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HTGR ONCE-THROUGH 

I . Introduction 

The International Fuel Cycle Evaluation (INFCE) Is 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 

energy. In order to limit the availability of nuclear materials from which 

weapons can be constructed* i t is desirable to fuel the reactors located 

throughout the world with nuclear fuels which are inherently unsuitable for 

direct ut i l i ty In weapons—either low enriched uranium fuel or Uranlum-233 

Isotopically denatured with Uranium-238. At the same time, i t is recognized 

that the benefits of nuclear power are limited by the size of the uranium 

resource base and by the efficiency with which that base can be util ized. 

In this context, the High Temperature Gas Cooled Reactor (HTGR) is of poten

t ia l interest because of a unique combination of characteristics. In the 

HTGR, the al l ceramic low power density core, coated particle fuel design, 

and the gas cooling combine to provide high neutron economy, fuel burnups and 

thermodynamic cycle efficiency. These characteristics, as will subsequently 

be discussed in turn, result In good fuel utilization and fuel cycle economics 

for the HTGR operating on a medium* enriched uranium-thorium (NEU-Th) core In 

the once-through mode. 

Although the use of highly enriched uranium In any commercial reactor would 

be clearly undesirable because of the associated proliferation vulnerabilities, 

the optimum HTGR fuel cycle from a resource efficiency standpoint 1s the highly 

*MEU 4s m U-235 or 12* U-233. 
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enriched uranium thorium (HEU/Th) cycle. As the permissible enrichment 

level decreases, some penalty 1s Incurred In resource requirement relative to 

the HEU cycle. However, at an enrichment of 20X the MEU/Th core HTGR 1s a 

very resource efficient system, as shown by I ts 30-year net total U30Q require

ment of 3890 ST/GUe for the optimum once-through core. (See Table IV-1). 

Therefore, because the fuel utilization and fuel cycle economics are s t i l l 

good, and potential Improvements In the nonprollferatlon characteristics of 

the MEU-Th HTGR are evident, this paper presents preliminary technical and 

economic data to INFCE for a reference HTGR steam cycle plant-design with a 

MEU-Th core operating on a once-through fuel cycle. Two MEU/Th fuel cycle 

cases are discussed. One called "Current MEU/Th design" Is based upon 

minimum changes from the HEU/Th design, that Is , using the same basic fuel 

(21 
block design and fuel technology. ' A second design, called "Optimized 

MEU/Th" Is based upon senri-annual refueling and upon Improvements which 

require some extension of materials or core technology. Data for a Low 

Enriched Uranium System are also Included. For once-through fuel cycles, 

however, the Medium Enriched Uranium Thorium (MEU 235/Th) fueling 1s preferred 

over the Low Enriched Uranium (LEU)* fueling, In terms of both resource 

(31 

efficiency and fuel cycle economics. ' Programs to develop Improved once-

through fuel cycles for the HTGR steam cycle (HTGR-SC) are currently underway 

1n the U.S. 

•The enrichment for an LEU cycle Is about 101 for the HTGR. 
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II. Summary and Conclusions 

The HTGR, because of a unique combination of design characteristics, Is a 

resource-efficient and cost-effective reactor. In the HTGR, the low power 

density core, coated particle fuel design, and gas cooling combine to provide 

high neutron economy, fuel burnup and thermodynamic efficiency. 

The uranium resource requirements for the current MCU/Th cycle with annual 

refueling results In a 30-year net U,0g requirement of 4280 ST/GWe. The basic 

design of the HTGR refuel tag scheme, whereby only selected regions of the core 

need be accessible during each refueling, makes fuel utilization Improvements 

through semi-annual refueling an acceptable alternative In terms of plant 

availability. This alternative reduces the 30-year U-Og requirement by about 

9%. Additional resource utilization Improvements of 10* could be realized by 

Improved fuel management techniques. 

In addition to Improvements achieved In reactor technology, uranium utilization 

can also be Improved by reducing the U-235 content In the depleted uranium 

(tails) produced by the isotope separation faci l i ty . If the Advanced Isotope 

Separation Technology program, currently under development by the United 

States, results in a lowering of the tails assay from 0.20 w/o to 0.05 w/o the 

uranium feed requirement for MCU/Th cycles would be further reduced by 22%. 

A total Improvement of 41% over the already relatively low 4280 ST/GWe net 

lifetime U,0g requirement would result 1n a 2525 ST/GWe 30-year yet U-O-

requirement If all of the potential Improvements were realized. 
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I I I . System Design and Perforaance Data 

The HTGR-SC Is typically characterized by an al l ceramic prlsaatlc block 

core, coated particle fuel, helium coolant and containment of the primary 

system coMponents In a prestressed concrete reactor vessel. 

General reactor performance specifications for the reference HTGR-SC lead plant 
(4) 

used In this report ire sumrlzed In Table I I I - l . The plant has a core 

therml power of 3360 MHt and a net electrical power output of 1332 HMe. The 

power generation cycle 1s Illustrated In Figure I I I - l . The NSSS arrangement 

Is shown In Figure I I I - 2 . 

The active core Is made up of vertical columns of fuel elements grouped Into 

fuel regions. Each region of fuel elements rests on a large graphite core 

support block and Is located directly below a refueling penetration that 

houses a control rod drive assembly* Within the center column of each 

region, two parallel channels through the Individual top reflector and fuel 

elements (Figure I I I - 3 ) are provided for Insertion of two control rods. A 

third channel Is provided within each center column for the Insertion of 

reserve shutdown absorber material. 

The HTGR core zoning description showing the four fuel segments (A, B, C, & 

D) for the current once-through MEU/Th cycle 1s given In Figure I I I - 4 . All 

refueling regions designated as Segment A are replaced at the f irst refueling, 

Segment B at the second refueling, etc. All fuel columns have eight fuel 

elements In the axial direction. 

The HTGR utilizes both radial and axial zoning to achieve the desired power 

profiles. The radial and axial zonlngs are accomplished by varying both the 
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Table III-1 

General Reactor Performance Specifications 

Power Plant Performance 
Thermal Power (MH) 3360 
Electrical Power (MM) 

Gross 1360 
Net 1332 

Therm! Efficiency (%) 39.6 

Reactor Parameters c 
Core Volume (Liters) 4.706 x 10° 
Core Power Density (NM/L) .0071 
Core Height (M) 6.34 
Number of Enrichment Zones 1 
Coolant Flow Rate (Mg/sec) 1.66 
Coolant Inlet Temperature ( C) 320 
Coolant Outlet Temperature ( C) 750 
Primary System Pressure (MPa) 5.38 
Total Primary System Pressure Drop (MPa) 0.12 
Number of Fuel Elements 5288 

Secondary System Parameters 
Haln Steam Flow (Mg/sec) 1.17 
Steam Generator Outlet Temperature ( C) 513 
Steam Generator Outlet Pressure (MPa) 17.43 
Reheater Steam Flow (Mg/sec) 1.16 
Reheater Outlet Temperature (°C) 540 
Reheater Outlet Pressure (MPa) 4.35 
Feedwater Temperature ( C) 207 

Major NSS Dimensions; 
Containment Diameter (M) 43.6 
Overall PCRV Diameter (M) 34.0 
Overall PCRV Height (M) 27.1 
Core Cavity Diameter (M) 13.3 
Core Cavity Height (M) 14.8 
Steam Generator Diameter (M) 4.1 
Core Auxiliary Heat Exchanger Diameter (M) 2.3 
Number of Control Rod Drives 91 
Number of Fuel Columns 661 
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fertile (thorium) and fissile (uranium) fuel particle concentrations in the 

various zones. Variable uranium enrichment zoning schemes are not currently 

utilized. 

The balance of plant is conventional 1n nature but designed for the HTGRs 

high thermal efficiency and modem steam conditions. 

The design evolution of the HTGR-Steam Cycle plant has progressed through the 

Peach Bottom and Fort St. Vraln reactors to commercial size units, which 

formed the basis for the active projects such as the Summit and Fulton plants 

prior to 1975. Following the cancellation of these active projects, a Lead 

Plant optimization program was Initiated and completed to design a standard 

HTGR for potential commercialization. 

The Lead Plant design described above differs slightly from the 3000 MW(t) 

Fulton configuration which served as the basis for the original General 
(51 

Atomic Standard Safety Analysis Report*' application. Changes made during 

the Lead Plant Optimization program were primarily directed toward plant 

simplification and cost reduction. They include: 

o Power Increase from 30OO to 3360 MW(t). The reactor power was Increased 

to take advantage of the maximum size which could be matched to a single 

turbine/generator unit, In order to minimize total power generation 

costs. 

o Lower Power Density. In keeping with generally increasing uranium 

prices, a trade-off of increased plant costs with decreased fuel cycle 

costs was necessary to minimize total power generation costs. This 
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was done through decreasing the reactor power density from 8.4 to 7.1 

watts/cc. 

o Radial Gas Flow Reheater. A radial flow steam reheater design replaced 

the U-tube design of the earlier 3000 MU(t) plant. The radial design 

provides for a significant cost reduction because (a) tube stresses 

are significantly reduced within the same physical envelope, thereby 

allowing a weight reduction, (b) the tube supports and flow shrouds can 

be simplified, and (c) the design 1s less sensitive to materials temper

ature limits and thermal cycling constraints. 

o Assymmetrlc Steam Generator Location. In place of a symmetric layout 

of the steam generators around the periphery of the core, an assymmetrlc 

arrangement of the six modules was Included. With the six steam gener

ators placed closely together, and three auxiliary cooling loops also 

clustered, piping costs were reduced and separation of safety and 

non-safety related piping was enhanced. 

o Integrated PCRV Support. The PCRV support and reactor containment 

building foundation are Integrated Into one structure which Incorporates 

a circular compartment beneath the PCRV 1n which the major steam and 

feedwater piping are routed together thus reducing pipe length, the 

number of pipe restraints, the number of major piping penetrations, the 

pressure drop between the PCRV and Turbine Generator and the pipe 

rupture effects on the containment building. Overall cost savings 

result from the change. 

o Grade Level Containerized Fuel Storage. With a modified fuel storage 

system, storage 1s accomplished by enclosing 'uel and reflector elements 

11 



In fuel shipping containers. These containers, loaded with elements, 

are stored In a grade level storage faci l i ty . The storage facil i ty 

provides cooling for the fuel elements via a pool system similar, in 

many aspects, to a l ight water fuel storage pool. The storage system 

provides two major benefits over previous HTGR storage systems; f i rs t , 

the system Is simpler to construct and uses existing storage pool tech

nologies. Second, the system can be readily expanded to accommodate 

extended fuel storage with minimal building Impact. 

Although not util ized In this report, current studies Indicate additional 

changes may be made In a future HTGR plant design. These are generally 1n 

the areas of plant size and simplification and Increased plant availability, 

and include: 

o Power Level. A change In overall power level of two-thirds Is more 

responsive to ut i l i ty preferences. The 2240 MW(t)/875 MW(e) design 1s 

Intended to allow for a wider range of ut i l i ty applications while not 

requiring large generating reserve margins. 

o Core. The core would have to be scaled down In accordance with the 

proposed overall power reduction. The changed core size requires the 

addition of control rods In some reflector components to achieve satis

factory power shaping. 

o Primary Coolant Pressure. As a result of the optimization program, an 

Increase 1n primary system pressure from 780 to 925 psla Is recommended. 

This allows for Increased heat transfer capabilities and lower helium 

flow rates. A relatively smaller steam generator 1s required for a 

given heat transfer load. 

12 



o Number of Steam Generators. The number of steam generators would 

be reduced from six to four, thus maintaining the heat duty per steam 

generator, and reducing the complexity of control and protection. 

o Steam Cycle. If steam reheat Is retained, the hellurn-to-steam reheater 

as an Integral bundle In the Lead Plant PCRV steam generator cavities 

would be eliminated and replaced with a steam-to-steam reheater. This 

change was recommended to reduce plant complexity and Increase overall 

availability. The elimination of the gas reheater simplifies overall 

plant control by obviating the need for main bundle/reheat bundle 

balancing. Also, simplifications in piping and piping penetrations to 

the containment are realized. 

o Main Helium Circulators. The steam turbine driven main helium circula

tors located at the top of the steam generator cavity 1n the PCRV are 

recommended to be replaced with electric motor drive circulators In 

separate cavities, connected to the steam generator cavity by additional 

internal ducting. Overall plant control would be simplified and changed 

accordingly. 

o Lower Plenum Temperatures. The lower core plenum outlet temperature 

would be reduced from 1366°F to 1266°F. This reduction Is based on 

added design conservation from the HTGR design simplification program. 

The temperature reduction affects lower core components, steam generator 

components, and fuel performance margins, while maintaining the steam 

temperature of 1000°F. 
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As noted previously, the above recommended changes are part of a continuing 

U.S. program to Improve the commercial prospects of the steam cycle HTGR. 

However, for purposes of establishing a more detailed data base, the HTGR 

design previously described, has been util ized in this INFCE paper. 

IV. Fuel Management Information 

The key fuel management Information, Including resource requirements and fuel 

element isotopic data for the MEU/Th once-through cycles, is summarized in 

Tables IV -1 , IV-2, IV-3, and IV-4 which Include for comparison purposes the 

key fuel Management information for the LEU once-through cycle. 

The MEU/Th cycle employs 20 w/o enriched uranium and a four year lifetime, 

which is optimum at the power density of 7.1 w/cc. The LEU cycle employs 

-vlO w/o enriched uranium and a three year lifetime. The LEU cycle optimizes 

at the shorter fuel lifetime primarily because the in-sltu Pu bred from LEU 

fuel competes less effectively in extending fuel burnup than the Pu/U-233 

bred from MEU/Th fuel . The favorable U30« requirement for the once-through 

fuel cycles in the HTGR results primarily from the high thermal efficiency 

(39.6i) of the HTGR shown In Table I I I - l . The other major factor contributing 

to the good ILOg requirement in these once-through cycles Is the high fuel 

burnup (111000 to 130000 MWD/MTHN) achieved. 

In thermal reactors, the use of thorium based fuels results In higher f issile 

Inventory requirements than the use of LEU fuels because the thermal absorption 

cross section of Th-232 is about 2.7 times larger than that of U-238. The 

high burnup in HTGR fuel is made possible because of the high In-sltu 

14 



Table IV- l : Fuel Cycle Parameters 

Average Capacity Factor, % 

For* of Fuel 

Fraction of Core Replaced/ 
Refuelling Interval 

Enrichment Plan Tails Assay, % 

Core Power Density, U/CC 

C/HH Ratio ( In i t ia l Core/ 
Equilibrium Reload) 

Fuel Rod Diameter, cm 

Average Fuel Temperature, °C 

Maximum Fuel Temperature, °C 

Core Fuel Loading, KG/GWe 
( Init ial Core/Equilibrium 
Reload) 

Total Heavy Metal 
Fissile 

Discharge Exposure NWD/Mg -
Heavy Metal Charged 

Average 
Peak 

Conversion Ratio 
Beginning of Life 

(BOC Init ial Core) 
After Equilibrium 

Fuel Loading 
Average During 

Equilibrium 

Current 
MEU/Th 

75 

Oxide or 
Carbide 
Coated 
Particles 

,25/yr 

0.2 

7.1 

270/380 

1.17 

880 

1350 

Optimized 
MEU/Th 

75 

Oxide or 
Carbide 
Coated 
Particles 

.125/6mo 

0.2 

7.1 

290/350 to 420 

1.25 

880 

1350 

LEU 

75 

Oxide or 
Carbide 
Coated 
Particles 

.333/yr 

0.2 

7.1 

400/450 

0.8 

880 

1350 

30600/5360 
1350/57f 

130000 
165000 

0.59 

0.48 

0.54 

29000/3060 
993/258 

119000 
150400 

0.66 

0.52 

0.56 

21400/6050 
1049/610 

111000 
140000 

0.46 

0.44 

0.48 
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Table IV-L: Fuel Cycle Parameters - (cont'd) 

ILOp Requirement, ST/GWe 
JlRltia1 Core 
Equilibrium Annual 
30 year total 
30 year cumulative, net* 

Separative Work Requirement, 103 SWU/GWe 
Ini t ia l core 
Equilibrium annual 
30 year total 
30 year cumulative, net** 

Annual Discharge, Kg/GWe 
Pu fissile 
Pu total 
U-235 
Bred U-233 
U total 
Th total 

30 year Cumulative Discharge, Kg/GWe** 
Pu fissile 
Pu total 
U-235 
Bred U-233 
U total 
Th Total 

Current 
MEU/Th 

340 
144 

4510 
4280 

309 
131 
4100 
3910 

29 
59 
47 
64 

2260 
2290 

950 
1990 
2010 
2070 
75230 
75830 

Optimized 
MEU/Th 

250 
131 

4100 
3890 

227 
119 

3730 
3550 

20 
44 
26 
78 

2100 
3220 

660 
1430 
1285 
2550 
70900 
107400 

LEI 

258 
164 

4910 
4790 

193 
138 

4080 
4000 

48 
88 
62 
0 

5230 
0 

1525 
2780 
2310 

0 
168800 

0 

*The 30-yr cumulative net Is equal to the 30 year total less a credit for the U-0-
and SUU savings due to the reuse, a t the end of plant l i f e , of partially consumed 
fuel In other HTGRs (fuel with 1 year or more unused burnup). 

"The 30-yr cumulative discharge Is the sum of 30 annual discharges plus the 
partially consumed heavy metal In the reactor at the end of plant l i f e . 
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Table IV-2 

Reactor Fresh and Spent Fuel Characterization 

TYPE (General OescHptlon) HTGR Once-Through Fuel Cycle MEU/Th c:HM 270/380 

Refueling Method: On-line ; Batch _X_; (Refueling frequency 1 year) 

Fuel Assembly Characteristics: (where applicable) 

a) type: Oxide _X_; Metal ; Carbide JC_; 

b) weight: 100 kg 

c) length: ^̂ 79 m 

d) core load: 30.600 mss (kg HM)/GM(e) 

e) equilibrium reload: 5360 n s s (kg HM)/GU (e) a t 75% CF 

Design burnup: 130.000 (Mwd/MT) discharge batch average. 

At 90 days, the dose rate at one Meter in a i r Is 5000 Rem/hr. 

Heavy Element Isotopic Content (Kg/fuel Element) 

ISOTOPE 

Th-232 

U-232 
U-233 
U-234 

U-235 
U-236 

U-23B 

Np-237 

Pu-238 
Pu-239 
Pu-240 

Ai-241 
Pu-242 

Am-241 
Cm-242 

Fresh Fuel Element 
Initial 

6.0 

0.34 

1.37 

m 

0 

* 

m 

eoulHbriuM 
2.5 

4 * 

.58 

2.34 

tm 

m 

' 

-

Discharged Fuel Element 
initial 

5.6 

7.0xl0"5 

.14 

.03 

.03 

.05 

l.Z 

.005 

.003 

.012 

.008 

.006 

.008 

-

equilibrium 

2.3 

2.9xl0"b 

.07 

.01 

.05 

.08 

2.1 

.009 

.004 

.020 

.013 

.010 

.012 

-
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Table IV-3 

Reactor Fresh and Spent Fuel Characterization 

TYPE (General Description) HTGR Once-Through Fuel Cycle (Optimized HEU/Th) 

Serf-Annual Refueling 

Refueling Method: On-line ; Batch X ; (Refueling frequency 6 wo.) 

Fuel Assembly Characteristics: (where applicable) 

a) type: Oxide JC_; Hetal ; Carbide J_; 

b) weight: 100 kg 

c) length: (h8 at 

d) core load: 29.000 mass (kg HM)/GW(e) 

e) equilibrium reload: 3060 MSS (kg W)/GH ( e ) at 75* CF 

Design burnup: 119,000 (Mwd/MT) discharge batch average. 

At 90 days, the dose rate at one Meter In air Is 5000 Ren/hr. 

Heavy Element Isotopic Content (Kg/fuel Elenent) at discharge 

ISOTOPE 

Th-232 

U-232 
U-233 
U-234 

U-235 
U-236 

U-236 

Np-237 

Pu-238 
Pu-239 
Pu-240 

Pu-241 
Pu-242 

Am-241 
Cm-242 

Fresh Fuel Elenent 
initial 

6.01 

v 

« 

.25 

1.60 

-

« 

«» 

m 

eau1l1br1un 

3.51 

-

.52 

2.09 

-

• 

m 

m 

01 scharged 
Initial 

5.55 

7.0 X 10"5 

.117 

.031 

.014 

.036 

0.89 

.004 

.002 

.007 

.005 

.004 

.006 

-

Fuel Elenent 
equilibrium 

3.25 

4.2 x 10"5 

.080 

.017 

.041 

.076 

1.92 

8.9 x 10"3 

.004 

.018 

.012 

.009 

.012 

* 
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Table IV-4 

Reactor Fresh and Spent Fuel Characterization 

TYPE (General Description) HTGR Once-Through Fuel Cycle (LEU) 

Refueling Method: On-line ; Batch _X_; (Refueling frequency 12 mo.) 

Fuel Assembly Characteristics: (where applicable) 

a) type: Oxide _X_; Metal ; Carbide ; 

b) weight: 100 kg 

c) Length: OJJ m 

d) core load: 21.400 mass (kg HM)/GW(e) 

e) equilibrium reload: 6.050 miss (kg HM)/GW( . at 75% CF 

Design burnup: 111.000 (Mwd/MT) discharge batch average. 

At 90 days, the dose rate at one meter In air Is 4000 Rem/hr. 

Heavy Element Isotopic Content (Kg/fuel Element) at discharge 

ISOTOPE-

Th-232 
U-232 
U-233 
U-234 

U-235 
U-236 

U-238 

Mp-237 

Pu-238 
Pu-239 
Pu-240 

Pu-241 
Pu-242 

Am-24i 
Cm-242 

Fresh Fuel Element 

Initial 
0.0 
0.0 
0.0 
0.0 

0.264 
0.0 

5.12 

m 

m 

m 

-

equilibrium 

0.0 

0.0 
0.0 
0.0 

0.463 
0.0 

4.1Z 

-

-

m 

• -

Discharged 

ini t ia l 

0.0 

mm 

.027 

.038 

4.7Z 

.004 

.002 

.025 

.019 

.013 

.015 

* 

Fuel Element 

equilibrium 

0.0 

m* 

.050 

.062 

3.85 

.007 

.002 

.020 

.015 

.Old 

.013 

: 
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utilization of i ts bred U-233, in the coated particle fuel. For this reason 

the U30„ requirement for the MEU/Th once-through cycle Is lower than the Û Dg 

requirement for the LEU once-through cycle. The high burn-up achieved, permits 

the superior neutronlc properties of U-233 relative to plutoniun in a thermal 

spectrum to be effectively utilized to reduce uranium make-up requirements. 

Not only does the use of MEU/Th fuel rather than LEU fuel in the once-through 

cycle provide resource and economic benefits, the use of MEU/Th fuel also 

provides a benefit in the event that the denatured U-233/Thorium Fuel Cycle 

Is deployed at some future time. (The use of denatured U-233/Th fueling in 

various reactors is presented in companion papers presented to IMFCE.) The 

use of the LEU fuel option for the once-through fuel cycle leads to plutonium 

production during the Irradiation and significant quantities of plutonium are 

present in the spent fuel. To ultimately obtain U-233 for use in the denatured 

* U-233/Th fuel cycle, this plutonium would need to be recovered by reprocessing 

the spent LEU fuel and then burned in a reactor in the presence of thorium. 

On the other hand, through the use of the MEU/Th fuel option for the once-

through cycle 1n the HTGR, U-233 will be produced during Irradiation and 

significant quantities of U-233 will be present in the spent fuel . The use 

of MEU/Th fuel in the once-through cycle in HTGRs thus permits the production, 

prior to the deployment of fuel reprocessing, of significant quantities of 

U-233 for potential later use 1n a denatured U-233/Th fuel cycle whilst not 

suffering resource or economic penalties. 
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Figure IV-1 provides a schematic diagram of the facilities required for the 

MEU/Th and LEU once-through fuel cycles in the HTGR. This figure also shows 

typical values for the equilibrium cycle mass flows. The components for the 

fuel cycle consist of an enrichment facility, a fabrication facility, the 

reactor, and the spent fuel storage facility. 

The basis for improvements In the MEU/Th cycle beyond the current design are 

described in the following paragraphs. The current MEU/Th desiqn 1s based 

simply on replacing the fuel rods in the earlier HEU/Th design of reference 4 

with MEU/Th rods and keeping the same fuel management scheme as the HEU/Th 

recycle case ( i .e . replacing 1/4 core annually). " ' The coated fuel 

particles are designed to the same materials and performance limits (e.g., 

stress, thermal stability) as the earlier HEU/Th designs. 

The second case, the "Optimized MEU/Th" design, Is based upon modifications 

to the fuel particle and rod geometry and on a refueling time interval more 

optimum for MEU/Th fuel. The modifications in fuel particle and rod geometry 

are made to Increase the self-shielding of the U-238 resonances in the 

denatured uranium. When the neutron capture In U-238 Is decreased, a 

corresponding Increase In thorium loading 1s allowable, while a criterion for 

meeting full power reactivity over the full time period of the cycle is sti l l 

met. The U-238 and Th 232 essentially compete for neutron captures. A 

heavier thorium loading results 1n an Increased proportion of fissions In 

bred U-233, which 1s the most efficient fissile Isotope in a thermal reactor. 

The physical means for making the fuel geometry Improvement is to use slightly 

thinner coatings on the fuel particles and Increase the U-238 loading per rod, 
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Figure IV-1 

Fuel Cycle Facilities for MEU/Th and LEU Once-Through Fuel Cycles 
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thereby reducing the effective resonance cross section of the U-238 In the rod 

( I . e . , reduce the fraction of U-238 atom available to resonance energy neutrons). 

The shortening of the refueling interval is accomplished by increasing the 

nutter of fuel segments (batches) from four to eight in order to replace 1/8 

of the core every six months instead of 1/4 of the core annually. Increasing 

the number of fuel segments improves resource utilization by reducing both 

the requirement for burnable poison and the core average fission product 

inventory at end-of-cycle (for a given batch average discharge burnup). The 

reduction In U.Og requirements for the optimized NEU/Th once-through cycle 

attained by semi-annual refueling Is 9% over a 30 year period relative to the 

Current NEU/Th case. The basic design of the HTGR refueling scheme, whereby only 

selected regions of the core need be accessible during each refueling, makes semi

annual refueling more acceptable In terms of plant availability. The added 

down-time for semi-annual refueling is expected to reduce the plant availability 

by about 2%, A longer term goal on refueling schemes for HTGRs may include 

on-line refueling for prismatic cores, as now used in the Pebble Bed reactors. 

There are additional Improvements in HTGR fuel design and management beyond the 

semi-annual refueling case which are attainable over a longer period ( I . e . , 

by about the year 2000) and which require further developments In technology. 

These would provide an additional Improvement of about 10* in uranium savings. 

A brief discussion of each of these improvements 1s given below. 

1 . Reoptlnrize Fuel Lifetime 

A longer fuel lifetime reduces the U-Og requirements because of the higher 

average exposure of the fuel. However, a combination of longer lifetime 
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and relatively high power density causes a competing mechanism which 

lowers the conversion rat io. There Is a hardening of the thermal spectrun 

of neutron energy because of higher fuel loadings needed to achieve the 

longer lifetime. At the reference power density of 7.1 w/cc the U-Og 

consumption for the MEU/Th cycle 1s nearly optimum with a 4 year fuel 

lifetime. However, an Increase to 6 years lifetime, when combined with a 

power density change to 6 w/cc, would allow the conversion ratio to be 

kept above about 0.55 and would attain a U-Og savings of about 5%. This 

change would require the qualification of Improved fuel materials which 

can tolerate higher fast neutron f'.uences and longer times at peak 

operating temperatures. 

2. Improved Reactivity Control Designs 

About 5% to 10% of the neutrons are lost to burnable poison and control 

rod materials during an annual operating period. Reduced calculatlonal 

uncertainties and Improvements in the placement of boron-carbide poison 

wafers would permit reductions in the total burnable poison loaded. 

Additional Improvements could be realized by replacing a fraction of the 

control rods from the core Interior with rods of thorium and moderator 

materials that could be moved 1n and out of the core. Also control rods 

could be added to the side reflectors adjacent to the core. Control 

rods 1n the reflectors are used extensively In the German Pebble Bed 

reactor designs. Improvements 1n reactivity control offer the potential 

for savings of about 1% In uranium consumption. 
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Axial Shuffling of Fuel Blocks 

In the MEU/Th once-through cycle fuel loading pattern, the fuel 

elements in the lower naif of the core have a higher ratio of thorium 

to uranium because of the requirement to shape the power 1n the upper 

end of the core where the coolant enters. Thus, more U-233 Is bred In 

the lower elements and this U-233 could be mre fully utilized through 

an axial shuffling scheme. The U-233 bred In the bottom layers of the 

core would be burned aore completely when roved to a higher flux region. 

Reduction In U~0g requirements attainable with this option Is expected 

to be on the order of 21. 

End-of-Cycle Coastdown 

Because of the gain In reactivity associated with a reduction In power 

density (which results from the lowering of the Xe-135 and Pa-233 

concentrations), the cycle length can be extended by allowing the power 

to decrease. I f the ut i l i ty 1s willing to allow power output to drop to 

75% of the plants rated power, the reduction In uranium requirements 

would be significant (3%). Although the UjOg savings can be significant 

In the years when coastdown Is accepted, a ut i l i ty company would not 

plan for coastdown as an annual event because of the reduced return on 

the capital value of the power plant. The reactor operator would have 

to order higher f issi le loading for the refueling following a stretched 

coastdown. Therefore, the total uranium savings over the plant l i f e are 

small (<1%). 
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5. Full Use of First Core Fuel Elements 

The Ini t ia l core of the current MEU/Th fueled HTGR contains four fuel 

segments (or batches) containing approximately equal numbers of fuel 

elements. Three of the four segments of fuel In the f i rs t core achieve 

lower burnups than the remaining segment and al l subsequent reloads. I f 

power distribution problems can be overcome by improved fuel materials 

thermal l imits, uranium util ization could be Improved i f these early 

segments were reinserted for additional Irradiation either In later cycles 

or In the Init ial core of another HTGR. Reduction In ILOg requirements 

attainable by this Improvement option 1s about 1 percent when averaged 

over the plant lifetime. 

Advanced Isotope Separation Program 

In addition to Improvements achieved through the advances In reactor technology 

d1cussed above, uranium util ization can also be Improved by extracting more 

of the fissile U-235 content from natural uranium. This would be accomplished 

by reducing the U-235 content of the depleted uranium (tai ls) produced by the 

Isotope separation faci l i ty . Lowering the tails assay Improves the uranium 

utilization of all reactors employing enriched fuel, but to a greater extent 

for reactors using higher enrichment levels. For example, for a product 

enrichment of 20 w/o, which Is employed 1n MEU/Th fuel , the uranium feed 

requirement would be reduced by 22% 1f the tails assay were reduced from 

0.20 w/o to 0.05 w/o. 

A substantial reduction In the tai ls enrichment, while wry effective In 

reducing U~0ft demand, 1s accompanied by a significant Increase In separative 
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work requirements. For example, i f the tails enrichment were reduced from 

0.20 w/o to 0.05 w/o, the separative work requirement for the MEU/Th once-

through cycle In the HTGR would Increase by about 65% based on centrifuge or 

gaseous-diffusion enrichment techniques. The additional isotope separation 

capacity needed to accommodate such a large reduction in the tai ls assay 

could employ one of the advanced concepts now being Investigated in the 

ongoing United States Advanced Isotope Separation Technology program.* I f 

this program is successful, such additional capacity might become available 

sometime after 1990. 

V. Technology Status and Development Requirements 

The HTGR system used as a basis a large amount of experience gained on 

gas-cooled reactors of a l l types. This experience has been made available to 

the HTGR technology program through several exchange agreements. Direct fuel 

design and operational experience has been gained from the British program 

(primarily Dragon) and the German AVR/THTR* ' program. Also, a formal R4D 

program has been ongoing with CEA In Saclay, France, for developing fuel and 

component scale test data for Inclusion In the US HTGR program. The evolu

tionary periods of the HTGR have included Peach Bottom, Fort St. Vraln, the 

cancelled commercial projects such as Fulton and Summit, the technology 

program for the lead plant design described 1n this paper, and improvements 

in that design 1n the current U.S. gas cooled reactor program, 1n conjunction 

with U.S. u t i l i t i es . * 6 * 

*For further Information, see U.fc. response to 1NFCE Working Group 2 
questionnaire on U.S. enrichment programs. 
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The Peach Bottom plant operated satisfactorily for seven years prior to shut

down, with an ongoing end-of-life surveillance program currently providing 

feedback to the HTGR R&D programs. The data being generated through this 

base program Include materials data primarily from steam generator tubes and 

other component samples, and from fuel element and fuel test element post-

irradiation examination. Graphite performance in terms of Irradiation 

stability and oxidation resistance are main areas of Investigation. 

The Fort St. Vrain plant, which is currently in its approach to full power 

stage, has provided significant technology directly applicable to the HTGR 

plant design in construction, fabrication and operation. 

For example, considerable difficulty was encountered on the Fort St. Vrain 

steam generators in fitting the outer shrouds to the heat transfer bundles 

without Interference between the shroud and tubes. (This is a problem 

common to most large helically colled steam generators.) For the lead plant, 

Increased outer shroud clearances have been obtained by modifications to tube 

design. 

Experience In areas such as the refueling penetrations and other major 

penetrations through the thermal barrier has provided Information on the 

complex heat transfer mechanisms In these areas. In particular, modifica

tions to the control rod drive assembly were made to reduce a bypass flow 

which resulted in hot helium reaching the refueling penetration liner. 

Detailed analyses have been made to check various hot spots adjacent to 

penetrations and to confirm the local concrete stress levels. 
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Experience with the circulator service system Involving accidental injection 

of bearing water Into the primary coolant and Inadvertant circulator trips 

under transient and low-power conditions has provided valuable systen per

formance data on which to Improve the lead plant design. Improvements have 

been made by providing a core auxiliary cooling system Independent of the 

mtln helium circulators, thus reducing the complexity of the service system. 

In the performance area, the preoperational tests and power operation to date 

have provided data which has been incorporated Into the Lead Plant system 

design. In particular, In the overall plant performance area, much has been 

learned regarding operation at part load and under transient conditions, the 

relationship between controls of the reactor system and of the plant secondary 

systems, and the responses to trip conditions. Other data has been gathered 

which has affected the design and/or development programs for the PCRV, the 

control rod drives, the neutron detection Instruments, the Region Flow Control 

Systems, the Fuel Handling system, the Primary Coolant system, the Main 

Circulator Service system, the Helium Purification system, the Plant Protec

tion system, the Overall Plant Control system, and the Data Acquisition and 

Processing system. 

In addition to that outlined above, several areas of the balance-of-plant 

have collected data which has been passed on to the Lead Plant Architect/ 

Engineer for the preliminary design. These areas Include bet^r analyses 

of heat losses of HVAC systems, space and accessibility requirements, 

problems of a centralized hydraulic valve operation system, service heat 
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exchanger tube degradation, advance planning of cabling and controls, pneumatic 

actuators on control valves, and several additional areas. 

As Identified above, the Peach Bottom End-0f-L1fe Program and the Fort St. 

Vraln Surveillance Program, along with data from cooperative programs with 

other countries will provide a large amount of data to be Incorporated In 

the HTGR Plant development program. Nevertheless, a significant amount of 

development 1s st i l l required to realize a commercially feasible system from 

the present technological status of the HTGR. 

Items requiring further technological development In the overall plant, Include 

steam generator and core auxiliary heat exchanger, Instrumentation and control, 

PCRV, Including liners, closures and penetrations, reactor Internals and thermal 

barrier, safety and reliability, systems engineering, components and materials. 

In the reactor core area, the program Includes fuel and graphite development, 

fission product/coolant chemistry, and fresh fuel process development. For 

example, 1n the fuels area, for the NEU/Th fuel cycle the primary development 

tasks are to qualify the relatively large diameter fissile coated particles 

and to carry out verification tests of large scale fuel elements In the Fort 

St. Vraln reactor and In materials test reactors. The fissile particle 

developed for the entire HEU/Th cycle consisted of a 200 m UC2 kernel with a 

220 ym TRISO coating. The neutronlcs of the NEU cycle favor a larger kernel 

diameter, therefore a fissile particle with a 350 urn diameter kernel Is being 

developed. The thermochenrfcal reactions between fission products and coating 

materials are somewhat different for the NEU fuel. The Integrity of the NEU 

coated particle may not be more limited than that of the HEU fuel Irradiated 
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in the past. However, this must be proven by extensive testing In order to 

establish the product specification and the basis for plant licensing. 

The cost of the ibove development program has been variously estimated to be 

between 300 and 450 million dollars. 

In addition to the above R&D costs, estimates In the range of 100 to 300 

million dollars have been made for engineering and flrst-of-a-klnd equipment 

costs for a f i rst large commercial HTGR steam cycle plant in the early 1990's, 

over and above what a ut i l i ty would normally Invest for a conventional nuclear 

power plant of the same capacity. The above costs of between 400 and 750 

million dollars, therefore does not Include the cost of related manufacturing 

faci l i t ies or ut i l i ty costs. Although development for the HTGR direct cycle 

and process heat applications have not been specifically Included In the above 

estimates, some technological benefit to these longer term HTGR concepts would 

accrue from the above HTGR steam cycle program. 

VI. Safety and Licensing Considerations 

The HTGR has Inherent characteristics which make the thermal response to 

transients very slow and which Unrit the potential for release during low 

probability accidents. These characteristics Include a large core heat 

capacity, low power density, exclusive use of refractory materials for the 

core, a single phase, Inert gas with a low stored energy content as the 

primary coolant and a structurally redundant concrete reactor vessel that 

encloses the entire primary coolant system. Accidents Involving core meltdown 

or total loss of coolant are pnyslcally Impossible. Although accidents 

involving overheating of the core or leakage of coolant can be postulated, 
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the releases associated with such accidents are Halted to a small fraction 

of the core inventory and occur on the time scale of days to weeks, more than 

sufficient to allow for Mitigating actions and evacuation of the nearby 

population. The impact of HTGR Inherent safety features has been quantified 

In the DOE-funded Accident Initiation and Progression Analysis study. 

The factors which Make potential accidents low In consequence suggest advantages 

In the areas of public acceptance of nuclear power, nuclear accident Insurance 

and enhanced siting flexibility. The latter Is an iMportant consideration 

for nuclear process heat, the economics of which are sensitive to assumptions 

regarding reactor siting. 

There have been two HTGRs licensed for operation in the U.S., Including a 40 

MH(e) prototype at Peach Bottom 1 and a 330 MW(e) demonstration plant at Fort 

St. Vrain that has been licensed to operate at 70% rated capacity to date. 

The Safety Analysis Reports for two commercial size plants at Summit and 

Fulton has been reviewed by the NRC and ACRS and limited to work authorization 

permits had been Issued prior to cancellation In 1975. At the time of cancel

lation, there were several outstanding licensing Issues that required resolution 

before issuance of an operating license. These included the in-service Inspec

tion program, ATWS, DV4S for prototype components, structural graphite design 

criteria, core seismic criteria and pre-operational vibration assessment. 

Subsequently, a standard safety analysis report (GASSAR) was submitted for a 

reference commercial size NSSS. Additional Issues were identified in the NRC 

review of GASSAR, Including thermal analysis codes for core cooling and 

selection of design basis accidents. A pre-application review by the NRC has 
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been requested for the current design. The unresolved Issues al l appear to 

Involve component design details which do not detract from the Inherent 

safety of the HTGR concept. 

V I I . Economic Information 

1 . Capital Cost 

Capital cost estimates for a 1332 HUe HTGR* are given by code of account 

In Table V I I - 1 . Base construction cost is about $566/kWe. Included In 

the estimates are the following: 

a. A fu l l complement of current local licensing and design cr i ter ia, 

based upon U.S. safety classifications, seismic classifications, 

and design codes. 

b. A single unit on a typical new site with sufficient land area to 

accommodate a second unit. 

c. Mechanical draft evaporative cooling towers for the main heat 

rejection system. 

d. An on-site fuel storage capacity for four-thirds of the total core 

loading. 

e. A design lifetime of 30 years of base-loaded operation. 

*Th1s estimate was derived from estimates in reference 8, which contains 
a comparative analysis of PWR and HTGR capital costs. The U.S. WG 8 INFCE 
papers on PHRs contain more recent estimates of PWR capital costs, and to 
ensure consistency, the HTGR estimates In reference 8 were updated so the 
relative PWR/HTGR costs In the INFCE9 papers are comparable with the rela
tive costs in reference 8. 
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Table VII-1 

HTGR EQUILIBRIUM PLANT 
CAMTAL COSTESTIMATE 

3360 MW(t) 
(1/78 $ Millions) 

DIRECTS AMOUNT 

Land and Land Rights 
Structures ft I^iroveaents 
Reactor Plant Equipment"' 
Turbine Plant Equipment 
Electric Plant Equipment 
Misc. Plant Equ1p«nt 
Main Cond. ft Heat Reject. Sys. 

S/T Direct 588.6 

INDIRECTS 

Construction Services 
Main Office Engineering and Service 
Field Office Engineering and Service 

S/T Indirect 

PLANT TOTAL 

TOTAL BASE CONSTRUCTION COST ($/KWe) 

( 1 includes NSS. 
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Items which are not Included 1n the plant capital cost are summarized 

In Table VI1-2. Ac Indicated In the table, Interest, escalation and 

contingency have not been Included In the capital cost tabulation. A 

contingency allowance has not been Included because, In the future, I t 

Is assimed that the widespread use of standard design will obviate the 

need for such an allowance. 

Before calculating the contribution of capital costs to the total cost 

of power generation the Interest payments during construction Must be 

added to the base capital cost of $566/kWe. Interest during construction 

will vary depending upon the length of tine required for construction, 

the schedule of payments during this period, and the cost of money 

(Interest). Assuming a 10-year construction period, the schedule of 

payments from Table VI1-3, and a "deflated" effective Interest rate of 

4.325% ( I .e . , with the historical effect of inflation removed) leads to 

interest payments during construction of 21% of the base capital cost, 

or a total capital cost of $680/kWe 1n January 1978 dollars. 

To determine total costs at a specified future date, the appropriate 

economic parameters used to determine capital and fuel costs should be 

escalated at the assumed rate of inflation. For example, for a plant 

delivered in 1990, the total plant capital cost, Including Interest and 

escalation, would be $1577/kWe In 1990 dollars, assuming an 8% Inflation 

rate and a 10% interest charge during construction. For an 8% inflation 

rate, a 1990 dollar Is worth only $0.40 relative to the current dollar 

value. 
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Table VI1-2 

Items Excluded From Capital Cost Estimates 

Main transformer, switchyard, and transmission facility costs 

Owner's costs, Including consultants, site selection, spare parts, etc. 

Off-site waste disposal costs 

Nuclear liability Insurance 

Initial fuel loading 

Interest during construction 

Escalation during construction 

Contingency allowance 
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UNIT 1 

Table VII-3 

HTGR EQUILIBRIUM PLANT 

XASJ r L < w * — 
(l/7rrNTrTTons) 

Year To Con—'1 Operation 

4 5 6 7 8 9 Total 

CUM I 100 95.0 86.0 66.0 42.0 23.3 10.5 4.3 1.4 100.0 
CM* $ 754.3 716.6 648.7 492.8 316.8 175.8 79.2 32.4 10.6 754.3 

•These costs are base construction costs only and do not Include escalation or Interest 
during construction. 



The unescalated capital cost component of power generation costs for the 

HTGR Is estimated to be 10.43 millsAwhr when Interest during construc

tion is calculated on the basis of the assumptions above, a 10% fixed 

charged rate, and a 75X capacity factor. 

2. Fuel Cycle Cost 

Thirty year levelIzed costs have been estimated for the HTGR fuel cycles 

based on the cost assumptions given In Table V I M . Table VI1-5 summarizes 

the results and gives a breakdown by the fabrication, depletion, shipping, 

and waste. 

3. Total Power Cost 

Table VI1-6 summarizes the levelIzed total power cost for the HTGR 

operating on the two fuel cycles and having an operational and mainten

ance cost of 0.8 orill/kwhr. 

V I I I . Environmental Information 

The environmental Impacts from an HTGR 1n terms of land area and radioactive 

emissions are generally the same as for other fission reactors. Multlreactor 

sites Involve controlled land areas of roughly 1000 acres although a typical 

1000 MWe HTGR will require the commitment of less than 200 acres of the site 

to Industrial-type use. Waste heat rejections and therefore cooling water 

requirements are minimized by the HTGR's high thermal efficiency. The 

radiological Impact from normal plant releases 1s also expected to be minimal. 

For example, under normal conditions tritium release to the environment from 

a large HTGR 1s expected to be less than 5 Cl/year, liquid radioactive wastes 

38 



Table VI1-4 Assumptions for Fuel Cycle Cost Estimates 

Once-Through Designs 

Current MEU/Th 

Optimized MEU/Th 

LEU 

KGS/FE 

5.58 

6.12 

4.88 

$/kg HM 
($/FE) 

FAB 

$625/kg 
($3490/FE) 

$585/kg 
($3580/FE) 

$670/kg 
(S3270/FE) 

SHIP 

UOO/kg 
(1560/FE) 

$100/kg 
(1610/FE) 

$100/kg 
(1490/FE) 

HASTE 

$230/kg 
(11280/FE) 

$230/kg 
(J1410/FE) 

$230/kg 
(IU20/FE) 

The economic and resource cost assumptions are summarized below: 

Capacity Factor, % 
Fabrication Loss, % 
Tails Assay, % 
Cost LevelIzlng Period, Yrs 
Assumed Startup Date 
SWU Costs, $/Kg 

U 30 8 Cost, $/lb U 30 8 

Th02 $/lb 

Discount Rate, % 
Working Capital Rate, % 

Economic and Resource Cost Assumptions 

75 
1 
0.2 

30 
1/95 
80 

$40 
$100 
$15 

4.5251 
8.0% 
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Table VII-S: 30 Yr. LevelIzed Fuel Cycle Costs 

Current MEU/Th 

Optimized MEU/Th 

LEU 

FAB 

.64 

.66 

.74 

ONCE-THROUGH 
(M/kMhr) 

Lou U30g 

DEPLETION 

4.05 

3.59 

3.99 

Value ($40/1 b) 

SHIP 

.07 

.08 

.08 

WASTE 

.16 

.17 

.19 

TOTAL 

4.92 

4.50 

5.00 

High U308 Value ($100/1b) 

Current MEU/Th 

Optimized MEU/Th 

LEU 

.64 

.66 

.74 

7.17 

6.35 

7.20 

.07 

.08 

.08 

.16 

.17 

.19 

8.04 

7.26 

8.21 
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CAPITAL COST 

FUEL CYCLE COST* 

0«H COST 
TOTAL 

Table VI1-6: Total Power Cost 
(M1l1s/Kw-Hft) 

LEU 

10.43 

5.56 (8.77) 

0.80 
16.74 (20.00) 

Current 
MEU/Th 

10.43 

5.26 (8.38) 

0.80 
1674? (19.61) 

Optimized 
MEU/Th 

10.43 

4.46 (6.96) 

0.80 
15.69 (18.19) 

*U308 at $40/1b and ($100/1b). 
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are expected to be less than 10 curies/year and Kr-85 gas release Is expected 

to be less than 10 curies/year. 

IX. Proliferation Resistance of the Once-Through Fuel Cycle 

The proliferation resistance of reactors operating In the once-through mode were 

addressed in U.S. Doc. 25. 
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LIGHT WATER SEED BLANKET REACTOR 

SYSTEM DESCRIPTION 

The Seed Blanket concept was originally considered during the fifties 

as a aeans of reducing the separative work required to fuel a light water 

reactor. If a small part of a natural uranium light water lattice is 

replaced by highly enriched uranium fuel the lattice will become critical. 

The amount of U-235 and the quantity of separative work needed to fuel such 

a core are less than what would be needed to fuel a conventional low enriched 

uranium reactor. The high enriched uranium region is called the seed and 

the surrounding larger natural uranium region is called the blanket. To 

achieve an additional reduction in the quantities of natural uranium and 

enrichment service required, such a reactor can be designed for geometry 

control with a moving seed region. If the seed blanket type core were 

to be used in existing PWRs, modifications would be required to accommodate 

geometry control and a possibly higher core pressure drop. 

A seed blanket light water breeder reactor and a light water seed blanket 

thorium burner reactor have been considered. Both these proposals 

make use of geometry control in order to regulate reactivity. In the 

breeder design, the blanket region contains less water so that the fission 

rate in the blanket region is relatively low and conversion of the fertile 

material into fissile material is relatively high. There is a low specific 

power in the blanket region. This limits the power production from this 

region to about 50%. In the burner design the water to fuel volume ratio in 

the blanket zone is higher than in the breeder design so that the conversion 

of fertile material into fissile material is lower, but the fissioning of 
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the fissile material produced in the blanket is higher. This higher in situ 

burning of the fissile material produced in the blanket results in about 

75Z of the total power being generated in the blanket. It has been 

estimated that the blanket fuel in the burner design could achieve an 

irradiation of 70,000 Mtfd/t. If this were to be achieved, it may not be 

worthwhile to reprocess it. 

ASSOCIATED FUEL CYCLES 

As with the previously described reactors, the light water seed blanket 

reactor could operate on a variety of fuel cycles. The first concept 

described earlier could use seed assemblies of highly enriched uranium and 

blankets of natural uranium, the object being to breed and burn Pu in situ 

in the blankets. The blankets would be irradiated to high burn-ups so 

there may be limited economic incentive to reprocess them. Seed assemblies 

would be replaced annually and would most likely be reprocessed to recover 

their fuel value. 

The light water seed blanket thorium burner concept is similar to the 

above except that thorium is utilized as the blanket fertile material and 

U-233 is bred and burned in situ. As above the blankets would be taken to 

high burn-ups and reprocessing would not necessarily be economically 

attractive. This cycle could use highly or medium enriched (207. U-235) 

uranium seeds. 

In the light water breeder reactor, breeding fuel cycles initiated with 

pure U-233 seeds and thorium blankets or with highly enriched uranium seed 

and thorium blankets have been considered. If the startup seed were U-235, 

It could gradually be replaced with U-233 as it is produced and recovered. 

The discharged fuel, as a whole, may contain almost the same quantity of U-235 
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The calculated reactor breeding gain is stated to be IX, which does not 

allov for reprocessing and refabrication losses. 

RESOURCE UTILIZATION 

A HEU/Th thorium fuel cycle chat has a very high conversion capability 

or.perhaps breeding potential has been under investigation in the Shippingport 

demonstration plant (50 W e ) since 1977. However, the resource utilization 

efficiency of thorium fueled light water seed blanket reactors is not yet 

known with gcod accuracy. 

TECHNICAL STATUS AND DEVELOPMENT HEEDS 

The Light Water Breeder Reactor using a seed blanket core is a feasible 

proposition only if the movable fuel assembly consisting of composite 

seed and blanket fuel becomes a viable means of reactivity control. 

Moreover, the breeding gain expected from theoretical analysis is very 

low. It should be noted that these estimates require empirical 

verification. Hence, demonstration of the geometry control of reactivity 

and of actual breeding in a light water reactor is an important step. 

This demonstration program is currently going on in the Shippingport 

reactor in which an'LWBR core has been loaded. Initial results from 

this experiment are expected by the end of 1979. The technology of the 

movable varying geometry fuel is a complex one and needs further development. 

The seed blanket reactor concept 1B basically an option which could not be 

commercially deployed until the next century. 

The concepts requiring the reprocessing of Th/U-233 would require R&D 

similar to that described for LWR Th cycles. 
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ECONOMICS 

The economics of seed blanket concepts have not been treated quantitatively. 

Capital costs would probably be higher than for PWRs because of requirements 

for geometry control, higher core pressure drop and lower overall power 

density. The fuel cycle costs are subject to the same uncertainties 

that exist for other thorium cycles. 

SAFETY AND ENVIRONMENTAL ASPECTS 

Although the concept is based on PWR systems, the use of geometry control 

and thorium fuels would require extensive licensing review. 

Potentially favorable safety aspects are a large negative temperature 

coefficient, because soluble poison would not be used for normal operation, 

and its inherent stability against xenon oscillations in a thorium cycle 

system. 

The environmental impacts would be similar to the LWR Th cycles, varying 

in proportion to the amount of materials produced and handled. 

NON-PROLIFERATION ATTRIBUTES 

The general non-proliferation attributes of thorium fuel cycles are 

discussed in detail INFCF/WG.8/USA/DOC.23. 

No additional specific attributes for the seed blanket light water 

reactor thorium systems have been identified. 
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OS Enrichment Reduction Studies [18] 

Introduction 

A major national program, the Reduced Enrichment Research and Test 
Reactor (RERTR) Program, is currently under way in the U.S., centered at 
the Argonne National Laboratory (ANL), to reduce the potential of research 
and test reactor fuels for increasing the proliferation of nuclear explosive 
devices. The main objective of the program is to provide tv » technical 
means by which the uranium enrichment to be used in these reactors can be 
reduced to less than 20Z without significant economic and performance 
penalties. The criteria, basis and goals of the program are consistent 
with the results of a number of case studies which have been performed as 
part of the program. 

General Evaluation 

Conversion to reduced enrichment fuel can normally be achieved within 
the RERTR criteria by increasing the uranium concentration in the fuel meat 
and/or by increasing the fuel meat volume fraction through fuel element 
redesign. The potential for conversion of any reactor to reduced enrichment 
must be assessed on an individual basis; however, to a first approximation, 
it will depend on the reactor type, on the -*rrent uranium concentration in 
the fuel meat, and on the power density. Accordingly, and assuming that 
1.6 g U/cm corresponds to the highest uranium concentration currently 
achievable in the meat of U-Al plate-type fuel elements, the approx.150 
research reactors in the world with power in excess of 10 kW and utilizing 
highly enriched uranium of U.S. origin may be subdivided into the five 
following categories to summarize their near-term conversion potential; 

(1) Plate-type rectors with power of not less than 15 MW. Of the 22 reactors 
in this category, all but about 5 have the potential for conversion to 
<45% enrichment. Several French reactors in this category are being 
considered for near-term conversion to <20% enrichment with Caramel 
fuel. 

(2) Plate-type reactors with power of less that 15 MW but not less than 1 MW. 
Of the 54 reactors in this category, all but about 4 have the potential 
for near-term conversion to <45% enrichment, and about 25 can be converted 
to <20% enrichment. 

(3) TRIGA reactors of all power levels. It is anticipated that all but one 
of the 10 reactors in this category have the potential for near-term 
conversion to <20% enrichment. 

(4) Other reactor types with power of not less than 1 MW. The two reactors 
in this category have a potential for conversion to reduced enrichment, 
but cannot be converted in the near term because their unique rodded fuel 
configuration requires a high uranium concentration fabrication technique 
which has not yet been developed. 
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(5) Reactors of plate-type, or other type, with power of less than 1 MW but 
not less than 10KW. Because of the extremely low power density of many 
of these reactors, a redesign of the fuel elements may not present major 
technical difficulties* Some of the 60 or so reactors in this category 
incorporate special design features that might make conversion to <20X 
enrichment more difficult* However, all of them have a potential for 
near-term conversion to <45Z enrichment, and at least two-thirds of them 
are convertible to <20Z enrichment* 

In the long term, with the assumption that a uranium concentration 
corresponding to 3*3 g U/cm can be achieved in U-Al plate-type fuel, 
more than 90Z of all the research reactors have the potential for conver
sion to <20Z enrichment, with most of the remainder being convertible to 
<45Z enrichment. All the research reactors will have the potential for 
long-term conversion to <20Z enrichment if fuels suitable for application 
in high-power-density research reactors can be developed with uranium 
concentrations in excess of 8 g U/cm . 

Specific Evaluations 

Category 1. KUHFR 

The Kyoto University High Flux Reactor (KUHFR) is a high power 
(30 MW), high performance research reactor scheduled to begin operation 
with HEU fuel at the Kyoto Univesity Research Reactor Institute (KURRI), 
Japan, in mid-1981. A joint programme between ANL and KURRI to study 
alternatives for use of fuel with reduced enrichment and high uranium 
deaslty has been in progress since May, 1978. 

The current reactor design consists of two separate cylindrical 
cores which are moderated and cooled with light water and reflected with 
heavy water* Each core is 400 mm in diameter and the centerline separation 
is 550 mm. Each core contains 6 inner fuel elements with 15 plates per 
element and 12 outer fuel elements with 17 plates per element. Each plate 
is 1.4 mm thick and has a fuel meat thickness of 0.5 mm. The fuel meat 
consists of U-Al alloy containing 22 wtZ U, 93Z enriched ( 0.67 g U/cm ). 
A burnable poison consisting of a boron-aluminum alloy is enclosed in the 
side plates of each fuel element. 

The Initial results of the joint ANL-KURRI study Indicate that the 
enrichment of the fuel used in the KUHFR can be reduced to 45% by utilizing 
the maximum uranium concentration (1.6 g U/cm ', 42 wtZ U) that is currently 
qualified with powder metallurgy fuels. No changes in the current 0.45 mm 
clad thickness, and no apparent changes in the mechanical or hydraulic 
design of the reactor are required. With 45% enriched fuel, the thermal 
flux in the central reflector region between the cores is reduced by less 
than 5%, and that in the central test hole is reduced by about 3%. A 
comparison of reactivity changes with burnup depletion of U-235 and U-238 
indicates that the fuel cycle length using 45% enriched, high uranium density 
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fuel is longer than, or at least comparable with, that using 93Z enriched 
fuel with a conventional uranium density* The worth of burnable poison 
for the reference 93Z enriched design was calculated by both ANL and KURRI as 
-4.02 and -4.2Z, respectively* 

As a result of this study, plans have been developed by KURRI for 
conversion of the KUHFR from the current HEU fuel design with conventional 
uranium density to 45Z enriched fuel with 42 wtZ (1*6 g U/cm ). In 
support of these plans, joint ANL-KURRI activities are underway, involving 
critical experiments to be performed in the C-core of the K-,oto University 
Critical Assembly (KUCA) and burnup tests to be performed in the Oak Ridge 
Reactor (ORR) in the U.S. 

An initial study of the feasibility of using <20Z enriched uranium in 
the KUHFR has been performed by ANL only, without KURRI verification. The 
results indicate that using <20Z enriched uranium with 3.3 g U/cm ( 63 wtZ 
U) in powder metallurgy fuel, a clad thickness of 0.4 mm, and a fuel meat 
thickness of 0.6 mm (i.e., no change in the fuel plate thickness from the HEU 
reference fuel), the initial excess reactivity of the KUHFR core is only about 
0.8Z lower than in the current highly enriched reference design. In this 
case, the thermal flux in the central reflector region is reduced by about 7% 
and that in thr central test hole is reduced by less than 5Z. 

No decision about converting the KUHFR to <20Z enrichment has been 
reached at KURRI; the feasibility of such conversion is to be addressed in the 
subsequent phases of the ANL-KURRI joint study. The ANL results indicate, 
however, that if demonstration and commercialization of the fuels under 
development as part of the REETR Program are successful it will be technically 
feasible to convert reactors like the KUHFR to <20% enrichment without change 
of the plate thickness and without significant detriment to performance and 
fuel cycle length 

Category 2. FNR 

The Ford Nuclear Reactor (FNR) at the University of Michigan in the 
U.S. is a medium power (2 MW) research reactor which can be converted to use 
of <20% enriched fuel using current technology. A joint study between ANL 
and the University of Michigan has been in progress since September 1978 to 
study alternative fuel element designs for conversion of the FNR from fuel 
using HEU to f'sel using <20X enriched uranium. 

The present FNR core contains 93Z enriched uranium in 30 standard 
elements, each with 18 plates. The fuel meat is 0.51 mm thick, with a 
uranium concentration corresponding to 0.43 g U/cm . One conversion study 
considered modifying the core so that (a) the uranium enrichment is 
reduced to 19.5%, (b) the number of plates in each standard element is 
reduced to 17, (c) the fuel neat thickness is increased to 0.89 mm, and 
(d) the uranium concentration in the fuel meat is Increased to correspond 
to 1.6 g U/cm3 (42 wt% U). This study Indicates for the modified core 
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unchanged initial reactivity, significantly extended fuel lifetime, minor 
power distribution changes, and negligible plutoniun production* The total 
(thermal) neutron flux in the reduced enrichment reactor is reduced by 
10(20)X at the core center and by less than 5(1^) Z in the reflectors. The 
University of Michigan has decided to convert the FNR to the use of <20% 
enrichment fuel. Efforts leading to fuel specifications, procurement, 
licensing, and conversion are in progress. 


