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SPECTRAL SHIFT CONTROLLED REACTOR 

UO ONCE-THROUGH CYCLE OPTIMIZED 

I. INTRODUCTION 

Concern over the possible diversion of nuclear material from commercial 

electric power generation to the development of nuclear weapons has led to 

renewed interest in advanced converter reactors. More efficient use of 

nuclear fuel would reduce the incentive to develop commercial reprocessing 

for the recovery of bred plutonium from spent fuel and to develop the 

Plutonium-fueled fast-breeder reactor. Deferral of this plutonium option, 

either indefinitely or until effective technical and institutional safeguards 

can be developed, would eliminate one major source of weapons-usable material 

from the nuclear fuel cycle. Effort has therefore been directed toward the 

identification of nuclear fuel cycle options which pose inherently low risk 

of nuclear weapons- proliferation while retaining the major benefits of 

nuclear fuel recycle. 

Of the various reactor systems which show higher fuel utilization than the 

conventional LWR, the Spectral Shift Controlled Reactor (SSCR) makes the 

greatest use of the LWR technology and components which are already highly 

developed in the U.S. and most of the rest of the world. In this concept, 

the excess neutrons generated during operation of the reactor ire directed 

preferentially to capture in fertile material, rather than control poison, 

by alteration of the heavy water/light water ratio in the coolant. Thus, 

more fissile material 1s produced and burned during operation than 1n the 

conventional LWR. As a consequence of the close relationship of the SSCR 

with the LWR, deployment of the SSCR has the potential of achieving a more 
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significant reduction in fuel resource demand than other alternatives 

because of the higher probability of rapid acceptance and deployaent of the 

concept. 

This paper presents technical and economic data on the SSCR which may be of 

use in the International Fuel Cycle Evaluation Program to intercoapare 

alternative nuclear systems. Included in this data is information on the 

optimized U(L once-through fuel cycle. The "optimized" cycle refers to a IKL 

once-through cycle which has better fuel resource utilization than the conven

tional UO cycle employed in current design PWRs. T M s fuel cycle uses more 

in-core batches and a higher discharge exposure than current PUR fuel 

management schemes. The profosrd cycle is not optimal in a mathematical 

sense, however, since additional resource savings can be obtained if the 

discharge exposure is extended to eve* higher values and the number of 

in-core fuel batches is increased further. The present cycle was selected 

as "optimal" based on the assumption that it can be achieved with only an 

extension of fuel design technology and can therefore be deployed in a 

relatively short time frame. In the longer term, modification to reactor 

geometry as well as further extensions of discharge bumup might be con

sidered to realize addit*o-.al reduction in uranium resource requirements. 

The data contained in this iszr has been developed by an ongoing program 

which at the present tive 1s only 50% complete. The data presented here 

should therefore be considerec preliminary and will be updated 1n the future 

as required. 
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SYSTEM DESIGN AMD PERFORMANCE DATA 

A. Nuclear Stea» Supply System 

The Spectral Shift Controlled Reactor (SSCR) consists basically of 

a standard pressurized water reactor (PUR) plant in which the 

conventional reactivity control system is replaced with spectral 

shift control. In the conventional PUR, reactivity control is 

achieved through the introduction of soluble boron into the reactor 

coolant to capture the excess neutrons generated throughout life. 

The soluble boron concentration is relatively high at the beginning 

of cycle and is gradually reduced during the operating cycle by the 

introduction of pure water to compenstate for the depletion of 

fissile Inventory and the build-up of fission product poison. In 

the SSCR, excess reactivity control is achieved by the addition of 

heavy water to the reactor coolant, in a manner analogous to the 

use of soluble boron 1n the conventional PWR. The introduction of 

heavy water shifts the neutron spectrum present in the reactor to 

higher energies, and results in the preferential absorption of 

neutrons in fertile material. In contrast of the operation of the 

conventional PWR, where absorption in control poisons is unproduc

tive, the absorption of excess neutrons in fertile material breeds 

additional fissile material (plutonlum), Increasing the conversion 

ratio of the system. As a result of the Increased production of 

fissile material, the annual demand for uranium ore and separative 

work are both reduced. During the operating cycle of the SSCR, the 

heavy water content of the coolant 1s reduced by dilution with pure 

light water, to compensate for the depletion of fissile material 
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and the build-up of fission products in a Banner analogous to the 

dilution of soluble boron in the conventional PUR. The diluted 

heavy-water/light-water Mixture is processed in vacuum distillation 

col urns which concentrate the heavy water for use during the next 

operating cycle. 

Modifications from a current-design PUR are restricted largely to 

ancillary components and subsystems which control the concentration 

of heavy water in the reactor coolant and which process the heavy-

water/light-water mixture prior to the subsequent operating cycle. 

In addition, components and systems that carry heavy water are 

designed to minimize the loss of DO and the release of tritium to 

the environment. This is accomplished by the use, whenever possible, 

of canned rotor pumps, bellows or diaphragm valves, and cold traps 

on vent lines. 

The SSCR described in this paper is based on the PUR design ; the 

general reactor performance specifications for this design are 

summarized in Table I I - l . The conceptual SSCR design has a core 

thermal power rating of 3800 Nwt and a net electrical power output 

of 1260 Nwe. The core arrangement and fuel assembly geometry are 

shown in Figure I I - l for this reference design. The core consists 

of 241 assemblies, each assembly having a 16 x 16 fuel pin array 

with five guide tubes. The four outer guide tubes are used for the 

control element fingers, while the central guide tube is used for 

in-core instrumentation. The fuel itself consists of oxide pellets 
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stacked end-to-end to an overall height of 3.81 Meters. The fuel 

pellets are enclosed in Zircaloy-4 clad with a wall thickness of 

0.635 m. The control eleaent fingers are connected to control 

element assemblies in groups of either four, eight or twelve 

fingers. This unique arrangement makes i t possible to rod and 

instrument each fuel assembly without restriction. The control 

element fingers are individually guided and protected from hydraulic 

forces by a unique upper guide structure. Figure I I -2 shows the 

vertical arrangement of the reactor, including the upper guide 

structure and bottom-entry in-core instrumentation. The reactor 

coolant system is essentially identical to the PWR design with the 

exception that an additional shaft seal is installed on the reactor 

coolant pumps to reduce the leakage of heavy water and the release 

of tritium to the containment. 

Optimization studies of the SSCR core have indicated that less 

than 8i improvement in fuel resource requirements and less than a 

3% reduction in power generation costs can be achieved by modifying 

the lattice design. In addition, changes to the core design 

would probably delay the commercial Introduction date of the SSCR 

substantially because of the need to develop engineering correlations 

and to qualify fuel of a different lattice geometry. Furthermore, 

the potential of backfitting spectral shift control into existing 

plants or plants under construction would be severely limited i f 

modifications to the core geometry were made. In view of these 

considerations, i t was fe l t that the SSCR core configuration should 

be left unchanged from that of the reference PWR. 
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The Nuclear Steam Supply System (NSSS) subsystem requiring the most 

significant reconfiguration for spectral shift control is the 

Chemical and Volume Control System (CVCS). This system Is used In 

the conventional PUR to purify and deborate the coolant bled fro* 

the reactor during the cycle. To the CYCS Is added the capability 

to Interchange light water for the heavy -water/1 Ight-water Mixture 

as the fuel depletes. In addition, the DJ) upgrader, which processes 

the diluted coolant Mixture 1s connected to the reactor plant 

through the CVCS. 

The DJ) upgrader 1s the single component which 1s completely foreign 

to the PUR NSSS. I t consists of a set of vacuum distillation 

columns and associated pipes, tanks, etc. which accept reactor 

coolant with a low D.O content (from 2 to 35 mole %) and concen

trates I t to approximately 85%. The upgrader Is designed to 

operate continuously with a total capacity of above five reactor 

coolant system volumes per year. Except for size, the upgrader 1s 

essentially Identical to the upgraders presently in use In Canada. 

Because of the range In D-0 feed concentrations and the large 

volume of low concentration coolant, the size of the upgrader 

components, particularly the distillation columns, 1s different 

from that used In the CANDU HWR. 

The design philosophy employed in arriving at the conceptual SSCR 

design was that all modified PWR systems retain the capability of 

operating In the conventional poison control mode. This philosophy 

enhances the prospects of early acceptance and development of the 

6 



SSCR since there 1s l i t t l e risk to station generating capacity for 

subsequent adverse findings relevant to the spectral shift concept. 

The point of departure for all NSSS systems was the PUR design; 

systems which were not affected by the conversion to spectral 

shift control were left unmodified. No attempt has been made to 

optimize these unchanged existing PWR systems for spectral shift 

control - for example, to reduce the system heavy water inventory. 

If the SSCR were to be totally designed annew, then minimizing the 

heavy water inventory would, undoubtedly, be an important design 

objective. 

For the DJ) upgrader design, various strategies for storage, 

processing and reuse of bleed and drain coolant were examined. 

These analyses included trade-offs between coolant heavy water 

concentration, upgrader capacity and heavy water inventory, and 

resulted in an improved upgrader operating mode which yielded a 

reduction in excess DJ) inventory and annual uti l i ty requirements. 

B. Balance of Plant 

A plot plan showing the general layout of the conceptual design of 

the SSCR 1s shown in Figure I I -3 . The relative size of the 0»0 

upgrader and the vacuum distillation columns can be seen In this 

figure. The majority of the balance of plant systems are Identical 

to those used 1n a conventional PWR; the details of these systems 

depend upon the architectural engineering firm responsible for 

plant construction. The heat rejection system 1s based on mechan

ical draft evaporative cooling towers. 
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In general, no attempt was made to optimize the balance-of-plant 

(BOP) systems. The Impact on the BOP of optimizing the fuel cycle 

was evaluated and found to be small. The majority of the BOP 

analyses Involved determining equipment arrangements and layouts 

for modified auxiliary systems and determining the extra tankage 

required for heavy water. In addition, system arrangements which 

would minimize potential radiological exposure of plant personnel 

resulting from the higher tritium concentrations of the SSCR were 

explored. 

I I I . FUEL MANAGEMENT AND HANDLING INFORMATION 

In this paper, data on the optimized U0» once-through cycle Is presented. 

A number of fuel cycle parameters were varied to arrive at the "optimized" 

IKL cycle. These parameters Included discharge exposure, number of in-core 

batches, fuel rod diameter and fuel rod pitch. The impact on fuel resource 

utilization and power generation cost of changes In these parameters was 

assessed; the modifications which achieved the maximum benefit while retaining 

the most near-term feasibility were selected for use in the "optimized" 

cycle. 

The optimized IKL once-through cycle 1s based on achieving a high fuel burn-up, 

1n the range of 50,000 Mwd/MT. The fuel management scheme employed uses a 

relatively large number of in-core batches — five, with t»» size (number of 

assemblies) of each batch being only 20% of the core compared to 33% as 

presently practiced in the conventional PWR. The length of each operating 

cycle Is maintained at about one year. The fuel, therefore, resides within 

the reactor for a longer period—five years versus three years for current 
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PWR fuel management. I t should be noted that this refueling strategy is also 

optimal (or near optimal) for the conventional PUR. Both increased discharge 

exposure and the use of a larger number of in-core batches contribute to the 

improved resource utilization of either concept. As the burn-up is increased, 

resource utilization improves because of the increased in situ utilization of 

plutonium; with increased bum-up, the fuel operates for a longer period 

before i t is discharged from the reactor, and hence the quantity of fissile 

material unproductively residing in spent fuel is decreased. The use of a 

larger number of in-core batches Improves resource utilization by reducing 

the core average burn-up at end of cycle. Batch-loaded cores operate until 

the build-up of parasitic fission products (which are proportional to burn-up) 

is such as to require refueling. Reducing the core average exposure therefore 

reduces the fission product burden and allows the fuel to operate to higher 

discharge exposures before refueling is required. I t Is this reduction In 

core average exposure which provides a major incentive for utilizing on-line 

refueling in such reactor types as the HWR. The use of five batches, rather 

than the three typically employed in the PWR, represents an Intermediate 

situation where part of the benefits of on-line refueling 1s realized. By 

using five in-core batches In conjunction with high discharge exposure, an 

annual refueling Interval can be maintained. I t should be noted that further 

reduction in UJL requirements are possible i f the discharge burn-up were 

extended to st i l l higher values and the number of fuel batches Increased 

further. The 5-batch, 50,000 Mwd/TeM fuel management schedule was selected 

since the majority of the uranium resource savings Is obtained, while the 

required discharge exposure appears achievable by modest extensions of fuel 

design technology. 
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There are, of course, other reactor modifications and/or fuel management 

schemes which have potential of Improving uranium utilization. In 

general, these show much less benefit than the high-burnup, five-batch fuel 

management scheme discussed above. Table III-l l i s t s a number of these 

potential Improvement strategies together with estimates of their Impact on 

uranium utilization. Also Included in Table III-l are estimates of the 

development time and costs associated with each type of Improvement and the 

ease with which the Improvements could be back fitted Into the current SSCR 

conceptual design. The Improvement strategies shown are also applicable to 

light water reactors because of the strong similarity of the SSCR to the 

conventional PUR. The Interested reader 1s referred to the companion INFCE 

paper on light water reactors for a detailed discussion of each of these 

Improvement strategies. 

It appears that a number of the strategies shown in Table III-l can be 

combined to Increase the overall uranium savings. Implementing these 

strategies is considered a long-term option, however, in view of the R&D 

required to develop them. By the year 2000, i t may be possible to attain an 

additional 10-15% savings above that which cm be achieved by the high-burnup, 

five-batch fuel management strategy selected for the optimized SSCR. 

Fuel management information for nigh-bumup, five-batch cycle 1s summarized 

1n Tables III-2 and II1-3. For comparison purposes, the resource requirements 

of the conventional PWR, both on the standard once-through cycle and the 

optimized once-through cycle are Included in Table II1-2. The 30-year 

uranium requirements of the SSCR are 25% smaller than those of the standard 

PWR and 12% smaller than those of the optimized PWR. Similar reductions are 
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also achieved in the separative work requirements by employing spectral shift 

control. 

The fissile plutonium content of the SSCR spent fuel is about 21% less than 

that of the standard PWR but 16% more than that of the improved PWR, which 

utilizes a similar discharge exposure. The higher in situ utilization of bred 

plutonium in the optimized fuel cycles of both reactor concepts reduces the 

discharge concentration below that of the standard PWR. The optimized SSCR 

has a higher plutonium content than the optimized PWR because of its higher 

conversion ratio (0.67 compared to 0.59). 

Figure I I I - l provides a schematic diagram of the facilities required for the 

optimized once-through fuel cycle In the SSCR. This figure also shows 

typical values for fuel mass flows for the equilibrium cycle of operation. 

The components of the fuel cycle required for this cycle are identical to the 

fuel cycle services required by typical LWR operation, and consist of an 

enrichment facility and spent fuel storage facility. Spent fuel storage 

requirements are reduced compared to present fuel management practices, 

because the higher discharge exposure results in smaller quantities of fuel 

being discharged each year. 

IV. TECHNOLOGY STATUS AND R&D REQUIREMENTS 

As noted earlier, the SSCR consists basically of PWR NSSS whose reactivity 

control system is modified to utilize heavy water rather than soluble boron 

to compensate for reactivity changes during the operating cycle. Init ial 

work on the SSCR concept was performed 1n the early 1960's under USAEC 
2 

auspices. This work Indicated that substantia! savings 1n uranium ore and 

separative work (relative to the LWR) could be achieved by utilizing spectral 
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shift control. At the time of this development work on the SSCR concept, 

fuel resource conservation was not recognized as having the importance that 

i t has today. Both uranium ore and separative work were relatively inexpen

sive, and the technology for D.O concentration was not as fully developed as 

i t now is. Thus, there appeared to be l i t t l e economic incentive to pursue 

the concept, and i t was dropped prior to a reactor demonstration project. 

The spectral shift control concept was pursued elsewhere, however, and the 

proof of principle of the SSCR was demonstrated by the Vulcain experiment in 
3 

the 11 BR-3 nuclear plant at Mol, Belgium. The BR-3 plant, after two years 

of operation as a conventional PUR, was modified to spectral shift control 

operation and successfully operated with this mode of control between 1966 and 

1968. The Vulcain core operated to a core average burn-up of 23,000 MWO/T and 

achieved an average load factor and primary plant availability factor of 91% 

and 98%, respectively. The leakage rate of primary water from the high pres

sure reactor system to the atmosphere was found to be negligible, about 30 kg 
4 

of DgO-HgO mixture per year. Although tritium releases to atmosphere were 

not quoted in available references, the maximum concentration In the coolant 
3 3 was about 50 C1 per m . Using this concentration together with the primary 

water leakage rate of 30 kg per year gives a total tritium release of approxi

mately 2.2 Ci per year. After the Vulcain experiment was completed, the 

BR-3 reactor was subsequently returned to conventional PWR operation. The 

Vulcain experiment thus demonstrated both the spectral shift control concept 

and the feasibility of converting existing plants to the spectral shift mode 

of control. 

One technology that would require substantial expansion If significantly 

deployment of the SSCR were to occur 1s heavy water separation capacity. The 
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existing plants In Canada and at Savannah River, South Carolina, could be 

used to obtain the D«0 Inventory for a limited number of reactors; however, 

additional capacity would be required for significant commercial deployment. 

Since the technology of heavy water production Is well developed both In the 

U.S. and abroad, no new advances 1n this area are required for the commercial 

system. There Is , nevertheless, a strong Incentive for developing a low-cost 

heavy water separation process since the heavy water Inventory represented a 

substantial cost ($50 - $60 M) to the SSCR. 

The only major component not already fully developed for the SSCR 1s the D»0 

upgrader. While D.O upgraders are being used In conjunction with CANDU heavy 

water reactors, the size of these upgraders 1s different from that which would 

be required for the SSCR. 

Thus, the Spectral Shift Controlled Reactor Is considered to be at a stage 

where either a prototype or a large power plant demonstration is required. 

For most alternative reactor concepts, at this stage of development, I .e . , 

where the proof principle has been demonstrated but where there has been 

no prototype demonstration, a prototype program would be necessary because of 

the high capital cost of commitment and risk associated with bypassing 

the prototype stage and constructing a large power reactor demonstration. I t 

Is conceivable that a prototype program may be required for the SSCR, 1f for 

example the prototype program Involved the modification of an existing PWR 

for spectral shift control, rather than the construction of a wholly new 

plant for this purpose. I t 1s felt that this stage can be bypassed and that 

the concept can go directly to a power reactor demonstration 1n a large-size, 

fully-commercial plant and the estimates of reactor R&D requirements for 
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the SSCR have therefore been based on the assumption that no prototype 

plant is required. 

There are several reasons for bypassing this prototype state. First of a l l , 

the primary reason for proceeding through the prototype stage is cost and the 

associated risk. With the cost of nuclear plants running at about $60u/kwe 

(excluding escalation and interest during construction) i t is indeed difficult 

to justify the construction of large units without a sound basis In past 

performance to justify the anticipation of satisfactory performance; uti l i t ies 

might also have difficulty in justifying the incorporation of reactors with 

uncertain availability on their grids. As a result, logic dictates that 

small prototype units should be operated to gain experience and confidence in 

concept performance prior to the commitment of large power demonstration 

units. The Spectral Shift Controlled Reactor, however, is rather unique 

among the various alternatives because of its close relationship to present 

technology. In particular, i t will be possible to design the SSCR so that 

the plant can be operated 1n either the conventional poison control mode or 

in the spectral shift control mode by a simple realignment of valves and 

changes in operating procedures. As a result, a great majority of the capital 

Investment in the plant and the power output of the plant itself is not at 

risk, for should spectral shift control f a i l , the reactor could always be 

operated as a conventional poison-controlled PUR. Likewise, the potential 

for serious licensing delays are largely mitigated since the reactor could 

init ial ly be operated as a poison-controlled PWR and could be easily recon

figured for spectral shift control once the licensing approvals were obtained. 

Consequently, the capital at risk 1s limited to the additional expenditures 

required to realize spectral shift control, roughly $25 M 1n equipment costs, 
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plus rental charges on the heavy water inventory (there would, of course, be 

additional expenditures for design and licensing, but these would have to be 

expended for the prototype also). Since these costs are rather modest 

compared to the cost of even a small prototype plant, skipping the prototype 

stage and going to a large power plant demonstration Is considered feasible. 

Consequently, It has been assumed that the prototype stage 1s bypassed; 

furthermore, It has been assumed that the SSCR Is similar to present PURs so 

that no reactor development Is required, and that any changes to the NSSS to 

realize spectral shift control are such that the reactor 1s readily conver

tible to poison control operation. 

Research and development requirements based on the above assumptions are given 

In Table IV-1. They consist primarily of component RAD, and safety and 

licensing development. Component RAD comprises thermal hydraulic tasks, 

valve and seal development, DJ) upgrader design, and refueling methods pro

cedures development and testing. The thermal hydraulic tests are designed 

to produce a departure from nucleate boiling correlation similar to that which 

has been developed for light water. It 1s felt that such correlations will be 

sexy similar to those for light water, but the tests are required to demon

strate this assumption for the various mixtures of heavy and light water which 

are present in the SSCR. Valves and seal development will be required 1n 

order to minimize leakage of the heavy water mixture; reduction of coolant 

leakage 1s Important both from an economic standpoint (because of the cost of 

D_0) and because of the potential radiological hazard from tritium which 1s 

produced In the coolant. Methods of reducing coolant leakage from valves and 

seals have been extensively explored as part of the design effort on heavy-

water reactors and utilization of heavy water reactor experience 1s assumed. 
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The R&D program would address the application of the technologies developed 

for the heavy water reactor to the larger size components and highsr pressures 

encountered in the SSCR. The D̂ O upgrader employed in the SSCR is identical 

in concept to the upgraders used on heavy water reactors and for the last 

stage (finishing stage) of D.O production facilit ies. The sizing of various 

components in the upgrader would, however, be somewhat different for SSCR 

application because of the range of D_0 concentration feeds (resulting from 

the changing D̂O concentration during a reactor operating cycle), and because 

of the large volume of low D̂ O concentration coolant which must be upgraded 

toward the end of each operating cycle. The upgrader R4D program would 

consider the implications of these considerations to upgrader design, and 

should also address methods of minimizing the D̂O Inventory charges. 

Lastly, component RAO should address methods for refueling and for coolant 

exchange during refueling. In particular, refueling should preferably be 

performed with pure light water present In the reactor (so as to avoid 

tritium radiological hazard) and this light water must subsequently be 

replaced with the light-water/heavy-water mixture prior to initiating the 

next operating cycle. In order to accomplish this refueling/coolant 

exchange without necessitating large volumes of heavy water for this purpose, 

a modified bleed-and-feed procedure is be1*3 explored in which the differences 

1n -tensity between the warm dilute heayy water in the core and cool light 

water makeup 1s exploited in order to minimize coolant mixing and the amount 

of excess DJ) inventories required. Scale tests of this refueling procedure 

(or whatever refueling/coolant exchange procedure that is selected) will be 

required. 
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Sifety-and-licensing-related R&D should consist* f i rst of a l l , of data 

development for the spectral shift reactor operating on the uranium fuel 

cycle. This data base has been partially developed in the initial SSCR 

development work performed by the USAEC in the 1960s. However, additional 

work, primarily in the area of physics verification of safety-related param

eters ( i . e . , critical experiments which establish reactivity predictions, 

power distributions, D.O worths and control rod worths) are required for 

uranium fuel. The second aspect of the safety and licensing R&D will consist 

of a preliminary system design, the performance of a safety analysis for the 

SSCR, and the development of an SAR for spectral shift control operation. At 

this stage, component design and development would be limited to those areas 

where some design changes would be required in order to achieve comparable 

consequences of postulated accidents and anticipated operational occurrences 

with that of the .conventional PWR. The main areas thought to require atten

tion are the implications of coefficients of reactivity on accidents which 

result in a cool down of the primary coolant, the D.O dilution accident and 

the Implications of tritium production. 

Fuel-cycle-related reactor R&D for the optimized U02 once-through cycle would 

be essentially identical to that required for the LWR. In summary, I t 

consists of developing a design for fuel with a capability of achieving high 

burn-ups (about 50,000 Mwd/T batch average) and of demonstrating the satisfac

tory Irradiation performance of such fuel. The reader is referred to the 

companion paper on the light water reactor for further details regarding 

these RAO requirements. 

The SSCR has the potential for early and widespread deployment because of Its 

use of the pressurized light water nuclear steam supply system. I t appears 
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possible, therefore, that the f i rst commercial SSCR operating on the once-

through U02 cycle could be deployed in the early 1990s. The timing of the 

various phases of required R6D is given in Table IV-2. This schedule shows 

that about a ten-year period is required from inception of the program to a 

demonstration of commercial operation. 

Certainly i t can be argued that the schedule shown in Table IV-2 could be 

accelerated, given strong governmental support, both in terms of funding and 

by helping to usher the concept through the licensing process. Nevertheless, 

the schedule shown is thought to be on the optimistic side of what can 

reasonably be expected to be achieved. In particular, a ten-year period for 

the design, licensing, construction (backfit), and successful demonstration 

of the SSCR appears somewhat optimistic since i t is currently taking longer 

in the U.S. to bring a conventional LWR on-line. I t should also be noted 

that, in general, the timescale required to develop advanced fuel cycle 

technologies is estimated to be at least as long as that required to develop 

reactor-related aspects. 

V. SAFETY AND ACCIDENT CONSIDERATIONS 

Since the SSCR plant Itself 1s basically a PWR, i t can be readily concluded 

that the concept 1s fundamentally licensable from a reactor safety viewpoint. 

There are, however, a number of safety-and-licensing-related design aspects 

which require further evaluation. In the conventional PWR, the warm-water 

accidents 1n which coolant temperature Increases (e.g., loss of flow, loss of 

load, ATWS), are most adverse at the beginning of cycle where the presence of 

soluble boron results in the least negative moderator temperature coefficient 

of reactivity. Since soluble boron 1s not utilized 1n the SSCR, warm-water 
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accidents are expected to be less severe than in the conventional PUR. The 

cold-water accidents, on the other hand, In which the temperature of the 

coolant Is decreased during the transient (e.g. , steam-line break and excess 

load), are typically most adverse in the conventional PUR at the end of cycle 

Mhere the temperature coefficients of reactivity are most negative. Since 

the coolant in the SSCR at the end of cycle is essentially pure Mater, 

consequences of the cold-Mater accidents similar to those in the PUR are 

anticipated at the end of cycle in the SSCR. However, because of the absense 

of boron and the hard neutron spectrum at the beginning of cycle, the cold-

Mater accidents early in cycle are expected to be more severe than in present 

PURs and require further study. 

The effectiveness of the safety-injection system, which injects highly 

borated light Mater during accidents and anticipated operational occurrences, 

must be evaluated; this system may be less effective in the SSCR because of 

the presence of light Mater in the injected borated water. 

The presence of heavy Mater in the SSCR shifts the neutron spectrum to higher 

energies and results in longer mean path lengths of these neutrons. The 

reactor vessel Mall will therefore be exposed to a higher neutron fluence 

than In the conventional PUR. The adequacy of the vessel Mall material and 

Mall thickness in that radiation environment therefore needs to be ascertained. 

In order to minimize the tritium radiological hazard during refueling, a 

reference procedure has been developed which 1s a variation of the standard 

PUR refueling procedure and 1s based on the concept of exchanging the H-O/D-O 

coolant with H~d before opening the reactor vessel prior to refueling. The 

coolant Mill be drained before opening the vessel for refueling as In the 
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conventional PUR; however, In order to salvage as much DJ) as possible, the 

water level will be lowered below the reactor vessel flange to the centerline 

of the primary coolant pipes. The remaining coolant volume (about 30,000 

gallons) will be flushed out to one of the hold-up tanks with H_0 from the 

refueling water tank, using existing pumps and pipes of the shutdown cooling 

system, as well as some additional hardware. Subsequently, the reactor 

vessel will be f i l led with H-0 to the vessel flange and the normal PWR 

refueling procedure will be continued. The effectiveness and practicality of 

this procedure will have to be evaluated because I t Impacts the economics (DgO 

losses) and licensability (tritium radiological hazard) of the SSCR. Also, 

the susceptablllty of this refueling scheme to procedural violations requires 

evaluation. 

Inadvertent Injection of unborated light water will cause an Increase 1n 

reactivity I f significant concentrations of heavy water are present In the 

primary coolant system. The adequacy of the fluid systems of the SSCR to 

prevent or mitigate the consequences of light water dilution accidents 

requires evaluation. I t should be noted that this accident 1s analogous to 

the boron dilution accident In the PWR, where the Inadvertent Injection of 

unborated light water Into the reactor coolant can also Increase reactivity 

If significant concentrations of boron are present 1n the coolant. Thus 

although the light water dilution accident 1n the SSCR may be quantitatively 

somewhat different than the analogous PWR accident, the consequences of the 

accident are expected to be similar 1n both systems. 

The tritium production and tritium concentration in the reactor coolant of 

the SSCR is considerably larger (approximately 20 times greater) than in a 
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conventional PWR. The radiological hazard associated with this higher 

tritium concentration must be fully assessed to ascertain its impact on the 

licensability of the SSCR. 

The main safety-related item which requires RAD effort is the SSCR refueling 

procedure. The success of the procedure hinges on the successful replacement 

of the D-0 containing coolant present in the reactor vessel at the end of 

cycle by light water. This coolant exchange is to be accomplished by displace

ment of the DgO/HJ) mixture in the reactor vessel by light water from the 

refueling water tank. The effectiveness and practicality of this coolant 

displacement process requires experimental verification. 

The heavy-water/1ight-water mixture available in the SSCR plant is, at most, 

85% DJ3. Furthermore, the upgrader is not capable of producing appreciably 

higher concentrations because of Its intrinsic design. Coolant of this 

concentration is probably not capable of supporting criticality in a natural 

uranium system (e.g., CANDU HWR). Thus, concerns for diversion of SSCR 

coolant are not justified unless the diverting organization has a method of 

further increasing the D̂O concentration. 

I t is not expected that safety-licensing considerations will Impose any 

significant constraints on the commercial introduction of the SSCR. Due to 

the general similarity of the SSCR to a conventional PWR, the resolution of 

specific SSCR safety-11 censing items is anticipated to be accomplished within 

a reasonable time after submittal of a detailed design to NRC for review. 
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ECONOMIC INFORMATION 

A. Capital Cost Estinates 

The economic data presented in this section is strictly pertinent 

to the U.S. economy. The capital costs are based on a "Middletown, 

U.S." site with its associated labor and material costs. All costs 

are quoted in constant (January 1978) dollars without escalation 

included. The use of constant dollars gives a cost estimate which 

appears considerably less than that often quoted in the literature. 

If escalation is included, the plant capital costs may be almost a 

factor of two higher than those quoted here. Furthermore, the 

capital costs are based on a standard design plant which can 

utilize n°* of a kind pricing. 

5 

The capital costs presented in this paper are based on NUREG-0241 

values for a conventional PWR plus those additional costs needed to 

realize spectral shift control. The NUREG-0241 individual accounts 

were escalated from July 1976 price data to January 1978 using an 

8%/year rate in order to obtain unit capital costs in terms of 

constant January 1978 dollars. The resulting values were then 

scaled from a PWR of 1139 MWe to a PWR of 1270 Mwe using a 0.7 

exponential scaling factor to estimate the cost of the reference 

size PWR plant. A total of $25 M was then added to the reactor 

plant equipment costs to account for the cost of modifying the 

PWR plant for spectral shift control and to construct the D.O 

upgrader. The net electrical output of the SSCR 1s estimated to 

be 1260 Mwe. The 10 Mwe reduction 1n plant output compared to the 
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reference PUR is a result of the additional pulping power needed 

to circulate the higher density coolant of the SSCR and the low 

pressure steaa and electrical systeas to run the 0,0 upgrader. 

The various costs by two-digit account rambers are given in 

Table VI-1 for a conceptual SSCR. The resulting total unit 

capital cost is $565Awe, excluding interest during construction, 

escalation during construction, contingency allowance, and owners 

cost. The contingency allowance has been excluded since i t is 

assuned that the unit is one of an established standard plant 

design. In order to establish power costs, interest during 

construction wist be added to the base capital cost of $565/kwe. 

Interest during construction will vary depending upon the length 

of time required for construction, the schedule of payments 

during this period, and the cost of roney (interest). Using the 

10-year total construction period and schedule of payments of 

Reference 6 and a 4.5251 cost of money (deflated effective 

interest rate) results in Interest during cost of 21% of the 

base capital cost, or a total capital cost of $684/kwe in 

January 1978 U.S. dollars. This value 1s utilized to establish 

tne capital cost contribution to the total power costs, discussed 

in Section VI-D. The capital cost of the plant delivered at some 

future date wi l l , of course, be higher when viewed In terms of 

the then current dollars because of escalation. For example, 

the cost of a plant for 1990 operation would be about $1540/kwe 

1n 1990 dollars assuming an 8% escalation 
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rate; however, a 1990 dollar would be worth only about 0.40 1978 

dollars i f there were an 8% Inflation rate. 

The capital cost estimates presented here do not Include the cost 

of heavy water. The Init ial heavy water costs have been Included 

with the fuel cycle costs for Intercomparlson with CANDU costs. A 

cash payment stream year-by-year throughout the construction period 

has not been developed In the present analysis. A payment curve 

consistent with the analysis of NUREG-0241 (e.g. , from Reference 6) 

should be used, however. 

The ground rules for this capital cost development are summarized 

briefly as follows: 

1. The cost data Is for plants deliverable on January 1, 1978, and 

1s in January 1 , 1978 U.S. dollars. 

2. U.S. licensing and design criteria, safety classifications, 

seismic categories, and design codes for the LWR were employed 

to the greatest extent possible. 

3. The cost estimate was developed for a single unit on a typical 

new site with sufficient land area to accommodate a second unit. 

The site employed was the hypothetical MM1dd1etown, U.S." site, 

which has also been used to develop capital costs for other 

concepts. 

4. The main heat rejection system 1s based on mechanical draft 

evaporative cooling towers. 
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5. The plant has on-site nuclear reactor core storage capacity 

for four-thirds core. 

6. The plant design lifetime is 30 years for base-loaded 

operation. 

7. The following Items have not been Included in the plant capital 

cost estimate: 

a. Main transformer, switchyard, and transmission facility 

costs. 

b. Owner's costs, including consultants, site selection, 

spare parts, etc. 

c. Off-site waste disposal cost. 

d. Nuclear liability insurance. 

e. Initial fuel loading. 

f. Interest during construction. 

g. Escalation during construction, 

h. Contingency allowance. 

B. Operation and Maintenance Cost Estimates 

A detilled estimate of the OIM costs has not been made thus far. 

I t seems reasonable, however, to base these costs on current PWR 

0&M costs plus some additional cost to account for DJ) losses 

and maintenance on systems with potentially higher radiological 

hazard due to the presence of tritium. Reference 6 gives a value 

of 0.83 mills/lew hr 1r, January 1978 dollars for the OuM costs of 

a 1260 Mwe PUR. A rough estimate of the additional costs to 
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account for DJ) losses due to Irrecoverable leakage 1s 0.1 mills Aw 

hr. These losses Include those that will occur during the refueling 

operation as well as during the operating cycle. Adding a similar 

increment for increased maintenance complexity results in an 04M cost 

for the SSCR of 1.03 millsAw hr. This OJH cost should be viewed 

as a projection of the costs of a mature, standardized industry. 

In 1976, 04M costs averaged over the U.S. uti l i ty industry were 

about 2.3 mil Is Aw hr. This average Included a number of plants 

which had major maintenance expenses. I f these high maintenance 

plants are excluded, then the industry average 04M cost drops to 

1.2 mills/kw hr. 

C. Fuel Cycle Cost Estimates 

Equilibrium fuel cycle costs have been determined for the SSCR 

operating on the optimized U0„ once-through cycle. The economic 

assumptions used in these calculations are shown in Table VI-2; 

they are, in general, consistent with the economic parameters 

contained In Reference 6. For intercomparlson with other reactor 

concepts, a plant operational capacity factor of 75% was used. In 

reality, the capacity factor will vary from plant to plant and 

from one country to another. The total and component fuel cycle 

cost for the U02 once-through cycle are given in Table VI-3 along 

with those of the standard (current design) PWR and the optimized 

PWR. The costs of heavy water have been Included in the fuel cycle 

costs for the SSCR. The heavy water Inventory cost 1s based on 1.5 

Reactor Coolant System volumes at 60% D90. The actual D90 
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inventory required depends on the fuel cycle, the fuel management 

scheme, etc. 

The SSCR fuel cycle cost for $40/1b U30g Is comparable to that of 

the optimized PWR and 0.55 mllls/kwhr less than the standard PWR. 

For SlOO/lb U30g, the fuel cycle cost of the SSCR 1s 1.45 mllls/kwhr 

and 0.49 mllls/kwhr lower than that of the standard PWR and 

optimized PWR, respectively. I t should be remembered, however, 

that power costs and not fuel costs give the true economic compari

son of the concepts. 

D. Total Busbar Power Costs 

The total busbar power costs for the SSCR can be obtained by adding 

the capital costs (Including Interest during construction) the OftM 

costs and the fuel cycle costs. Assuming an Interest during con

struction cost of 21%, the resulting power costs for the SSCR 

operating on the optimized IKL once-through cycle are 16.75 mills/ 

kwhr for a $40/1b u30g price and 20.57 mllls/kwhr for a J100/1b 

U-Og price. These power costs are comparable to those of the 

standard PWR for $40/1 b U-jOg and 0.8 mllls/kwhr lower for $100/ 

lb UJJg. The power costs of the SSCR are more than those of the 

optimized PWR, however, for both U.Og prices (by 0.16 and 0.66 

mllls/kwhr for $100/1b and $40/1b U30g, respectively). 

V I I . ENVIRONMENTAL INFORMATION 

Because of the close similarity of the SSCR to the PWR, the environmental 

Impact of the SSCR 1s expected to be essentially the same as a conventional 

PWR and the environmental criteria applicable to a PWR should be sufficient 
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for the SSCR. The Increased production of tritium In the SSCR (about 20 

times higher than the conventional PWR) requires evaluation of Its potential 

environmental impact. I t is anticipated, however, that tritium control In 

the reactor plant and adherence to the applicable radiation health physics 

standards with respect to released activity, will result In meeting environ

mental Impact criteria. 

The environmental Impact for the optimized once-through U02 fuel cycle in terms 

of other plant effluents, land and water utilization, critical materials, and 

socio-economic factors will be Identical to that of the conventional PUR 

plant. The potential for a somewhat increased rate of fuel failure as a 

result of the higher discharge exposure could contribute to somewhat higher 

levels of radioactive effluents, particularly those emanating from the plant 

radwaste system. Because of the smaller throughput of spent fuel, spent fuel 

storage requirements may decrease (by up to 40%), resulting 1n a concomitant 

decrease in environmental Impact from this fuel cycle service. The correct

ness of this supposition Is dependent on the spent fuel cooling requirements 

of the high burn-up fuel compared to the standard burn-up fuel. 
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TABLE II-l 

General Reactor Performance Specifications 

A. Power Plant Performance 

Core Thermal Power (Mw) 3800 

Electrical Power (Mwe)(a) 

Gross 1339 
Net 1260 

Thermal Efficiency 33.2 

B. Reactor Parameters 

Core Volume (liters) 40,050 
Core Dimensions (m) 

Equivalent Diameters 3.66 
Active Length 3.81 

Core Power Density (Mw/i) 0.095 
Coolant Flow Rate (Mg/sec) 20.66 
Coolant Inlet Temperature ( C) 296 
Coolant Outlet Temperature (°C) 327 
Primary System Pressure (psla) 2250 

C. Fuel Parameters 

Average Fuel Temperature (°C). » 688 
Maximum Fuel Temperature (°C)(C> 1882 
Cladding Temperature (°C) 342 
Core Fuel Loading (kg) 

Total Heavy MetalK» 
Fissile Material*0' 

102,775 
2100 

Discharged Exposure (MWD/TeM) 
U09 Core (Nominal) 
UOg Core (Optimized) 50,500 
U02 Core (Nominal) 30,400 

Conversion Ratio 
U0£ Equilibrium Cycle 0.67 

D. Other Relevant Data , 
Fuel Stack Density (gm/cnr) 

U02 Fuel 10.054 

NOTES: (a) Depends on architect-engineer. These values are for mechanical 
draft cooling towers. 

(b) Estimated Init ial core loading requirements. 
(c) Peak fuel temperature, centerllne at 100% power. 
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Survey 

Improvement Type 

1. Improved Fuel Management from 
Increased Burnup and more frequent 
refueling 

TABLE III-l 

of LWR Improvements 

Potential for 
Improved Uranium 
Utilization 

H 

Timeliness of 
Introduction 

N 

Ease of 
Backfit 

B/C 

2. Lattice Changes (pitch, rod dla-
meter, annular or diluted 
pellets) 

3. Enrichment Zoning/Blankets (axial 
or radial/natural or depleted uranium) 

4. Full Use of Early Batches of 
Startup Core (including fuel 
exchange between reactors) 

**» 5« Improved Reactivity Control 
** Designs (more uniform batch 

burnup, low leakage schemes, 
etc.) 

6. EOC Stretchout/Coastdown 
(Including pre-coastdown 
coolant temperature Increase) 

Potential for Improved Uranium Utilization 
H » High (>1W) 
N = Moderate (2-10%) 
L = Low (<2i) 

L/M 

M 

N/M 

N/M 

N/M 

C 

B/C 

B 

B/C 

Timeliness of Introduction 
H » Near-Term (through 1988) 
M « Medium-Term (1989-1999) 
L - Long-Term (2000 and later) 

Ease of Backfit 
Requires only A » Different operation of present reactors 

plus B * Different arrangement of fuel of current design 
plus C = Redesigned fuel 
plus D • Plant modifications which can be readily backfltted 



TABLE II1-2 

UO, Once-through Optimized Fuel Management Information 
c 1260 Mwe SSCR 

Average Capacity Factor, % 
Approximate Fraction of Core Replaced 
Refueling Interval, Years 
Form of Fabricated Fuel 

Out of Core Time for Recycle Fuel, Years 
Fissile Material Fabrication Loss, % 

Reprocessing Loss.*! 
UFfi Supply Loss, ltt,% 

J3°8 Requirements 
(b) 

I n i t i a l Core (Short tons/Gwe) 
Annual Equilibrium Reload (Shurt tons/Gwe) 
30-Year Cumulative (Short tons/Gwe) 

Separative Work Requirements 
In i t ia l Core (10J SWU/Gwe) , 
Annual Equilibrium Reload (1CT SWG/Gwe) 
30-Year Cumulative (1CT SWU/Gwe) 

Plutonium 1n Spent Fuel 
Annual Egullfbrium Discharge 

P U T 1 ™ <k9 (HM/Gwe) 
P u ioiAL ( ) l g H M / G w e ) 

30-Year Cumulative Discharge 
P U T J ™ <k9 HM/Gwe) pyFDTAL ( k g H M / f i w e ) 

Residual U-235 in Spent Fuel 
Annual Equilibrium Discharge 

(kg HM/Gwe) 
w/o U-235) 

30-Year Cumulative Discharge 
(kg HM/Gwe) 

75.0 
1/5 
1.0 
U02 Pellets with 

ZircaToy-4 Clad 

N/A 
0.50 
N/A 
1.0 

SSCR 
Optimized 

375 
145 

4580 

192 
94 

2920 

142 
210 

4120 
6090 

94 

0.62 

2730 

PWR(C) 

Standard 

408 
197 

6128 

212 
118 

3632 

178 
247 

5169 
7200 

220 

0.85 

6498 

PWR(C) 

Improved 

408 
165 

5196 

222 
113 

3488 

123 
185 

3592 
5390 

107 

0.71 

3105 

NOTE: (a) Includes losses from mining, milling 
and conversion to UFA 

(b) 0.2 w/o Tails ° 
(c) 1270 Mwe PWR 
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17MLF Mf-J 

Reactor Fresh and Spent Fuel Character iza t ion 

TYPI (General Insc r ip t ion) LiC^ CAJC.&-77t/t?/Y//<'>V SSr* 

QPTWZ€T> (WW/?/. /V/;/> /.S9T7-JCST J J- ssJm^ 
firtTC/i£A LV/Ttf £C, 4. <V /riftS/fr P/4C/ist*ee &*/"&**£.) 

Refuelint Method: On-line ; Batch 'X :(Refueling freguencyyun/ayft 

FuelhBmmably Charac te r i s t i c s : (where applicable) 

a) type : OxideX ; Metal ; Carbide ; 

b) weifht : ££T> k t 

c) l e n j t h : frc?/** » 

d) core load: 3tf-f elements or cas t (kg KX) : 

e) annual re load: ¥4? elements or mass (kg KM): 

Design burnup:•£"£. (r$Q (KWd/HT) discharge batch average 

Discharge fuel radiat ion l eve l : T/hour I 1 neter 
(also provide a curve of radia t ion level versus pool ing cioe N 
jol loving discharge) HZ'Jl/9 (u?/rr£H) <***& ZZL~3t& (4'4) 
Discharge fuel energy generation r a t e as a function of cooling time. 
'V/hr/ele&ent) - provide curve. JZT-3 

Heavy Eiesent Isotopic Content ( Ig/fuel e l e t en t ) *t discharge 

ISOTOPE fresh Fuel I l e - e n t 7resr. Tve_± J.Ijer-e^nt Fjscnarfre £ue_j__t_'-
i n i t i a l |pojhnD"rTu'=i 1 n i T i"a 1 ~ | e~c u i'l\lr f 

Pi scharfrd Fue_l_JEl e rvenj 
fuK 

Th-252 O 

"2T 
o 
o 

U-232 
U-23J 
U-234 

o 
o 
o 

S,3LC/ 
U-23S 
U-236 
U-23e 

wsmzzi 
Pw2J9 
Pu-240 
Pu-241 
Pu-242 
"XPTaT 
CB-242 

IS, Sty 

toc.tic 

c 
o o 
o 
o 
o 

223U2SL 
T U'**i''> 

0.37* 

COOL 

* Also provide graphs of fissile content (Pu and Ulvs Bumup (G*D/KT, 

zzr-^< 
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TABLE IV-1 

Spectral Shift Controlled Reactor R&D 

ASSUMPTIONS: Utilize basic PWR NSSS, convertible to poison control 
operation, fuel cycle development performed for LWR 

BASIC REACTOR DEVELOPMENT (LARGE PLANT 
DESIGN AND LICENSING) 

—Component RAD 

* T-H Tests 
* Valves 
* D?0 Upgrader 
* Refueling 

—Safety and Licensing 

* Data Development*1' 
* Licensing and SAR 

Estimated total costs are In 
the range of 50 to 250 million 
dollars. 

NOTE: (1) Assumes high burn-up fuel R4D already performed for LWR, 
otherwise this cost would be considerably higher. 
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TABLE IV-2 

SCHEDULE OF R&D FOR THE SSCR 

Cc.". *r.£r.I R S D 

Safety zro Licensing 

ci~o Construction (Backfit) 

Di~o Ccc-raticn 

8 10 12 14 
YE-.2S 



TABLE Vl-1 

Cost Estimate Summary for 1260 Mwe SSCR 
January 1978 Dollars 

Acct. No. 

20 

21 

22 

23 

24 

25 

26 

91 

92 

93 

Account Description 

Land and Land Rights 

Structures and Improvements 

Reactor Plant Equipment 

Turbine Plant Equipment 

Electric Plant Equipment 

Miscellaneous Plant Equipment 

Main Cond Heat Reject Sys 

Construction Services 

Main Office Engrg & Service 

Field Office Engrg & Service 

Total Costs 

PUR* Costs 

2,414,100 

122,364,600 

161,116,300 

134,330,600 

47,591,500 

14,247,200 

26,057,800 

84,532,600 

59,410,500 

34,546,700 

6ww,601,900 

SSCR Add-On Costs 

25,000,000J 

25,000,000 

Total Costs 

2,414,100 

122,364,600 

186,116,300 

134,330,600 

47,591,500 

14,247,200 

26,057,800 

84,532,600 

59,410,500 

34,546,700 

711,601,900 

NOTES: Includes $10,000,000 for plant modifications and $15,000,000 for heavy water upgrader. 
> 
PUR rated at 1270 Mwe; 10 Mwe used for RCPs and upgrader. 



TABLE VI-2 

Economic and Resource Parameters 
Used for~Spectral shift Controlled Reactor 

Nominal Capacity Factor, X 

U 30 8 Costs, S/lb. 

Separative Work, s/kg SHU 

Enrichment Tails Assay, w/o 

DgO Price, $/lb.* 

Reactor Plant Life, years 

Discount Rate, % 

Fixed Charge Rate, X 

Carry Charge Rate, % 

Fabrication, J/kg HM 

Throwaway Cost, $Ag HM 

Conversion, $/kg 

75 

40 near-term 100 long-tern 

80 

0.2 

80 

30 

4.525 

10 

8 

100 

115 

3.50 

*$80/1b used because D.0 not reactor grade. 
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TABLE VI-3 

CO 

Fuel Cycle Costs 
M1lls/kw-hr 

$40/1b U,0„ costs m/ 
l$100/lb U~Og costs)* ' 

Head-End Separative Fuel Disposal Head-End In-Core^ Back-End D„0- / Total Fuel 
Cycle Fabrication Uranium Work Charge Indirect Indirect Indirect Costs Cycle Cost 

uo2 
Optimized 
SSCR 

0.248 
(0.248) 

1.824 
(4.472) 

1.150 
(1.150) 

0.267 
(0.267) 

0.180 
(0.378) 

1.001 -0.015 0.657 5.312 
(1.973) (-0.015) 0.657 (9.130) 

NOTES: 
a) U30a ore price Increased from the near-term value $40/1b to the long-term value of $100/1b, presumably 

because of depletion of the lower cost reserves. 
b) Inventory charges Included. 
c) Heavy Mater Inventory cost based on 1.5 Reactor Coolant System volumes at 60% DgO. 

Capital and 0*M Costs 
(mllls/kwhr) 

SSCR 

04M m 1.03 
Capital Cost*1 ' 10.41 

(1) Based on capital cost of $684/KWe (Including IOC). 
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CEDM-- . 

UGS 
SUPPORT PLATE 

CEA FULLY 
WITHDRAWN 

UGS ASSEMBLY 

UGS BASE PLATE 

(76.20 cm) 

30" ID 
INLET NOZZLE 

CONTROL El f MENT 
SHROUD TUBES 

150" (381 en] 
ACTIVE 
CORE 
LENGTH 

CEA EXTENSION 
SHAFT 

CEA SHROUD 

SNUBBER 

CORE STOP 

FLOW SKIRT 

OUTLET PLENUM 

42" ID 
OUTLET NOZZLE 

FUEL ASSEMBLY 
ALIGNMENT PLATE 

FUEL ASSEMBLY 

CORE SUPPORT 
BARREL 

CORE SHROUD 

LOWER SUPPORT 
STRUCTURE 

N-CORE 
NSTRUMENTATION 

NOZZLES 
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