21.22 30.09 
The ma 1 Barrier 3.01 9- 79 12.79 
Reactor Internals 5.57 18.12 18.12 
Reactor Control System J3A0 10 .X 10.08 

Total Reactor Equipment 18.00 59.21 71.08 
Reactor Coolant System 12.00 35.18 33.00 
Safeguards Cooling System 1.32 3.89 4.06 
Rad Waste System 0.32 1.22 1.26 
Fuel Handling Equipment 3.12 9.14 9.14 
Helium Service System 1.48 4.31 2.50 
Instrumentation and Control 3.77 

40.01 
13.02 

126.0 
b 

Total NSSS 
3.77 

40.01 
13.02 

126.0 121.04 
PCRV Construction 11.5 22.8 

Total, including PCRV 137.5 143.8 

aFrom EROA-109 (ref . 1 ) . 
5UE*C includes a l l I&C in BOP costs (see Table 3.11.2). 

Table 3.11.2. 1975 Reactor Equipment Balance of Plant (BOP) Costs* 
for 1160-MW(e) HTGR-SC and HTGR-GT [3000 MW(t)] 

Estimated Costs (S106) 

Item HTGR-SC HTGR-GT 

PCRV Construction 2.454 2.503 
Main Heat Transport System 1.770 7.987 
Safeguards Cooling System 0.414 0.414 
Rad Waste System 2.496 2.496 
Fuel Handling System 0.808 0.808 
Other Reactor Plant Equipment 16.790 20.583 
Instrumentation and Control 3.191 7.181 

•Based on Tables 6.1-1 and 6.7-2 In ERDA-109 {ref. 1) . 
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Iv-jle 3.U .3. Capital Investment Cost Scale Factors 

Account 
dumber Account Name Scale Factors 

?\ Structures and Improvements 0.5 
22 Reactor Plant Equipment 0.6 
23 Turbine Plant Equipment 0.8 
24 Electi Ic Plant Equipment 0.4 
IS Miscellaneous Plant Equipment 0.3 
26 Hair. Condenser Heat Reject Equipment 0.8 
91 Construction Services 0.43 
92 Home Office Engineering 0.21 
53 Field Office Engineering 0.41 
94 Owners Costs 0.40 

(5) $10 x 10 6 was d̂ded to the 1975 natural draft dry cooling tower costs of 
$17.2 x 10P (Table 6.4-?, EftDA-109'j to obtain agreement with the circulating 
water sy:tem cost of $27.2 x 106 from Table 6.7-2 of ERDA-109. This cost was 
jscalated at 8« to obtain the $37.0 x 106 cost in 1979 dollars. 

(6) The ratio of indirect costs between the HTGR-SC and the HTGR-GT was assumed 
-o be that given in Table 2.3-6 of ER5A-109. 

3.11.3. Technique for Estimating HTGR-PH Costs 

The 197b cost', for the 3000-HW(t) HTGR-PH systems were estimated an the basis of 
information contained in 0RNL/TM-5H09 (ref. 2). Table 22 of ref. 2 gives reactor plant 
differential costs for the process heat reactor (withojt an intermediate heat transfer 
loop) relative to an HTGR-SC in miJ-1974 dollars. These differentials were escalated by 
5* to oDtain January 1975 rlalUrs and then iJJeu Lc the corresponding numbers (including 
reactor plant BOP costs) for tht HTGR-SC which were derived from ERDA-109. The BOP costs 
(excluding reactor plant) were taker, from Table 23 of TM-5409 and escalated by 5* to 
January 1975 dollars. In several cases, where there was no apparent reason for a differ
ence, the costs were assuiwd to be the sai™ o-. nearly the same as similat costs for the 
steam cycle. In addition the S3 * 10 6 differential cost between the HTGR-SC and the HTGR-
GT for the thermal barr*"r (see Table 3.11.1) W3S doubled to give a $6 * 10 6 differential 
cost between the HTGR-SC and HTGR-PH. Also, the $21.3 * 10& (reactor plant differential) 
in 1975 dollars was spli t is follows: thermal barrier, $60 * 10 f c; other internals, SI.6 
* 10 & ; PCRV structure, $6,9 * 10 6 ; and PlRV liners and penetration, $6.8 * 10 6 . 

January 1, 1979 dollar etimates for the HTGR-PH system (w/o IHL) were obtained by 
assuming that the 1975 coit ratio bttween the HTGR-SC and the HTGR-PH persists to 1979. 
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Tab> 24 of TH-5409 gives cost adjustments in July 1974 dollars for the inclusion 
of an intenrediate heat transfer loop. These differential costs were escalated by 5% ir. 
order to ob ain January 1975 dollars and then escalated by 8% per year for 4 years in 
order to obtain January 1 , 1979 dollars. This January 1 , 1979 differential was then 
added to the capital costs for the HTGR-PH system without an IHL to obtain the costs for 
the HTGR-PH with an IHL. 

The capital investment costs for lOOO-MW(t) HTGR-PH were estimated by scaling the 
cost estimates for the 3000-MM(t) plant to 1000 MW(t) using the scale factors given in 
Table 3.11.3. 

3.11.4. Summary of Costs 

The reference capital cost estimates in January 1979 dollars f i - the 300C-MW(t) 
HTGR-SC, HTGR-GT and HTGR-PH (with and without an IHL) are given in Tables 3.11.4 and 
3.11.5. Table ".11.4 sunnarizes the costs to the two-digit level and includes the indirect 
and contingency costs. Table 3.11,5 breaks the direct cost estimates down to the three-
digit level. 

Table 3.11.4. Summary of Capital Cost Estimates 
for 3000-MW(t) HTGRs in January 1979 Dollars 

-

Estimated Costs ($10 6) 

-

Steam Gas 

Process Heat -

Steam Gas W/0 Wit' 
Cycle Turbine IHL IHL 

20 Land and Land Rights 2 2 2 2 
21 Structures and Improvements 135 147 135 144 
22 Reactor Plant Equipment 282 335 396 514 
23 Turbine Plant Equipment 105 78 0 0 
24 Electric Pl^nt Equipment 48 37 42 43 
25 Miscellaneous Plant Equipment 12 10 14 14 
lb Heat Reject System 56 _37 0 0 

2 Total Direct Costs 640 646 589* 717 

91 Construction Services 83 69 83 92 
92 Home Office Engineering 109 90 109 120 
93 Field Office Lngineering 34 28 34 37 
94 Owners costs 47 39 47 52 

9 Total Tndirect Costs 273 226 273 301 

Contingency (10?) 91 _87 86 102 

Total 1,004 959 948 1,120 

•This value is based on no-turbine plant equipment. Since a process heat 
plant will undoubtedly also generate some electr ici ty, a nominal value of 
$50 million should be added to this sum to give relative cost*. 
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Table 3.11.5. Reference Cos* Estimates for 3000-MW(t) HTGRs 
in January 1979 Dollars 

Estimated Costs (S10 6) 

Steam Direct 

Process Heat 

Steam Direct W/0 Wi.h 
Cycle Cycle IHL IHL 

20 Land and Land Rights 2 2 2 2 

21 Structures and Improvements 

211 Yardwork 8.4 8.9 8.6 8.7 
212 Containment B.jilding 46.7 66.5 54.9 54.9 
213 Turbine Building 9.2 — — — 
214 Security Building 0.4 0.4 0.4 0.4 
215 Reactor Service Building 10.8 10.8 10.8 10.8 
216 Main Circ. Control Building 0.6 0.6 0.6 0.6 
217 Fuel Stoiage Building 10.8 10.8 10.8 10.8 
218 Other Structures 18.5 48.5 48.5 58.0 

Total 135. 147. 135. 144. 

22 Reactor Plant 

221A PCRV Structure 37.5 69.3 49.5 47.6 
221B Liners and Penetrations 28.8 39.6 39.0 39.0 
221C Reactor Cont"-ol 10.3 i0 .3 10.3 10.3 
2210 Reactor Internals 39.4 43.4 52.4 52.4 
222 Main Heat Transfer and Transport 60.8 67.4 128.3 246.6 
223 Core Auxiliary Cooling System 22.5 23.0 24.0 24.0 
224 Rad Waste System 4.1 4.2 4.9 4.9 
225 Fuel Handling System 42.9 42.9 45.? 45.2 
226 Other Reactor Plant Equipment 22.0 24.0 28.6 29.2 
227 Instrumentation and Control 11.4 8.7 11.5 1 . 6 
228 Reactor Plant Miscellaneous Fquipment 2.4 2.6 2.2 — il 

Total 282. 335. 396. 5K 

23 Turbine > Plant Equipment 

231 Turbine Generator 60.2 69.6 
233 Condensing System 11.7 — 
234 Feedwater System 14.1 — 
235 Other Turbine Plant Equipment 15.5 3.5 
236 Instrumentation and Control 1.9 3.0 
237 Turbine Plant Miscellaneous Equipment 1.8 _JLS 

Total 105. 78. 0 0 

24 Electric Plant Equipment 
241 Switchgear 7.0 5.6 6.0 6.2 
242 Station Service Equipment 11.0 8.7 11.0 11.0 
243 Switchboards 0.8 0.4 0.3 0.3 
244 Protective Equipment 1.9 1.9 1.9 1,9 
245 Elect. !>r uct. + Wiring Centers 10.7 6.2 10.7 11.1 
246 Power ar.i Control Wiring 16.6 14.4 11.9 12,0 

Total 48.0 37.0 42.0 43,0 

25 Mi seel 1 aneous Plant Equipment 

251 Trans • L i f t ing Equipment 1.8 4.1 1.7 2.3 
252 Ai r , Water and Steam Services 6.9 3.3 9.1 9.1 
253 Communications Equipment 1.7 1.7 1.7 1.7 
254 Furnishing and Fixtures 1.3 1.3 _L1 -JL1 

Total 12.0 10.0 14.0 14.0 

26 Heat Reject System 56 37 0 0 

Total Direct Costs 640. 646. 589. * 717. 

•This value is based on no-turbine plant equipment. Since a process heat plant *111 
undoubtedly also generate some electricity, a nominal value of $50 million should be 
added to this sum to give relative costs. 
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The range of uncertainty in the direct investment costs »«s also estimated for tl.e 
various concepts. These cost ranges, shown in Table 3.11.6, include a basic uncertainty 
in equipment and Icbor costs. Additional uncertainty was added for cost increments from 
the reference steam cycle. 

m 

Table 3..1.6. Capital Cost Kange Estimates for 3C00-MW(t) HTGRs 
in January 1979 Dollars 

Eftimated Costs (S1C S) 
Process Heat 

Steam 
Cycle 

Direct 
Cycle IHL 

With 
IHL 

20 Uiid and Land Rights 
21 Structures and Improvements 

211 Yardwork 
212 Containment Building 
213 Turbine Building 
214 Security Building 
215 Reactor Service Building 
216 Main Circ. Control Building 
217 Fuel Storage Building 
218 Other Structures 

Total 
22 Reactor Plant 

221A PCRV Structure 
221B Liners and Penetrations 
221C Reactor Control 
2210 Reactor Internals 
222 Main Heat Transfer and Transport 
223 Core Auxiliary Cooling System 
224 Rad Waste System 
225 Fuel Handling System 
226 Other Reactor Plant Equipment 
227 Instrumentation and Control 
228 Reactor Plant Miscellaneous Equipment 

Total 
23 Turbine Plant Equipment 

231 Turbine Generator 
233 Condensing System 
234 Feedwater System 
235 Other Turbine Plant Equipment 
236 Instrumentation and Control 
237 Turbine Plant Miscellaneous Equipment 

Total 
24 Electric Plant Equipment 
25 Miscellaneous Plant Equipment 
26 Heat Reject System 

Total Direct Costs 

2-3 2-3 2-3 2-3 

6-9 7-10 7-10 7-10 
32-55 40-70 35-65 35-65 
8-12 — — — 

0.3 0.5 0.3-0.5 0.3-0.5 0.3-0.5 
8-12 8-12 8-12 8-12 

0.4-0.7 0.4-0.7 0.4-0.7 0.4-0.7 
2-12 2-1Z 2-12 2-12 

30-50 30-50 30-50 30-60 
85-150 85-155 80-150 80-160 

30-50 60-80 40-70 40-80 
20-35 30-50 30-55 30-55 
5-20 5-20 5-20 5-20 

30-55 35-60 40-70 40-70 
50-80 50-90 100-160 200-300 
15-30 lb-30 15-30 15-30 
3-3 3-8 3-8 3-8 

30-50 30-50 30-50 30-50 
15-30 15-30 20-40 20-40 
10-20 8-20 10-20 10-20 
2-3 2-3 2-3 2-3 

210-380 250-440 295-530 395-680 

50-70 60-S0 
8-14 — 

12-16 — 
12-14 2-6 
1-3 2-4 
1-2 1-2 

65-9C 85-145 
1-2 

65-9C 0 0 
40-55 30-45 35-50 35-50 
10-15 8-i 2 10-18 10-18 
50-80 30-50 0 0 

480-825 470-790 420-750* 510-900* 

•This value Is based on no-i.urbine plant equipment. Since a process heat plant will 
undoubtedly also generate some electricity, a lominal value of $50 million should be 
added to this sum to give relative costs. 
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The costs for the lOOO-MW(t) HTGR-PH (with and without an IHL) are given to the 
two-digit level in Table 3.11.7. A breakdown of the direct costs to the three-dicit level 
and ranges of uncertainty are given in Table 3.11.8-

I t is emphasized t' - in many instances the cost estimates are based on extrapolation 
of costs which thansel were extrapolated. I t is our feeling that the cost information 
is crude, especially for the HTGR-GT and hTGR-PK systems. Also, the PH system costs did 
not consider that a turbine generator would be associated with the plant, although i t is 
likely that a l l PH systems wil l generate electricity in addition to process heat. However, 
the cost estimates were the best that could be obtained within the time limits and with 
the limited information available. 

Table 3.11.7. Summary of Capital Cost Estimates 
for lOOO-MK(t) HTGR-PH in January 1979 Dollars 

Estimated Costs (S106) 

Without With 
IHL IHL 

20 Lend and Land Rights 2 2 
21 Structures and Improvements 78 83 
22 Reactor Plant Equipment 205 266 
23 Turbine Plant Equipment 0 0 
24 Elec.ric Plant Equipment 27 27 
25 Miscellaneous Plant Equipment .10 10 

2 Total Direct Costs 322* 388* 

91 Construction Services 52 57 
92 Home Offire Engineering 87 95 
93 Field Office Engineering 22 24 
94 Owners Cost 30 34 

9 Total Indirect Costs 191 210 

Contingency (10") J ] 60 

Total 564 658 

*This value is based on no-turbine plant eqjipment. Since a 
process heat plant will undoubtedly also generate soute 
electricity, a nominal value of about $32 million should be 
added to this sum to give relative costs. Indirect costs 
would have to be adjusted accordingly. 
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Table 3.11.8. Reference Cost Estimates and Cost Range Estimates 
for 1000-HH(t'» HTGR-PK ;r. January 1979 Oollars 

Estimated Costs (S10c) 

Without IHL With I h . 

Ref. Range Ref. Range 

20 Land and Land Rights 2. 1-3 2. 1-3 
21 Structures and Improvements 

211 Yardwork 5.G 4-6 5.0 4-6 
212 Contait aent Building 31.7 20-40 31.7 20-40 
213 Turbine Building — — — — 
214 Security Building 0.2 0.2-0-3 0.2 0.2-0.3 
215 Reactor Service Building 6.2 5-8 6.2 5-8 
216 Main Circ. Control Building 0.3 0.2-0.5 0.3 0.2-0.5 
217 Fuel Storage Building 6.2 2-8 6.2 2-8 
218 Other Structures 28.0 20-35 33.5 l 5d»JL 

Total 78. 50-100 83. 55-105 
22 Reactor Plant 

221A PCRV Structure 25.6 20-7.5 J4.6 20-40 
221B Liners and Penetrations 20.2 15-30 20.2 15-30 
221C Reactor Control 5.3 3-10 3.3 3-10 
221D Reactjr Internals 27.1 20-35 ?7.1 20-35 
222 Main Heat Transfer and Transport 66.4 50-80 H7.6 100-150 
223 Core Auxiliary Cooling System 12.4 10-20 U..4 10-20 
224 Rad Waste System 2.5 2-3 2.5 2-5 
225 Fuel Handling System 23.4 15-30 23.4 15-30 
226 Other koictor Plant Equipment 14.8 10-20 15.1 10-20 
227 Instrumentation and Control 5.9 5-10 G.5 5-10 
228 Reactor Plant Miscellaneous Equipment 1.1 1-2 1.1 1-2 

Total 205. 160-2F.0 266. 200-350 
24 Electric Plant Equipment 

241 Switchgear 3.9 4.0 
242 Station Service Equipment 7.1 7.1 
243 Switchboards 0.2 0.2 
244 Protective Equipment 1.2 1.2 
245 E'ect. Struct. + Wiring Centers 6.9 7.2 
246 Power and Control Wiring 

Total 

7.7 

27. 

7.7 

27. 

Power and Control Wiring 

Total 

7.7 

27. 25-35 

7.7 

27. 25-35 
25 Miscellaneous Plant Fquipment 

251 Trans • Lifting Equipment 1.2 1.7 
252 Air, Water and Steam Services 6.5 6.5 
253 Communications Equipment 1.2 1.2 
254 Furnishing and Fixtures 

Total 
0.9 

10. 
0.9 

J<L_. 
Furnishing and Fixtures 

Total 
0.9 

10. 8-14 
0.9 

J<L_. 8-14 
Total Direct Costs 322. * 230-430 388. * 290-510 

•This value i i based on no-turbine plant equipment. Since a process heat plant will 
undoubtedly also generate some electricity, a nominal value of about $32 million should 
be added to this sum to give relative costs. Indirect costs would have to be adjusted 
accordingly. 
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3ased on the above, on similar information for lOOO-MW(t) HTGR-̂ C and HTr'.-GT plants, 
and on differential costs between HTGR and PBR direct costs, the relative capital costs 
(total direct costs) for HTGRs and PSRs developed in this study are as given in T.ble 
3 - l l . y . 

Table 3.11.9. Coiiparison of Direct Construction Costs for Various Applications 
of HTGRs and PBRs- (1979 Dollars) 

HTGR Cost (S106) PBR Cost (SI0 s ) 

Outlet 3000 HW(t) 1000 W ( t ) 3000 MH(t) 1000 HH(t) 
Temperature Type 

(°C) System Ref. Range" Ref. Range^ P-f. Range^ Ref. Range fc 

750 SC 640 608-704 346 329-381 714 657-816 374 344-427 
850 GT 646 614-711 350 333-385 720 663-8?3 378 348-431 
950 PH 767 729-844 420 400-462 841 778-956 448 415-508 

'Excludes inflation, scheduling delays, and regulatory impacts. 
*This range covers -5* to M0i for HTGR; the range for the PBR is hased on the HTGR range 

plus the uncertainty in PJR relative costs. 
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3.12. REACTOR RESEARCH AND DEVELOPMENT COSTS 

P. R Kasten 

3.12.1. Introduction 

Estimates are given here of the research and development (R&D) costs that Mould De 
necessary to bring the HTGR and PBR to the stage of commercialization. In the comparative 
cost evaluation comprising this report, these rt&D costs Mere not used as data input. 
Rather, i t Mas assume 1 that the R&D had been conpleted and, moreover, th i t the operation 
of demonstration plants and lead commercial plants had beer, accomplished. As a practical 
matter, the R&D costs sust, of course, be considered in any selection of a reactor system. 
Therefore, estimates of these R&D costs are given below. 

The R&D expenditures necessary for commercialization of a reactor system fa l l under 
two categories: (1) base technology that is largely generic to a number of applications, 
and (2) equipment technology development related to a specific demonstration plant. 
Commercialization costs would also include first-of-a-kind costs for construction of the 
early plants, corresponding to the penalty above costs of commercial plants. The f i r s t -
of-a-kind costs for lead conaercial units are not Null known and are not estimated here; 
however, such costs could be substantial. 

For a given reactor, the R&D costi '."ill va ry with the reactor's projected application 
[ i . e . , electricity production by the steam cycle or the direct cycle (gas turbine), or for 
high temperature process heat production] and with the outlet temperature of the coolant. 
The systems covered here are listed in Table 3.12,1, along with their estimated relative 
introduction schedule in the U.S. 

The procedure for arriving at the R&D costs was f i rs t to estimate the HTGR R&D costs 
and then, on the basis of discussions in the preceding sections, to project the additional 
expenditures that would be required for a PBR. The additional costs for an R&D effort to 
provide fuel recycle capability were also estimated. 

Table 3.12.1. Reactor Systems for Which R&D Cos's are Estimated 

Power Outlet Coolant Introduction Dote 
Reactor [Mh(t)] Application Temperature I °C) for Lead Plant 

HTGR 1000, 3000 Steam cycle 750 1993 
Gas turbine 850 2002 
Process heat 950 ?010 

PBR 1000, 3000 Steam cycle 750 1997 
Gas turbine 850 ? rT4 
Proc >s he*t 950 2010 
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3.12.2. Expenditures Required to Develop HTGR Technology 

The R&D cost estimates for development of riTGRs with outlet cooldi- tenperatures of 
7S0°C (SC), 850°C (GT), and 950°C (PH) are summarized in Table 3.12.2. The base R&D 
includes work required for development of fuels, structura' materials, graphite, and 
containment vessels, and for development of information about fission-product behavior in 
reactor systems under various conditions. Reactor equipment R&D includes work on equip
ment design, development, fabrication and testing and on associated systems. The costs 
given are those considered to be above those associated with vendor/utility commercial 
investnents. The variation of R&D costs with outlet coolant temperature reflect the 
equipment and material differences associated with the various applications ( i . e . , steam 
cycle at 750°C, gas turbine at 850°C, and high-temperature process heat at 950°C). 

Reactor performance is enhanced by reprocessing and re fabrication of spent fuel . 
Thus, Table 3.12.2 also estimates R&O expenditures required to develop HTGR fuel recycle 
technology to the point that commercialization appears practical . 1 The recycle base R&D 
includes work on head-end reprocessing (operations involving fuel crushing, burning, 
dissolution, and fuel recovery) aid on fuel refabrication (kernel preparation, coating, 
rod fabrication and assembly operations). The pilot plant costs include the design, con
struction and startup of a hot pilot plant to demonstrate fuel recycle equipment and 
systems. In i t ia l operation wil l undoubtedly require interactions with the base recycit 
work, and so 5 to 8 years of pilot plant operating costs/interactions are included in the 
recycle base R&D costs. 

Table 3.12.2. Estimates of HTGR R&D Costs for the Reactor Systems 
and for Fuel Recycle 

Reactor Costs 
Outlet coolant temperature, °C 
Reactor base R&D, $10* 
Reactor equipment R&D, $10fc 

Total reactor R&D, $10* 

Fuel Recycle Costs 
Recycle base R&O,* $106 

Recycle pilot plant, $106 

Total recycle R&D, $105 

•Includes 5 to 8 years operating costs/interactions with pilot 
plant. 

750 850 950 
200-250 250-400 400-600 
100-150 200-400 200-400 
300-400 450-800 

500-800 
900-1300 

1400-2100 

600-1000 
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3.12.3. Incremental Expenditures to Oevelop 
PBR Technology in the U.S. 

In estinating R&D costs for PBR development, the HTGR R&D estimates are considered 
to be base values and estimated incremental costs for developing the PBR in the U.S. are 
added. (Note: The increments would be different in the FRG where the emphasis has been 
o". PBR development). In doing this, it is assumed that the U.S. effort would focus either 
on the HTGR or the PBR, but not on both. (There is, of course, much cannon technology 
development, but is was not identified here). 

Table 3.12.3 lists the incremental PBR R&D costs on the further bases that the 
technology developed in the FRG is available to the U.S., and that U.S vendors are to 
furnish the PBRs. Thus, the incremental costs consider the need to develop the pertinent 
PBR technology in the U.S. The resulting R&D costs of the PBR would be the HTGR costs 
plus about $145 million (estimated range of incremental costs is $1G0 million to $200 
million}. This increased investment would effectively increase the cost of power from 
PBRs, but the effect would be small over a long time period and with wide application of 
PBRs. 

Table 3.12.2. Estimated Incremental PBR R&O Costs 
S106 

Fuel ."rocess development 6 
Fuel development and qualification 15 
Graphite development and qualification 7 
Fission product behavior 3 
Control rod materials development 5 
Safety and re l iabi l i ty 2 
Control and safety instrumentation systems development 

and qualification 50 
Design methods de/elopment (codes) 2 
Component design (seismic design studies, 

graphite handling, reactor internals, 
, fuel 
core. 

handling, 
PCRV) 28 

Fuel recycle development 12 
THTR surveillance (U.S. participation) 5 
Program coordination and management J ! 

Total incremental R&D 145 

Estimated range 100-200 

Reference 
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