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1. Introduction 

In the Federal Republic of Germany, nuclear energy generation is 

mainly based on the light water reactor (LWR) operating with low 

enriched uranium (LEU). The LWR constitutes a well established, 

mature system which has proved its potential for economic energy 

production in large-scale commercial operation. In the Federal 

Republic of Germany, approximately 7000 MWo of LWR capacity have 

been installed up to mid-1978 and further capacity is under 

construction or planned for the future. In accordance with Germany's 

nuclear energy policy, spent fuel from LWR's will be stored for some 

years in an interim storage pool until reprocessing becomes 

available after 1990 in the Integrated Fuel Cycle Center at Gor-

leben. The residual fissile content (uranium and plutonium) of 

the spent fuel can then be recovered and either be recycled in

to thermal LWR's or later on be burnt in fast breeder reactors. 

It is to be noted that reprocessing of spent fuel assemblies and 

subsequent recycling of the recovered uranium and plutonium does 

not only substantially reduce demands for natural uranium and 

separative work but is also considered a necessary step towards 

safe and environmentally acceptable longterm disposal of rad 

waste for a densely populated country like Germany. Assurance 

of safe waste disposal is also a prerequisite to grant new nuclear 

power plant construction permits and even operating licences for 

units In operation or under construction already. 

However, the concern over possible nuclear arms proliferation in 

a growing nuclear energy economy has fostered a reassessment 

of the plutonium recycle concept and a search for possible alter

natives. Various scenarios have been suggested as alternatives to 

the uranium and plutonium recycle. One of them is to shift lighh 

or heavy water reactors*to the thorium fuel cycle. 

This paper deals with the heavy water reactor, which, from the 

neutron economy point of view, offers advantages over the light 

water reactor. Its capability to be fuelled with natural uranium 

has also been considered a desirable nuclear option by various 

countries with sufficient domestic uranium resources not wishing 

to be dependent on the import of enrichment and other fuel cycle 
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services which,in addition, would draw on the foreign exchange 

reserves. 

Pressurized heavy water reactors have been designed and built 

according to two somewhat different versions. While the Canadian 

CANDU-PHWR concept uses pressure tubes in a nearly unpressurized 

moderator cank JcalancLria) , the German development line takes 

advantage of the established and well proven LviR technology, and, 

thus, uses a pressure vessel design where coolant channels and the 

surrounding moderator are held at equal pressure. 

This pressure vessel type heavy water reactor which has been 

built on a commercial demonstration plant level at ATUCHA in 

Argentina is described in a companion paper where also a conceptual 

design for a 685 MW PHWR is discussed. 

As is well known from neutron physics, the fissile isotope U233 

which does not exist in nature but has to be bred from thorium 

is better suited for use in thermal reactors than the other 

fissionable materials. In the thermal energy range the number of 

excess neutrons produced per neutron absorbed in the fuel is by 

20 % larger in U233 than in U235. 

This fact, combined with the good neutron economy of heavy water 

reactors opens up the possibility of high conversion ratios. For 

the Th-PHWR even the possibility of achieving a self-sufficient 

thorium cycle has been quoted in the literature ^~1/3_7-

In Germany the resource conservation potential of thorium fuelled 

heavy water reactors had been recognized from the early days of 

the nuclear power development programme /~2_7 and in the late 

sixties a study sponsored by the federal minister of research 

and technology had been performed in order to investigate the 

breeding potential of thorium fuelled heavy water reactors £~3,4_7» 

During the study it was realized that the heterogenous core 

lattice arrangement as used in PHWR'S of CANDU and ATUCHA type 

is an unnecessary constraint in the case of a thorium fuelled 

reactor. It was found that, for several reasons, a homogeneous 

lattice as employed in LWR's but with wider fuel rod spacings 

was much more appropriate, and a new design was envisaged and 

brought up to a rather advanced development state called the "quasi-
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homogeneous pressurized heavy water reactor" (QHPHWR). 

The study quoted above has been reviewed recently and in this 

paper some information which might be useful to INFCE will be 

presented. Most data provided apply to a 600 MHe QHPHWR designed 

for high burnup in the closed HEU/Th fuel cycle but the corresponding 

once-through fuel cycle as well as questions regarding the potential 

for high conversion ratios will be adressed also. 
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2. The Quasi-Homogeneous Reactor Concept 

The heterogeneous core lattice arrangement of natural uranium 

fuelled heavy water reactors is forced by the need for sufficient 

excess reactivity. On the one hand, reactivity is gained by 

grouping the fuel rods together in relatively tight fuel bundles 

which reduces resonance captu -e in the fuel rods, on the other 

hand the excess reactivity necessary for operating the reactor 

can be kept smaller due to the possibility of on-power refuelling 

allowing continuous replacement of burnt fuel assemblies. 

In the case of a thorium fuelled reactor these constraints do 

not longer apply since thorium does not contain a fissile 

component which could be used for providing the required excess 

reactivity. Highly concentrated fissile material has to be added, 

therefore, to start and sustain the chain reaction and any amount 

of excess reactivity can be achieved by choosing appropriate 

quantities. 

Due to the roughly three times larger thermal absorption cross 

section of thorium, the thermal neutron flux in a heterogeneous 

bundle of ATUCHA type shows a marked decrease towards the center 

of the bundle. Ar calculations indicate this would reduce the 

average fuel bundle power, to about 65 % of that of the highest 

rated fuel rod and, thus, would reduce the overall achievable 

specific fuel power and impair fuel cycle economics. No such 

selfshielding is found in a quasi-homogeneous lattice as used 

in LWR cores. 

The quasi-homogeneous lattice arrangement allows a simplified 

core design. Fuel assemblies are similar to those of LWR's 

with no separation of coolant and moderator. This reduces 

parasitic absorption in structural materials and allows for 

a free optimizaticn of resonance capture and moderating ratio. 

The merit of on-power refuelling is lost, however, and batch 

loading like in LWR's becomes necessary. But in thorium fuelled 

reactors having higher conversion ratios the corresponding loss 

in neutron economy is less important since reactivity decreases 

slower with exposure thus requiring less excess reactivity to 

be compensated by control poison. 
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3. Conceptual Design of a 600 MW -D,0-Thorium Reactor 

3.1 General 

The core lattice of the quasi-homogeneous PHHR can be optimized in 

many different ways so as to fulfill various design purposes. While 

the study quoted above ^~3_7 had been initiated to investigate the 

breeding potential of the thorium fuelled PHWR, it was realized 

soon that economics would favour comparatively low conversion 

ratios for a long time. There are several reasons for this findi.".g. 

As can be seen from Fig. 3.1 high conversion ratios can be achieved 

only with high moderating ratios, low specific fuel powers and 

low discharge exposures. 

The moderating ratio not only determines the D-O-inventory but 

also the size of pressure vessel and coolant pumps and, thus 

influences the plant investment costs. The same is true for the 

specific fuel power. On the other hand, the low discharge exposure 

requires large quantities of fuel to be processed during repro

cessing and fabrication. Since in the closed thorium fuel cycle 

most fuel assemblies would have to be fabricated under remote 

conditions with the percentage being directly proportional to 

the conversion ratio, high conversion ratios would considerably 

increase the fuel cycle costs unless there is a substantial benefit 

from reduced natural uranium requirements. 

Although the calculations indicated that conversion ratios 

somewhat above 1 can be achieved by appropriate choice of system 

parameters, the breeding potential of the quasi-homogeneous PHWR 

cannot be fully assessed at the moment. As is well known, high 

converting systems are very sensitive to small variations in 

physics parameters used in the calculational models and there

fore very careful examination and a high degree of sophistication 

is necessary. While the data available at present are thought to 

be fairly accurate for normal converters, it is believed that 

breeding systems would deserve a much more sophisticated in

vestigation than had been possible at the time. 

For reasons discussed above the design variant chosen to be 

presented in this paper is a low moderated system with high 
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specific fuel power and high discharge exposure which had been 

optimized for low power generation costs. 

Fig.3.1 
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3.2 System layout 

The system layout is very much based on current light water 

reactor technology. The system, therefore, resembles very much 

that of a standard pressurized water reactor with a 4-loop closed 

cycle primary coolant circuit. Overall plant specifications are 

summarized in Table 3.1. The heat released from the fuel assem

blies is transferred via U-tube steam generators to the secondary 

system which feeds a saturated steam turbine. 

In Fig. 3.2 the pressure vessel design is shown. Since no special 

coolant channels exist, coolant and moderator are identical and 

follow the same flow path as known from light water reactors. 

Once in a year when the reactor is shut down for inspection and 

maintenance fresh reload fuel assemblies are inserted. To this 

end the D-0 inventory is replaced by H.O before normal fractional 

batch refuelling as known from LWR's takes place. This method for 

refualling a heavy water reactor has been practised already in 

the BR 3/Vulcain plant of Belgo NucJeaire. Problems of deteriorating 

heavy water quality are not expected because the lattice envisaged 

is strongly undermoderated. In fact, the H.O content of the heavy 

water could be as much as 5 % without any reactivity loss. The 

water exchange procedure has been described in more detail in 

reference £~5_7. 

The pressure vessel size has been chosen to be equal to that of 

the ATUCHA power plant (5.36 m irner diameter) but present 

day manufacturing experience would very likely allow a maximum 

inner diameter of 7.4 m. Power output could thus be raised from 

the 600 MW envisaged in this paper to ,ibout 1200 MW without 

major additional development needs. 

All major components are contained in the spherical reactor 

building which is shown in Fig. 3.3. 
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Overall plant 

Reactor thermal output 

Net power station output 

Net efficiency 

Reactor 

Main design feature 

Coolant and moderator 

Number of coolant loops (see footnote) 

Operating pressure 

Number of fuel assemblies 

Coolant flow rate 

Coolant temperature at inlet/outlet 

Heavy metal loading 

Mean specific power 

Number of control assemblies 

Fuel Assemblies 

Fuel assembly type 

Active length of fuel rods 

Fuel assembly pitch 

Fuel rod pitch 

Fuel rod cladding, outer diameter 

Cladding thickness 

Fuel rod cladding, material 

Fuel 

Fuel density 

Water-to-fuel volume ratio 

Fuel assembly heavy metal loading 

1865 MW 

600 MW 

0.322 

pressure vessel with 

quasi-homogeneous lattice 

D20 

4 
120 

137 

57 600 

283/304 

42.82 

43 .5 

23 

bar 

t / h 

°C 
t 

MW/t HM 

12x12-8 
442 

33 .2 

2 .75 

10.75 

0 .725 

ZRY-4 

(U/Th)02 

8.2 

10.7 

312.5 

cm 
cm 
cm 
nun 
mm 

g/cm 

kg 

Table 3.1 Overall Plant Specifications for 600 MW Pressurized 

Heavy Water Reactor with Quasi-Homogeneous Core Lattice 

footnote: A present day system layout would use only 2 loops 
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Fig.3.2 

:, I I I jM I 

iiiiir TtwC SKtitaM 

Pressure Vessel Design for 600 W, Pressurized Heavy Utter reactor « t h Quasi-Hoasgeneous 
Core Lattice 

Fio.3J_ 

1,01 UncUr prtMart WMII 
MR SUwemmw 
1.09 KM* cwl«H *"* 
1.00 iMlftial * i fM 
1.« Trwrtwr w 
1.21 r « . pt< trriei 
1.12 Cimlr CTM 20V30 n» 

Reactor Building of 600 HW, Pressurized Heavy Water Reactor with Quasl-HoMgeneous 
Core Lattice 



- 10 -

The reactor core is composed of 137 fuel assemblies of type 

12x12 with 8 fuel rods replaced by support tubes, 4 of which 

are designed as control rod guide thimbles. Fuel rods, guide 

tubes and spacer grids are made from Zry-4. 

The same fuel rod diameter as in current PWR's is used but the 

fuel rod pitch is nearly twice as large in order to compensate 

for the reduced moderating power of the heavy water. In Fig. 3.4 

the fuel assembly design is illustrated. 

The fuel consists of Th/U mixed oxide. Both fractions are mixed 

together in the fluid phase of a gal precipitation process in 

order to assure a homogeneous distribution of the fissile ma

terial I~6j7. The fuel rods require either low density pellets 

or can be filled by the vibratory compaction mehtod. 

The stack fuel density of 8.2 g/cm used in the study would 

correspond to the latter. 

Fia.3.4 

Futl AMMbly Otsign for 600 HW. Prnsurizid Htjvy Vattr RtKtor with Qw«l-Mo»gtntou« 
Cort Little* 
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3.3 Fuel Management and Resource Utilization 

The principal advantage of the thorxum fuel cycle results from 

the fact that the fissile isotope U233 which does not exist in 

nature but can be bred from thorium is better suited for use 

in thermal reactors than the other fissionable isotopes. In the 

thermal energy ra.ge the number of excess neutrons produced per 

neutron absorbed, for instance, is by 20 % higher in U233 than 

in U235. In the U/Th fuel cycle, therefore, conversion ratios turn 

out to be higher than in the U/Pu fuel cycle, and smaller fissile 

materials consumption is found. Since thorium contains no fissile 

component like U235 in natural uranium, the use of the thorium 

fuel cycle does not preclude, however, a need for natural uranium. 

Either U235 enriched from natural uranium or plutonium bred from 

uranium fuelled reactors is required to start and to replace the 

fissile material consumed. 

There is a variety of ways for supplying the fissile makeup. In 

this paper, only the HEU/Th fuel cycle is considered since this 

is the most efficient one. High enriched uranium (93 % U235) is 

blended with thorium so as to give the desired makeup frel 

enrichment. 

As long as no U233 is recycled the entire core consists of makeup 

fuel. When recycle begins its portion gradually decreases until 

equilibrium is reached. Recycle fuel consists of recovered 

uranium (containing, in fact, not only the fissile isotopes U233 

and U235 but also other uranium isotopes like U232 which is a 

source of highly ̂ -active decay product i) blended with fresh 

thorium. The irradiated thorium is not recycled here because it 

would have to be stored for about 15 years in order to allow 

for sufficient radioactive decay of the y-active Th228 component. 

Most conveniently, the fresh makeup fuel is not roiled with re

cycle fuel in order to reduce the amount of fuel to be fabricated 

under ramote conditions. 

The fuel management scheme of the quasi-homogeneous pressurized 

heavy water reactor is very similar to that applied for current 

light water reactors. The first core consists of 4 different 

enrichment zones so as to achieve a radially flat power density 

distribution. Each year 36 out of a total ofc 137 fuel assem-
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biles are replaced by fresh fuel. Mean fissile reload enrich

ment of makeup fuel amounts to 4 w/o. For recycle fuel the re

load enrichment is somewhat lower due to the higher neutron 

efficiency of U233, and a value of 3.60 w/o has bee I found 

appropriate for achieving the same equilibrium discharge expo

sure. Averaged over the total reload batch, this corresponds 

to 3.75 w/o for the recycle equilibrium condition. 

The target average discharge exposure envisaged amounts to 

45 MWd/kgHm which is higher than the 33 MWd/kgHM of currently 

operating LWR's. Since experience with fuel rods of the pro

posed design is rather limited, their irradiation behaviour 

would have to be veryfied by extensive test programmes. 

In Table 3.2 additional fuel management information is given 

as regards the quantities of heavy metal and fissile materials 

loaded and discharged as well as the natural uranium and sepa

rative work requirements. Fig. 3.5 shows the material mass 

flows in the closed HEU/Th fuel cycle for the recycle equili

brium condition. It is to be noted that, most conveniently, 

these data are normalized to an output of 1 GW for the initial 

core and 1 GW . a for the equilibrium core although the reactor 

considered is of different size. 

As will be seen, resource requirements are 50 % lower than 

for the natural uranium fuelled heterogeneous heavy water 

reactor (see companion paper) operating on the once-through 

fuel cycle. When compared to the LEU/once-through LWR savings 

amount to 62 % (see companion paper on the uranium fuelled LWR). 

For comparison, in Table 3.3 and Fig. 3.6 fuel management data 

are given for the PHWR operating on the Th/HEU once-through fuel 

cycle. As will be seen, in this case natural uranium requirements 

would be as large as in the LWR on the open U/Pu cycle. 
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initial core: 

mean fissile enrichment 

total core heavy metal loading 

total core fissile material loading 

natural uranium requirements (tails: 0.2/0.25) 

separative work requirements ( " ) 

equilibrium core: 

fraction of core replaced 

mean fissile reload enrichment 

heavy metal charged 

thorium charged 

outage due to refuelling appr 

cycle length 

^^U235 makeup 

fissile material charged ̂ ^ — U 2 3 5 recycled 

^*U233 recycled 

^U235 
fissile material discharged< u 2 3 3 + p a 2 3 3 

average discharge exposure 

natural uranium requirements (tails: 0.2/0.25) 

separative work requirements ( " ) 

fuel composition at discharge: 

Uranium 

U233 + Pa233 

U234 

U235 

U236 

U238 

Thorium 

3.04 

71.37 

2170 

430/477 

544/508 

36/137 

3.75 

25.19 

23.91 

. 20 

272 

378 

151 

416 

126 

441 

45 

75/83 

97/88 

3.95 

1.75 

0.60 

0.50 

0.80 

0.30 

91.2 

• 

w/o U235 

t/GWe 

kg/GWe 

t/GWfi 

t SWU/GW 
e 

• 

w/o U233+U235 

t/GW . a 

t/GW . a 
6 

d 
fpd 

kg/GW . a 
tt 

if 

n 

n 

MWd/kgHM 

t/GWe. a 

t SWU/GW . a 
e 

w/o HM 

" loaded 
it 

n 

n 

it 

it 

Table 3.2 Fuel Management Data for 600 MW Pressurized 
e 

Heavy Water Reactor Operating on the Closed 

HEU/Th Fuel Cycle 



- 14 -

83 t 

88 t SWU « 

separative work 

24.15 t 
Thorium ^^,A 

f ** 3.75 

• 

5 

natural uranium 

0.711 w/o 0235 

, , 

Conversion 

and 

Isotope 

Separation 

93 w/o 0235 

• «9 ' 5 t 

^ tails 

\ 0.25 w/o U235 

0.41 tU \ 

Fuel 

Fabrication 

> w/o U235 

t U233 

25. 

v losses 
1 % ^ . 

assumed 

19 t HM 

" 

P H W R 

discharge burnup: 45 MWd/kgHM 

net efficiency: 0.322 

energy production:1 GW . a 

0.88 t U 

6.9 w/o U235+U233 

Thorium 

kg/GW . a 

22973 

4 
Reprocessing 

Plutonium 

kg/GW . a 

total: *»0 

fissile:' fcO 

Fig. 3.5 Materials Mass Flow in the Closed HEU/Th 

Fuel Cycle of a 600 MW Pressurized Heavy 

Water Reactor normalized to an Energy Pro

duction of 1 GW . a in the Equilibrium Cycle. 
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Initial core: 

mean fissile enrichment 

total core heavy metal loading 

total core fissile material loading 

natural uranium requirements (tails: 0.2/0.25) 

separative work requirements ( " 

equilibrium core: 

fraction of cere replaced 

mean fissile reload enrichment 

heavy metal charged 

thorium charged 

outage due to refuelling 

cycle length 

fissile material charged (U235) 

fissile material discharged 'U235 

>U233 + Pa233 

average discharge exposure 

natural uranium requirements (\.ails: 0.2/0.25) 

separative work requirements ( " 

fuel composition at discharge: 

Uranium 

U233 • Pa233 

U234 

0235 

U236 

U238 

Thorium 

3.04 

71.37 

2170 

3.25) 430/477 

) 544/508 

36/137 

4.0 

25.19 

24.11 

approx. 20 

272 

1008 

151 

3 403 

45 

D.25) 200/221 

) 258/236 

3.2 

1.6 

0.4 

0.6 

0.3 

0.3 

92.1 

w/o U235 

t/GWe 
kg/GWe 

t/GWe 

t/SWU/GW 
e 

w/o U235 

t/GW . a 

t/GW . a 
e 

d 

fpd 

kg/GWe. a 

n 

n 

HWd/kgHM 

t/GW . a 

t SWU/GWe. i 

w/o HM 

" loaded 
II 

If 

fl 

II 

» 

Table 3.3 Fuel Management Data for 600 MW Pressurized Heavy 

Water Reactor Operating on the HEU/Th Once-Through 

Fuel Cycle 
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221 t 

236 t SWU 

separative work 

natural uranium 

0.711 w/o 0235 

Conversion 

and 

Isotope 

Separation 

93 w/o U235 

24.35 t 

thorium 

220 t 

•*xtails 

0.25 w/o U235 

v. 
1.09 tU 0.5 % 

Fuel 

Fabrication 

x losses 
— 1 %- * 

I— — —* —' assumed 

4 w/o U235 25.19 t HM 

P H W R 

discharge burnup: 45 MWd/kgHM 

net. efficiency: 0.322 

energy production: 1 GW . a 

Discharge 

Fuel 

Storage 

Uranium 

kg/GWe. 

total: 

fissile: 

a 

806 
554 

Plutonium 

kg/GWe. a 

total: ^0 
fissile: ~0 

Fig. 3.6 Materials Mass Flow in the Once-through HEU/Thorium 

Fuel Cycle of a 600 MW Pressurized Heavy Water Reac

tor normalized to an Energy Production of 1 GW . a in 

the Equilibrium Cycle. 
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3.4 Economics 

In Fig. 3.7 the structure of fuel cycle costs for the closed 

HEU/Th cycle as based on the current German situation (1978) is shown. 

The fuel assembly fabrication component which accounts for 31 % 

of total costs is roughly 3 times larger than for the LWR oper

ating on the U/Pu fuel cycle (see campagnon paper). This is mainly 

due to the high penalty arising from the necessity of fabricating 

the recycle fuel under remote conditions. The specific value of 

1000 I/kg HM, however, assumed in this paper can only be a rough 

estimate since no large-scale commercial fuel fabrication experience 

for Th/U recycle fuel exists to date. 

For reprocessing the THOREX process would be applied which is 

similar to the PUREX process used for U/Pu fuels, and a value some

what above what is known from commercial disposal of U/Pu fuels in 

Europe was assumed. This value includes all necessary disposal 

steps such as transports, conditioning, reprocessing and final waste 

disposal. 

reprocessing and waste disposal 

(1000 1/kgHM) 

fuel assembly fabrication 

(250 $/kgHM makeup fuel) 

(1000 J/kgHM recycle fuel) 

separative work 

(100 1/XgSWU) 

natural uranium 

(40 $/lb U30g) 

Thorium 

(25 $/kg) 

22 % 

31 % 

22 % 

23 % 

1 % 

i 
~ 10 

mills/kWhi 

Fig. 3.7 Structure of Fuel Cycle Costs for 600 MW PHWR with Quasi-

Homogeneous Core Lattice Operating on the Closed HEU/Th 

Fuel Cycle 
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Total fuel cycle costs turn out to be slightly higher than those 

of a standard LWR operating on the once-through uranium fuel 

cycle (see companion paper). 

Fuel cycle costs displaid in Fig. 3.7 do not contain a heavy water 

component, neither for inventory nor for makeup requirements. At 

present day costs of about 200 $/kg D_0 heavy water inventory and 

makeup would add 1 mill/kWh to the total power generation costs. 

As is with all nuclear power stations, plant investment costs by 

far dominate power generation costs. For the 600 MW PHWR design 

with quasi-homogeneous lattice outlined in this paper specific 

plant investment costs without heavy water inventory are estimated 

to be markedly higher than for currently employed LWR's. 

3.5 Safety-Related and Environmental Aspects 

As the system layout of the quasi-homoge..eous PHWR is very much 

like that of currently operating PWR's, the concept is thought 

to be fundamentally licensable from the reactor safety point of 

view. Some differences appear from the wider lattice spacing 

necessary in the D.O-moderated core and from the use of the thorium 

fuel cycle. During the study quoted /3/ burnout experiments were 

performed in order to back up the thermo-hydraulic calculations 

and neutron physics lattice experiments were done as well /!/. 
Reactivity coefficients were calculated and found to be negative 

enough for providing reliable reactor control and the consequences 

of postulated incidents and transients are expected to be no more 

limiting than those for LWR cores. Although no complete safety 

analysis had been done at the time, from preliminary investigations 

by using a point model it was concluded that no unsurmountable 

problems are to be expected. Very detailed safety analyses 

accompanied by corresponding experiments appear necessary, however, 

to meet present licensing standards. The environmental impact of 

the thorium fuel cycle cannot be fully assessed yet since infor

mation on the THOREX process envisaged for reprocessing the spent 

fuel is rather limited. It is found, however, that the fission 

product content of burnt fuel shows only minor variations for the 

different fuel cycles. 
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The main area where possibly serious additional hazards arise 

from the thorium fuel cycle is fabrication and handling of re

cycle fuel assemblies. Daughter products of U232 which is pre

sent in the fuel In substantial quantities emit fairly hard gamma-

radiation and special shielding and remote handling procedures 

are required. A similar radiation source (Th228) is present in 

reprocessed thorium which has to be stored, therefore, for about 

15 years before recycling becomes possible. This represents an 

additional radioactive inventory inherent to all thorium fuel 

cycles. 

3.6 Technology Status 

As part of the study quoted above / 3,4_7r ar R + D-programme had 

been performed. Under the very specific aspects of the reactor con

cept envisaged, the Sol-Gel-Process was identified to be suitable 

for (Th/U)0--particle-fabrlcation in the 100um and the lOOOiim 

particle diameter range. Two particle fractions with a ratio of 

10 : 1 were needed to provide fuel smeared density of 82 _+ 1 % theo

retical density. As a problem area the amount of fuel rejected 

as out of the diameter specification was identified. This fuel must 

be dissolved again and - under the aspect of refabrication - puri

fied before reentering the manufacturing line. 

For testing 14 short fuel rods had been manufactured and documented. 

Pathfinder irradiations at DlDO-reactor (KFA JUlich) up to burnups 

of 50 000 MWd/t HM although not sufficiently representative of PWR 

in-reactor conditions gave encouraging results especially when con

sidered with respect to the high fuel ratings achieved (570-685 H/cm) 

and the numerous cases of power ramping. The post 'rradiation 

examination gave a clear picture of the restructuring process within 

the sphere-pac fuel as well as its time and temperature dependance. 

Some problems may arise form the radial U-migration and from the 

high fission gas release rates. A fuel rod with a burnup of 

3300 MWd/t HM was successfully reprocessed. Some problems arose 

from the relatively long time needed to dissolve the fuel prior to 

entering the THOREX-process. 

The work performed for the special case of a D-O-Th-reactor 

demonstrates, that a sphere-pac Th-technology is principally 

feasible. The major processes and operations of the fuel 
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cycle had been exercised with reasonable success under very 

specific laboratory conditions. However, the step from the 

experimental state to the pilot state under generalized con

ditions would need a majo - effort for many years, even if the 

way to persue can be identified as follows: 

- Development of a pilot fabrication process for manufac

turing (Th/U)02 fuels which is capable to be extended to a 

full scale fabrication line under remote conditions for re-

fabricated fuel 

- Development of a fuel fabrication line 

- Fabrication of qualified fuel rods and test assemblies for 

irradiation 

- Irradiation testing of (Th/U)02-fuel up to representative 

burnups 

- Post irradiation examination of the irradiated fuel 

- Reprocessing and refabrication of irradiated fuel using the 

THOREX-process in order to demonstrate the refaoricability 

of pin-type Th-fuel. 

After a successfull development of thorium based fu-sl assemblies 

- as described above - safety and performance related problems 

would have to be studied to provide a sufficient data base for 

licensing. 

Once the status of a qualified pilot-technology for HWR-Systems 

with a corresponding fuel performance experience would have been 

reached the next step to enter a commercial fuel cycle would be 

at least as ambitious as the way from now to the pilot state. 
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4. Summary and Conclusions 

The paper reviews some resultsof a study which had been performed 

in the late sixties in ord'-r to investigate the breeding potential 

of thorium fuelled heavy water reactors. 

While for natural uranium fuelled PHWR's a heterogeneous core lattice 

arrangement is necessaxy to provide sufficient excess reactivity, in 

the case of thorium fuelled heavy water reactors a homogeneous lattice 

as employed in LWR's but with wider fuel rod spacings was fond to be 

more appropriate to account for the specific neutron physics proper

ties of thorium. For constructional reasons, such a lattice can only 

be realized in a pressure vessel design. 

The quasi-homogeneous Th-PHWR can be designed for high conversion ra

tios, but due to the low discharge exposures and the frequent repro

cessing and refabrication required this could be achieved at high ex

penses only. Calculations showed that economics would, instead, fa

vour rather low conversion ratios for a long time. 

With a three batch, annual refuelling scheme and target discharge ex-

posuresof 45 MWd/kg HM the following resource utilization data were 

found for the equilibrium cycle: 

Natural Uranium (U) 

per GWe.a 

Separativ Work 

per GWe.a 

Open Cycle 

t 
221 

236 

Closed Cycle 

t 

83 

88 

tails assay: 0.25% 

Power plant investment costs are expected to be markedly higher 

due to the need for additional auxiliary systems for D20 hand

ling and additional D20 inventory costs. Fuel cycle costs for 

the closed HEU/Th cycle turn out to be slightly higher than 
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those of LWR's operating on the uranium cycle, but it should be 

noted that the costs for refabrication under remote conditions 

assumed in the paper can only be a rough estimate at present. 

The Th-PHWR appears technically feasible with moderate develop

ment effort, as far as the overall reactor design is concerned. 

Implementation of the thorium fuel cycle would require, however, 

considerable research and development efforts for fuel fabrication, 

irradiation testing, reprocessing and remote handling techniques. 

While for U/Pu fuels a high fuel performance standard has been 

achieved grown out of more than 20 years operational experience, 

the data basis for thorium fuels in water reactors is rather 

limited so far. Even if, in a first step, neglecting the higher 

uranium demand, the reactor would operate on the once-through 

fuel cycle, many years of fuel fabrication and irradiation 

testing would be needed to obtain the high performance and 

reliab1.lity level already achieved with U/Pu fuels. 

A large effort would be necessary to develop the recycle option 

which is essential to all thorium-based fuel cycles since the 

principal advantages with regard to resource utilization of 

using thorium instead of uranium can only be realized when the 

U233 bred from the thorium is recovered by reprocessing 

techniques. While for the U/Pu cycle a well-proven reprocessing 

technology exists which is just approaching the commercial stage, 

reprocessing of Th/U fuels is still at a laboratory scale. The 

J- activity of the reprocessed U-233 fuel resulting from 

U232 contamination presents a heavy burden for the refabrication 

process and will require the development of remote handling 

techniques appropriate for large-scale commercial use. 
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