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TW1-TRP-PPCS1-D04 
 
Task Title: MODEL A (WCLL): CONSISTENCY WITH THE PPCS GDRD 
 
 
INTRODUCTION 
 
 
A Power Plant Conceptual Study (PPCS) has been launched 
in the framework of the EU fusion programme the objective 
of which is to demonstrate the credibility of  fusion power 
plant design and the claims for safety and environmental 
advantages and for economic viability of fusion power. A 
generic set of requirements, addressing in particular safety, 
operation and economic aspects, has been set out with 
inputs from industry and from utilities. Four reactor models 
have been identified for a complete evaluation including 
safety assessment. 
 
This report gives data for the safety assessment of the PPCS 
model A concept which is based on little extrapolation on 
both physics and technology, using a water-cooled divertor 
based on ITER technology and associated to the Water 
Cooled Lithium Lead (WCLL) blanket. The WCLL blanket 
uses low activation ferritic martensitic steel EUROFER as 
structural material, pressurized water as coolant and 
lithium-lead as breeder and neutron multiplier. 
 
 
2002 ACTIVITIES 
 
 
MATERIAL DATA 
 
The structural material for the blanket concept is a low 
activation ferritic martensitic steel: EUROFER. 
 
The low Co and Ni content limits the activation of the 
EUROFER. The 9 % Cr content should allow a lower 
corrosion rate and a better behaviour under irradiation than 
other ferritic martensitic steels (relatively low swelling). 
 
The main properties of EUROFER at 400°C are as follows: 
 
Thermal expansion: 11.9 10-6/K (from 20°C) 
Young modulus: 181500 MPa 
Density: 7610 kg/m3 
Specific heat: 609.96 J/kgK 
Thermal conductivity: 29.2 W/mK 
Poisson coefficient: 0.3 
Yield strength: 338 MPa (400 MPa at 20°C) 
Ultimate strength: 471 MPa (580 MPa at 20°C) 
 
The structural material for the divertor is the CuCrZr copper 
alloy. The armour material is Tungsten. Oxide Free High 
Conductivity Copper is used as compliance layer between 
CuCrZr and W, because of a relatively low yield strength 
(about 40 MPa) and a relatively low hardening modulus 
(1470 MPa at 200°C). 

The main properties of CuCrZr at 200°C are as follows: 
 
Thermal expansion: 17.5 10-6/K (from 20°C), 
Young modulus: 120000 MPa, 
Density: 8890 kg/m3, 
Specific heat: 376 J/kgK, 
Thermal conductivity: 350 W/mK, 
Poisson coefficient: 0.343. 
The volumes are 0.93 m3 CuCrZr, 1.1 m3 OFHC and 
6.3 m3 W. 
 
The repartition of total steel volumes and masses within the 
divertor structures is as follows: 
 

 Volume (m3) Mass (t) 

Inboard vertical target 84 638 

Outboard vertical target 92 700 

Dome 32 243 

Shielding 466 3542 

Total 674 5123 

 
POWER CONVERSION 
 
The main specifications for the power conversion system 
are as follows: 
 

 
Power 
(MW) 

Tinlet 
(°C) 

Toutlet 

(°C) 

Coolant 
Velocity 

(m/s) 

Blanket breeder 
zone 

3892 285 325 20.0 

Blanket first Wall 1438 285 325 20.0 

Divertor  984 140 167 20.0 

 
Some parameters have been chosen in order to limit the 
coolant inventory in each loop, particularly in the breeder 
zone and first wall loops where the temperature is high. For 
example, a relatively high value of the coolant maximum 
velocity (20 m/s) has been considered. For the same reason, 
the breeder zone and the first wall have the same cooling 
loop; the coolant inventory of a breeder zone-specific loop 
would have been too large. The coolant inventory in one 
breeder zone and first wall loop is 130 m3. In order to take 
into account additional piping which could result from the 
study on the balance of plant, the value of 145 m3 will be 
assumed for the safety studies in order to optimise the 
confinement system. The coolant inventory in one divertor 
loop is 179 m3. The blanket power is removed through a 
steam generator. The divertor power is used for heating the 
steam generator feedwater. The main parameters of the 
primary and secondary loops are as follows: 
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Primary Power (MW) 
Inlet 

Enthalpy (J/kg) 
Outlet 

Enthalpy (J/kg) 
Total Mass Flow 

(kg/s) 
Number 
of loops 

Blanket 
Breeder zone 

3892 1263.6 1494.9 16830 6 

Blanket 
First Wall 

1438 1263.6 1494.9 6218 6 

Total 5330   23049 6 

Pump Heat 57.6  

Total Blanket 5388  

Divertor 984 589.1 706.0 8596 2 

Pump Heat 21  

Total Divertor 1005  

 

Secondary Power (MW) 
Inlet 

Enthalpy (J/kg) 
Outlet 

Enthalpy (J/kg) 
Total Mass Flow 

(kg/s) 

Steam Generator 5388 990.3 2772 3024 

LP Heater 
(Divertor Heat) 

1005 139.0 614.2 2115 

Feedwater Tank   719.1 3024 

HP Heater  725.0 990.3 3024 

 
 
CONCLUSIONS 
 
 
Data are provided which should allow the safety studies to 
be performed. The cooling loops have been designed so as 
to maintain the coolant inventory as low as possible, in 
order not to challenge the containment in case of large 
break LOCA; for that reason, the maximum velocity of the 
coolant within the pipes has been set to a relatively high 
value and there is no specific cooling loop for the breeder 
zone of the blanket modules. 
 
 
REPORTS AND PUBLICATIONS 
 
 
P. Sardain et al., Power Plant Conceptual Study – WCLL 
concept, Symposium on Fusion Technology, September 
2002. 
 
P. Sardain et al., Power Plant Conceptual Study – Model A: 
data for the safety evaluation, CEA report SERI/LFEA 
03/5002, 2003. 

TASK LEADER 
 
 
Pierre SARDAIN 
 
DER/SERI/LFEA 
CEA Cadarache 
13108 Saint Paul Lez Durance Cedex 
 
Tél. : 33 4 42 25 37 59 
Fax : 33 4 42 25 36 35 
 
E-mail : pierre.sardain@cea.fr 
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TW1-TRP-PPCS1-D10 
 
Task Title: MODEL A (WCLL): MECHANICAL ANALYSIS DESIGN 

INTEGRATION 
 
 
INTRODUCTION 
 
 
The Water Cooled Lithium Lead (WCLL) reactor concept 
is a part of the European Power Plant Conceptual Studies 
(PPCS) which was launched in January 2000. This reactor 
model is the one requiring the smaller extrapolation from 
present-day knowledge both on physical and technological 
aspects. The conceptual design is made for a reactor of 
1500 MWe net electrical power and includes the power 
conversion system  and the balance of plant. It takes into 
account the maintenance scheme and the contribution of the 
divertor power to the power conversion cycle. It also 
provides a confinement strategy which is based on the 
results of SEAFP studies. 
 
The overall objective is to produce electricity at the lowest 
possible costs meeting high safety standards. Some 
requirements have been set out by the industry and the 
utilities and among them: steady state operation, 40 years 
lifetime, availability of about 80 %, no need for an 
evacuation plan, minimise the fraction of wastes which do 
not qualify for clearance. 
 
 
2002 ACTIVITIES 
 
 
REACTOR PARAMETERS 
 
The reactor  parameters have been evaluated using the 
PROCESS code and are given in the table 1. 
 
The divertor peak load and the thermal efficiency are 
important parameters to be given as input for the PROCESS 
code. The design of in-vessel components and power 
conversion system is then done taking into account the 
results of PROCESS. 

If the thermal efficiency of the power conversion system is 
different from the input given to PROCESS an iteration is 
necessary. The values shown in table 1 have been obtained 
after one iteration. 
 

Table 1 : Reactor Parameters 
 

Unit Size (GWe) 1.5 

Fusion Power (GW) 5.0 

Aspect Ratio 3.0 

Elongation (95% flux) 1.7 

Triangularity (95% flux) 0.25 

Major Radius (m) 9.55 

TF on axis (T) 7.0 

TF on the TF coil conductor (T) 13.1 

Number of toroidal coils 18 

Plasma Current (MA) 30.5 

βN(thermal,total) 2.8,3.5 

Average Temperature (keV) 22 

Temperature peaking factor 1.5 

Average Density (1020m-3) 1.1 

Density peaking factor 0.3 

HH (IPB98y2) 1.2 

Bootstrap Fraction 0.45 

Padd (MW) 246 

n/nG 1.2 

Q 20 

Recirculating power fraction 0.28 

Average neutron wall load 2.2 

Zeff 2.5 
 
NEUTRONICS 
 
The neutron wall loading, multiplication factor and tritium 
breeding ratio (TBR) are given in the table 2: 
 

Table 2 : Repartition of wall loading, multiplication factor and TBR 
 

Blanket 
Module 

Area (m2) 
Reactor 

Wall loading 
(MWm-2) 

Neutron Power 
(Module) 

Neutron Power 
(Reactor) 

Mult. Factor TBR 

I 185.4 2.06 21.22 381.92 1.13 0.11 

II 174.42 2.39 23.16 416.86 1.09 0.11 

III 219.6 2.02 24.64 443.59 1.22 0.14 

IV 320.4 2.63 46.81 842.65 1.17 0.24 

V 315 2.96 51.80 932.40 1.10 0.25 

VI 293.4 2.69 43.85 789.25 1.13 0.21 

Total/Av. 1508.22 2.52  3806.68 1.14 1.06 
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The repartition of the blanket modules is shown on the 
figure 1. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Repartition of the blanket modules 
 
The Tritium Breeding Ratio can be improved by reducing 
the gap between top inboard and top outboard modules (see 
figure 1). This gap has been initially implemented in order 
to allow an independent removal of each of the top inboard 
and outboard modules which does not appear as an 
important requirement from the point of view of the 
availability. 
 
The neutronics calculations have been done without taking 
into account a tungsten layer on the first wall. This is not 
expected to have a significant influence on the final result. 
 
ATTACHMENT OF THE MODULES 
 
The attachment of the module to the shielding remains an 
open issue. The principle of this attachment has been 
defined: one fixed point and other attachment points 
allowing thermal expansion. Nevertheless the question of 
the access to the modules is of concern since the design of 
the modules does not allow front access. 
 
POWER CONVERSION 
 
The power repartition is given in the table 3. It is assumed 
that the alpha power distributed on the first wall of the 
blanket is about 23 % of the neutron power. 
 

Table 3 : Power repartition (MW) 
 

Blanket breeder zone 3892 

Blanket first wall (neutron) 438 

Blanket first wall (alpha) 1000 

Divertor (neutron) 884 

Divertor (alpha) 100 

 
The primary heat transport system comprises 6 cooling 
loops for the blankets and 2 cooling loops for the divertor. 
The divertor power is used for  preheating the feedwater of 
the steam generators of the blankets cooling loops. The 
steam generators are based on current PWR technology. 

For availability reasons, there are 2 pumps per loop; a 
single pump failure will not force the reactor to become 
unavailable. The number of  pumps results from a 
compromise between availability, maintenance and safety 
considerations. Another sensitive parameter with respect to 
safety is the cooling loop inventory; the integrity of the 
confinement can be challenged by the internal energy of the 
coolant in case of large break loss of coolant accident 
(LOCA). The adopted parameters (number of loops, 
maximum velocity of the coolant) lead to the values of 
130 m3 in a blanket loop and 180 m3 in a divertor loop 
which should allow to meet the main safety objectives 
insofar as the appropriate safety features are provided. 
 
The secondary heat transport system is assumed to be 
standard PWR technology, the only difference being the 
contribution of the divertor (figure 2) 
 

Divertor
Preheater

 
 
SG: Steam generator 
HP: High pressure turbine 
LP: Low pressure turbine 
HP1, HP2: High pressure heater 
R/MS: Reheater/moisture separator  
FT: Feedwater tank 
 

Figure 2 : Sketch of the secondary heat transport system 
 
BALANCE OF PLANT 
 
A first layout of the fusion power plant has been proposed. 
 
The tokamak building is located at the center of the plant 
area. It is divided in three main sections: 
 
- the pit is the section within the bioshield; it notably 

houses the magnets, the vacuum vessel, the cryostat, 
- the galleries are located outside the bioshield, from the 

basement to the crane hall, 
- the crane hall is located above the bioshield. 
 
The dimensions of the tokamak, scaled from ITER, are 
shown in the table 4: 
 

Table 4 : Dimensions of the tokamak 
 

Height from ground level 82 m 

Length 114 m 

Width 100 m 

Underground height 18.3 m 
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The hot cell building is located north of the tokamak. It is 
mainly designed for the maintenance and decontamination 
of the in-vessel components and for processing and storage 
of the radioactive wastes. There are connections at different 
levels with the tokamak building. 
 
The tritium building is located east of the tokamak building. 
 
The turbine building is located west of tokamak building . It 
is connected to the tokamak building through a tunnel which 
contains the secondary pipes of the tokamak cooling water 
system, going from the steam generators vault to the turbine 
inlet. 
 
The distribution of the electrical power to the grid 
(1500 MWe at 220 kV) is done at the electrical park which 
is located at the west side of the plant area. In this part of 
the plant area are also located the installations for the 
emergency power supply and the magnet power supply. 
 
 
CONCLUSIONS 
 
 
This paper presents a concept of near term fusion reactor 
requiring small extrapolations of present-day knowledge on 
both physics and technology, which is based on water-
cooled Pb-17Li blanket (WCLL) and water-cooled divertor. 
Further R&D is required for the divertor concept and the 
material properties, notably the behaviour of copper alloys 
and EUROFER steel grade under irradiation. In particular, 
an improvement of the divertor concept could allow it to 
operate at higher temperature leading to higher efficiency. 
 
The thermal efficiency of a power plant working under 
operating conditions which are similar to PWR is not 
supposed to exceed 35 % whatever the improvements of in-
vessel components, material and power conversion 
components could be. Nevertheless it must be kept in mind 
that the assumptions on physics have by far the greater 
impact on the dimensions of the tokamak. For example 
taking into account the physics hypotheses considered for 
advanced PPCS models would have led to the reduction of 
the major radius of 2 meters ! The thermal efficiency has in 
fact a relatively limited impact on the size of the tokamak. 
A reduction of the tokamak size due to thermal efficiency 
would be significant for values of this parameter not lower 
than 50% that would require an operating temperature of the 
coolant of about 900°C. 
 
The relatively big size of the WCLL concept presented in 
this report is mainly due to low extrapolation on physics. It 
remains possible, assuming a more advanced physics, to 
have in some decades a reactor based on proven technology 
at a reasonable size (less than 8 m) and thus at a reasonable 
cost. 
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TW1-TRP-PPCS5-D03 
 
Task Title: ENVIRONMENTAL ASSESSMENT: WASTE MANAGEMENT 

STRATEGY 
 
 
INTRODUCTION 
 
 
This study was carried out within the framework of the 
PPCS Environmental assessment and aims at proposing a 
management strategy for the wastes generated by the 
operation and decommissioning of two fusion reactors, 
PPCS A and PPCS B. This strategy is based on the 
characteristics of the different components (quantification 
of tritiated and activated materials, predominant radio-
nuclides, mass balance of wastes after 50 and 100 years…). 
The data on activation characteristics are given in the 
reports PPCS/UKAEA/TW1-PPCS4-D2-2 and TW1-
PPCS4-D2-3. 
 
 
2002 ACTIVITIES 
 
 
PLANT : DESCRIPTION AND ELEMENT COMPO-
SITION 
 
In this study, two plant models are presented : PPCS A and 
PPCS B. Their design was studied based on UKAEA 
references. The activation levels were determined by 
building a computational model of the tokamak. The 
HERCULES code system was used to produce input files 
for activation calculations using FISPACT. Table 1 gathers 
the data on the blanket material characteristics of both 
reactors. 
 

Table 1 : Structural material characteristics 
of PPCS A and PPCS B reactors 

 

Plant Model PPCS A PPCS B 

Reference concept WCLL HCPB 

Blanket structure Eurofer Eurofer 

3H generating Li17Pb83 Li4SiO4 

Neutron multiplier Pb Be 

Blanket coolant water He 

 
Each cell in the model was filled with a material specified 
in the WCLL radial build for PPCS A and in the HCPB 
radial build for PPCS B, except for the divertor, vacuum 
vessel and TF coils, which had no specifications. PPCS A is 
a reactor model using a water cooled, liquid Li17Pb83 

blanket and Eurofer as structural material. PPCS B is a 
model using Helium cooled, solid Li4SiO4 blanket and 
Eurofer as structural material. 

The vacuum vessel and TF Coils common to both PPCS A 
and PPCS B are made with following materials: 
 
- The vacuum vessel is a homogeneous mixture of steel 

and water with a small boron content for thermal 
neutron absorption. 

 
- TF Coils use steel as a structural material, niobium-Tin 

as a superconductor. 
 
For the divertor: 
 
- In PPCS A, an approximate model was included. It 

consists of a homogeneous mixture of stainless steel, 
copper and tungsten for the structure, and water as a 
coolant. 

 
- In PPCS B, a rough model was included. It consists of a 

mixture of tungsten with a reduced density and a helium 
coolant. 

 
For the shield: 
 
- In PPCS A, the shield is made of Eurofer and water. 
 
- In PPCS B, the low temperature shield is made of 

Eurofer and ZrH and the high temperature shield is 
made of Eurofer and He. 

 
THE WASTES 
 
The operation and decommissioning of fusion reactors will 
generate radioactive wastes. 
 
- Operational wastes are essentially metallic-form wastes, 

coming from component replacement (blankets, first 
wall component, divertor..) and technological wastes 
(vacuum pump oils, process residues, proactive 
clothing…). 

 
- Decommissioning wastes come from the dismantling of 

the machine and associated technological wastes. 
 
These radioactive wastes are due to the activation by the 
14 MeV neutrons generated by the fusion reaction, between 
deuterium and tritium and the contamination generated by 
the activated materials and the tritium. They will be both 
activated and tritiated. 
 
CLASSIFICATION  
 
For the activation calculations, it is assumed that the total 
irradiation is 25 years. The weights and activity contents of 
radioactive materials from operation and decommissioning 
were calculated taking into account this irradiation 
duration. During this time, at least 5 sets of blanket will be 
used. 
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PDW 5,45E+03 7,48 0,00E+00 0,00
CRM 7,26E+03 9,96 4,33E+03 5,76
SRM 1,78E+04 24,44 3,05E+04 40,53
NAW 4,24E+04 58,12 4,24E+04 56,32

TOTAL 7,52E+04 100 7,52E+04 100

Classification
50 years 100 years

Weight (Ton) % Weight (Ton) %

PDW 6,31E+03 11,41 0,00E+00 0,00
CRM 1,54E+03 2,78 4,53E+03 8,14
SRM 4,75E+04 85,81 1,52E+04 27,29
NAW 0,00E+00 0,00 3,60E+04 64,58

TOTAL 5,57E+04 100 5,57E+04 100

Classification
50 years 100 years

Weight (Ton) % Weight (Ton) %

Based on the international criteria (dose rate upon contact, 
decay heat per volume unit and clearance indexes), a mass 
balance per type of waste and per component have been 
established. The distribution between Permanent Disposal 
Wastes (PDW), Complex Recycling Materials (CRM), 
Simple Recycling Materials (SRM) and Non-Active Wastes 
(NAW) is described in the table 2 and table 3 for PPCS A 
and for PPCS B after 50 years and 100 years of interim 
storage. The quantity of decommissioning wastes produced 
will be of 75200 tons for PPCS A and 55700 tons for PPCS 
B. 
 

Table 2 : Waste classification for PPCS A 
after 50 and 100 years of interim storage 

 
 
 
 
 
 
 
 
 
These results show that interim storage would enable the 
activity of all the components to be reduced and the wastes 
to be declassified into less restrictive categories. 
 
However, the decay period and management of these 
wastes will depend on the component itself and implicitly 
on the material(s) involved.  

Table 3 : Waste classification for PPCS B 
after 50 and 100 years of interim storage 

 
 
 
 
 
 
 
 
 
A selective segmenting by physico-chemical types, per 
component and activity is required. 
 
Thus, it appears that after a decay period of 100 years, there 
would no longer be any PDW type wastes.  
 
Strategy 
 
The waste management strategy must take into account 
different aspects : radioactive waste, activated and/or 
tritiated, different physico-chemical types and a significant 
decay heat. 
 
The strategy is based on pre-treatment operations, adapted 
treatments, and conditioning and storage operations. 
 
The different stages in the management of radioactive 
wastes are shown in figure 1. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Different steps in radioactive waste management 
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Figure 2 : Waste strategy 
 
In order to make the wastes compatible with the existing 
processes, the management strategy presented in figure 2 
consists in planning: 

- Segmenting operations. These must be optimized so as 
to minimize the quantities of wastes to be placed in deep 
repositories. Segmenting depending on the level of 
activity according to three categories could be possible : 
low level wastes (LLW), middle level wastes (MLW) 
and high level wastes (HLW). 

- Specific treatments depending on the physico-chemical 
type of the waste. 

Wastes LLW and MLW 
 
The waste management strategy proposed in as follows: 
 
- Separate the wastes into three categories depending on 

their physico-chemical types : technological wastes, 
metallic wastes and effluents. 

 
- Treat the wastes by specific processes so as to reduce 

their volume and activity. These processes are: 
evaporation, compacting, fusion, incineration. 
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- Store them temporarily so as to declassify them into less 
restrictive categories and to clear a maximum. 

 
- Condition the wastes in a stable form for handling, 

transport and storage. 
 
- Dispose of the wastes in a surface disposal center. 
 
Waste HLW 
 
The waste will be considered as HLW when it can’t be 
declassified after radioactive decay or chemical treatment 
(detritiation, decontamination). This mainly concerns the 
divertor and blanket components 
 
These wastes are essentially metallic, tritiated and/or 
activated and have significant decay heat. The activity of 
these wastes being very high, they must be handled using 
remote control handlers in hot cells. 
 
After temporary storage for their decay heat to lower, all of 
these wastes could then be processes as follows: 
 
- Cutting and sorting of components to separate the 

constituents and in particular the toxic elements 
(beryllium). 

 
- Specific treatments depending on the type of 

radioelements present. 
 
- Decay storage. 
 
- Final disposal : deep geological disposal. 
 
The duration of storage could range from 30 to 50 years. A 
longer time (> to 100 years, would allow the elimination of 
all PDW type wastes but would involve many constraints 
(surveillance of the site , cost).which must be accept to the 
Local Safety Authorities. The presence of compounds with 
toxic and/or sprayable properties, such as beryllium will 
require specific management. 
 
 
CONCLUSIONS 
 
 
One of the first principles in the management of nuclear 
wastes is the reduction of the quantity of nuclear wastes 
produced. This is done at different stages, especially during 
the design and operation of nuclear facilities by a sound 
choice of the process and of the materials as well as by 
lengthening the lifetime of the equipment. 
 
With the perspective of using a fusion reactor as a nuclear 
reactor, two reactor concepts have been studied : PPCS A 
and PPCS B. 
 
This note therefore presents a summary of the different 
types of wastes produced as well as a management strategy 
for these wastes for both reactors. This study shows that the 
quantity of wastes produced during dismantling will be of 
75200 tons for PPCS A and of 55700 tons for PPCS B. 

In order to reduce the quantity of wastes and to optimize the 
final disposal, the waste strategy is based on a selective 
segmenting as well as on the application of specific 
treatments aimed at reducing the volume and activity 
(fusion, incineration, detritiation, decontamination…). 
Temporary storage will also allow this management to be 
optimized and costs to be reduced. 
 
After 50 years of interim storage, the percentage of wastes 
destined to a deep repository will be of 7.48 % for the 
PPCS A reactor and of 11.41 % for PPCS B. After a decay 
period of 100 years, there would no longer be any PDW 
type wastes. All the remaining waste will be recycled or 
cleared on the basis of the current legislation. But a long 
storage duration (> 50 years) would involve many 
constraint, notably at level of disposal. 
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TW2-TRP-PPCS10-D07 
 
Task Title: MODEL D (SCLL): ADAPTATION OF SiCf/SiC - 

Pb-17Li DIVERTOR CONCEPT TO THE NEW ADVANCED 
REACTOR MODELS 

 
 
INTRODUCTION 
 
 
Silicon carbide composites (SiCf/SiC) appear as some of the 
most promising low activation materials for structural 
application in fusion power reactors. Furthermore, liquid 
metal cooling has the potential for high power density, low 
pressure and high coolant temperature suitable for high 
efficiency power conversion system. Finally, between 
possible liquid metals, Pb-17Li eutectic allow to minimize 
energy confined in vessel component due to its low 
reactivity with water and air. 
 
In this framework, the principal objective of this subtask is 
to identify an improved design for a Pb-17Li cooled 
divertor using SiCf/SiC as structural material to be used in 
the model D reactor blanket in coherence with the overall 
reactor strategy aiming to passive safety.  
 
The concept has to allow the recovery of the heat deposited 
in the divertor in order to not jeopardise the high plant 
efficiency potentially reachable in a SCLL blanket. 
 
 
2002 ACTIVITIES 
 
 
In the frame of the Power Plant Conceptual Study (PPCS), a 
Self Cooled Lithium Lead (SCLL) blanket concept has been 
proposed for an advanced model of a fusion power reactor 
[1]. This concept associates low activation properties of 
SiCf/SiC with liquid metal potential for high power density, 
low pressure and high coolant temperature suitable for high 
efficiency power conversion system. 
 
In order to be in line with the good performances of the 
SCLL blanket, a Pb-17Li cooled divertor conceptual design, 
using SiCf/SiC as structural material is proposed. Such a 
design is based on the operating principle used for ARIES-
AT divertor design [2] with the addition of some 
modifications aiming to avoid the structural function of the 
W armour. 
 
Furthermore, it is assumed to perform maintenance through 
horizontal ports and, in order to minimize the Pb-17Li 
hydrostatic pressure, to have an independent divertor circuit 
with its external components located at the same level as the 
divertor target. This choice, allows, moreover, to fully 
optimise the divertor cooling circuit (and then the Pb-17Li 
outlet temperature) in relation with the assumed operating 
conditions. 

DESIGN DESCRIPTION 
 
The divertor is composed by 48 segments (corresponding to 
7.5° of the torus), each of which is cooled by an 
independent circuit [1]. Figures 1 and 2 show a three-
dimensional view of the generic divertor segment and its 
vertical section, respectively, with the plasma facing plates 
(PFPs). The most loaded divertor regions, located under the 
scrape-off line and called the inboard and the outboard 
targets are detailed in the figures. 
 

 

 
 
Figure 1 : 3D view of the generic SCLL divertor segment, 

with the detail of the high heat flux region 
(inboard and outboard targets) 

 

 
 

Figure 2 : Vertical section of the SCLL divertor 
with cooling circuit 
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Figure 3 : Sections of the divertor plate in the high heat flux region 
 
The divertor region in front of the plasma, called divertor 
plate, consists of a number of SiCf/SiC square tubes, 
poloidally oriented and using tungsten alloy as armour 
material. In each channel is inserted a T flow separator 
which assumes, in the region nearest to the plasma, a comb 
form, thus creating a kind of toroidal channels. 
 
The liquid metal flows poloidally in one half of the tube, 
acting like inlet header, then it is forced to pass through the 
short toroidal channels to cool the high flux region through 
a very short path and finally it is routed back to the other 
side of the poloidal tube, acting like outlet header. 
 
This design directs the flow in the high heat flux region, 
where liquid metal is speeded up, parallel to the toroidal 
magnetic field, in order to accommodate MHD effects 
(reduce pressure drops). Furthermore, it minimizes the Pb-
17Li flow path and residence time in the high heat flux 
region. 
 
The channels dimensions and then the liquid metal velocity 
vary in the different regions of the divertor in order to adapt 
them to different heat loads. The figure 3 shows, in 
particular, the poloidal and toroidal sections of the inboard 
and outboard targets, with related dimensions as obtained 
from thermo-mechanical assessment described in the 
following.  
 
THERMOMECHANICAL ANALYSES 
 
Thermo mechanical analyses have been carried out on a 
relevant cell of the divertor plate for the dimensioning of 
the most highly loaded region (see figures 1 and 2), which 
interacts directly with the scrape-off lines of the plasma.  
 
The dimensions of the channels (both toroidal and 
poloidal), the SiCf/SiC thickness, as wells as the liquid 
metal velocity have been optimized in order to sustain a 
surface heat flux of 5 MWm-2. 

The goal of this assessment has been a concept maximizing 
the outlet average Pb-17Li temperature, without exceeding 
thermal and mechanical constraints. In the following, the 
results corresponding to the optimized geometry (figure 3) 
and Pb-17Li velocity are summarized. Poloidal tubes are 
3 cm depth and 2.8 cm width and toroidal channels are 1.4 
mm depth. Pb-17Li flows at v1 = 1.5 ms-1 in the 
toroidal direction, then slows down at v2 = 1 ms-1 in the 
rear. 
 
The thickness of the poloidal SiCf/SiC tube is kept 1 mm in 
the region nearest to the plasma due to high thermal 
gradient, which could lead unacceptable thermal stresses. 
The thickness rises to 2 mm in the back and in the side 
walls to better resist to the internal pressure. Under these 
conditions, in the high heat flux region of each segment 
there are 22 poloidal tubes, each one forming 32 toroidal 
channels. 
 
All calculations have been carried out with the FEM code 
CASTEM2000 [3]. A specific model recently developed 
and implemented in the CASTEM code has been used to 
describe the mechanical behaviour of the SiCf/SiC [4]. 
Assumed data for SiCf/SiC has been taken from [5], which 
include an extrapolated thermal conductivity of 20 Wm-1K1.  
 
In fact, the necessity of improving the thermal conductivity 
of the present day composites has been proved by previous 
analyses and R&D activity is ongoing at this purpose. 
Minimum and maximum allowable temperatures have been 
fixed at 600°C (thermal conductivity basis) and 1000 °C 
(swelling basis) respectively and TAURO design criteria 
have been assumed [4, 6]. 
 
The assumed peak on both inboard and outboard targets 
heat flux is 5 MWm-2. In the model, it has been assumed 
that such a peak is uniformly deposited on a length of 0.5 m 
of the divertor armour. The total deposited surface heat is 
about 320 MW. 
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A fixed volume deposited heat, due to the neutron 
irradiation, has been included. The corresponding power 
densities in the various materials are 16.39 MWm-3 in the 
tungsten, 4.06 in the SiCf/SiC and 9.28 in the Pb-17Li. The 
total nuclear heat deposited in the divertor region, including 
the rear shield, is about 280 MW. 
 
The thermal analyses have been carried on a 2D model 
representative of the thin toroidal channel including the W 
tiles. The heating of the liquid metal along the toroidal 
channel is simulated with an artefact based on a transient 
analysis [B]. The liquid metal inlet temperature has been 
fixed to 600°C in order to maintain the SiCf/SiC one higher 
than its lower limit (600°C). To simulate the liquid metal in 
the poloidal tubes, the temperature of the nodes in the rear 
of the model has been fixed to 650°C. At the outlet section, 
temperature reaches 1287°C in the tungsten 1015°C in the 
SiCf/SiC and 792°C in the liquid metal (see figure 4); 
average liquid metal temperature reaches 650°C. It can be 
seen that the limiting criterion is the maximum temperature 
in the SiCf/SiC. 
 

 
 

Figure 4 : Temperature evolution 
along the toroidal channel in various materials 

 
Mechanical and thermal-mechanical calculations have been 
then performed on a three-dimensional model representative 
of one and a half poloidal channel. Rounded corners allow 
to accommodate primary stresses due to internal pressure. 
Only the SiCf/SiC structure has been represented in the 
model since tungsten armour does not contribute to 
mechanical resistance. A pressure of 0.9 MPa has been 
applied into the tube internal walls to account for Pb-17Li 
hydrostatic pressure (about 2 m) and estimated MHD 
pressure drops (~ 0.7 MPa, as evaluated for ARIES-AT 
[2]). A specific activity is ongoing in the frame of the PPCS 
program in order to evaluate the pressure drops in that 
geometry. 
 
The temperature field obtained in the thermal analyses has 
been projected on the FW of the mechanical mesh. 
Temperature in the corners, in the sidewalls and in the back 
plate has been fixed to 650 °C. As boundary conditions, it 
has been assumed that tubes can slide without bending its 
axis. With reference to figure 5, the planes rp and rt through 
P0 are symmetry planes. 

Moreover, displacements in the p direction of the nodes 
lying on the plane rt through P1 are uniform. As far as the 
anisotropy directions of the SiCf/SiC are concerned, they 
have been fixed so that the local first axis matches with the 
poloidal direction and the third whit the thickness one. 
 

 
 

Figure 5 : Deformed model, amplification factor 50 
 
The figure 5 shows the deformed model, amplified by a 
factor of 50. 
 
In accord with the TAURO criteria, stresses in plane and 
stresses through the thickness are split in order to compare 
them with corresponding allowable limits, as explained 
below.  
 
As far as the stresses in plane are concerned, a criterion 
derived from the Von Mises stresses is proposed, following 
the which the factor of stresses in plane must be lower than 
1. This factor, especially, allows to take into account the 
different limits for tensile (145 MPa) and compressive 
stresses (580 MPa). The criterion is met in the FW plane 
region and in the side and back walls as well, whilst it 
reaches values higher than 1 in the internal face of the FW 
corners. This is due to the fact that, although the Von Mises 
equivalent stresses are higher in the external face of the FW 
(plane region in the front of plasma, 250 MPa), than in the 
internal region of the corners (180 MPa), the material 
resists to the compressive stresses better than to the tensile 
ones. 
 
Normal stresses through the thickness are between – 63 and 
65 MPa (limits are 110 MPa for tensile stresses and 
420 MPa for compressive stresses). 
 
Shear stresses through the thickness σ23 ranges between –41 
and 30 MPa (limits are 44 MPa both for tensile and 
compressive stresses) in the plane regions while varies 
between –56 and 64 MPa in the corners.  
 
It has to be outlined that the corners where stresses exceed 
their allowable limits are those corresponding to the toroidal 
channels outlet, where the imposed transition from the FW 
temperature distribution to the uniform 650°C corner 
temperature is sharp. 
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Sensibility studies have been carried out and have shown 
that stresses strongly depend from the assumed temperature 
distribution. 
 
Further three-dimensional thermal analyses could be 
needed, thus, to optimize the corner geometry finding out 
the actual thermal gradients and relative thermo-mechanical 
stress fields. 
 
DIVERTOR ENERGY BALANCE 
 
The total power on the divertor region is about 600 MW. 
The components of each divertor segment will be cooled in 
series. The liquid metal path is shown in figure 2. Pb-17Li 
enters from the bottom to cool the heat flux divertor plate 
(outboard and inner targets), then it passes through an 
intermediate manifold to cool the inner baffle, circulates in 
the rear shield region, passes to the outer baffle and after 
crossing the rear shield region goes out through the port. 
From above-mentioned calculations on the elementary cell, 
the mass flow rate of the liquid metal in each divertor 
segment is 170 kgs-1 and for the whole divertor is 8150 kgs1 
(0.91 m3s-1). Inlet temperature is 600°C. With these 
hypotheses, from a mass-enthalpy balance, evaluated liquid 
metal outlet temperature is 994°C. Using this data, the 
deposited power in the divertor region can be recovered 
with high efficiency [1]. 
 
 
CONCLUSION 
 
 
A divertor concept using Pb-17Li as coolant, SiCf/SiC as 
structural material and W as armour material has been 
presented and its main performances have been assessed. 
 
This concept foresees an independent divertor cooling 
circuit and horizontal maintenance. Thermo-mechanical 
analyses have shown that the proposed design, with further 
optimization of corner geometry, is able to resist to high 
heat flux to which it is submitted (5 MWm-2) meeting 
assumed temperature and stresses limits.  
 
An outlet Pb-17Li temperature of about 1000°C is achieved 
allowing to recover the heat deposited in the divertor region 
with high efficiency. 
 
Main issues are the large extrapolation assumed for the 
physical properties used in the calculations compared with 
those of present-day composites (for example a thermal 
conductivity of 20 Wm-1K-1 has been assumed for the 
SiCf/SiC which is about a factor five larger than the today 
SiCf/SiC value), the large number of required joints and the 
little knowledge about the impact of neutron irradiation. 
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Structural material : Martensitic steel 
• External diameter 8 mm
• Thickness 0.4 mm

Compliance layer : Papyex 
• Thickness 0.1 mm

Thermal barrier for flux repartition 
• Maximal thickness 0.075 mm

Plasma facing material : W alloy
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TW2-TRP-PPCS11-D01 
 
Task Title: MODEL A (WCLL): STUDY OF A HIGH TEMPERATURE WATER 

COOLED DIVERTOR 
 
 
INTRODUCTION 
 
 
In the framework of the European Fusion Power Plant 
Conceptual Study (PPCS) III, the Water-Cooled Lithium 
Lead blanket has been chosen for the Model A of a power 
reactor (PPCS-A) [1]. In order to limit extrapolation and to 
use the same coolant, a water-cooled divertor has been 
selected for PPCS-A. This water cooled divertor must be 
designed to sustain about 15 MW/m2 in order to limit 
extrapolations on plasma physics. The highest efficiency 
can be obtained using high temperature cooling water at the 
blanket conditions (Tout = 325°C). However water cooled 
divertor proposed in previous studies could not satisfy both 
constraints of a high flux level (15 MW/m2) and a high 
temperature of the coolant fluid (325°C). For instance, the 
W/EUROFER steel concept [2] is limited to 7 MW/m2 with 
water at 325°C, and the W/CuCrZr concept [3], based on 
ITER divertor, is limited to 150°C for an extracted flux of 
15 MW/m2. 
 
The aim of the present study is to propose a new design of 
the water-cooled divertor, in order to be able to extract 
15 MW/m2 with a coolant fluid at 325°C. In a first part, 
limitations of the previous design will be analysed. Then, a 
new design, with limited extrapolations on materials, will be 
proposed. 

2002 ACTIVITIES 
 
 
THERMO-MECHANICAL LIMITATIONS OF EXIS-
TING CONCEPTS 
 
For the W/EUROFER steel concept, already proposed  for a 
high temperature water cooled divertor, mechanical 
limitations are mainly due to thermal stresses and also 
pressure stresses. The former are linked to differential 
dilatations between tungsten and steel, and to the thermal 
gradient under high thermal flux. In the existing design the 
local thermal flux can be 25 % higher than the incident flux, 
because of a concentration phenomenon at the top of the 
steel tube. 
 
The optimisation already proposed, to overcome these 
limitations, concerns pressure stresses and differential 
dilatations. The steel tube diameter has been reduced at a 
constant thickness in order to limit pressure stresses without 
increasing thermal gradient. To answer the differential 
dilatation problem, a compliance layer has been inserted 
between structural material (steel tube) and armour material 
(tungsten) as proposed in the W/OFHC/CuCrZr concept. 
However, the use of Copper leads to a thermal limitation to 
satisfy the integrity of the interface between the compliance 
layer and other materials. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : New design of the water-cooled divertor (Model A) 
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Concerning thermal flux concentration, no design 
modifications have already been proposed to improve flux 
repartition in the structural material. This thermo-
mechanical analysis leads us to conclude that our design 
optimisation must be based on two main topics: 
 
- a high temperature compliance layer, 
- and a flux repartition device. 
 
NEW DESIGN OF THE WATER-COOLED DIVER-
TOR 
 
The new design of the water-cooled divertor is presented on 
figure 1. This design is based on the W/EUROFER steel 
concept, with the W as a plasma facing material and the 
EUROFER steel as structural material. As it was previously 
presented, the coolant fluid is water at 325°C and 155 bars. 
New aspects in this design are: 
 
- a high temperature compliance layer made of soft 

graphite "papyex" (up to 3000°C under non oxidant 
atmosphere), 

 
- and flux repartition device based on a thermal barrier 

made of pyrolytic graphite coating. 
 
The fabrication process of this divertor has not been 
investigated in details, but the feasibility has been briefly 
analysed. The thermal barrier is a various thickness coating 
deposited on half of the tungsten circumference,  with a 
maximal thickness of 0.075 mm at the point nearest to the 
plasma. 
 
For manufacturing, we can think about a fabrication process 
based on plasma sprayed technique. Or, if the latter is not 
possible, we could probably use brazing and machining 
techniques to manufacture this various thickness coating. 
 
The compliance layer could be made of a thin papyex sheet, 
as the product is now available. The standard minimal 
thickness proposed by the manufacturer (CARBONE 
LORRAINE) is 0.2 mm. 
 
The initial compliance layer thickness, before being 
assembled, will be function of the surface pressure expected 
on the papyex. For instance, an initial thickness of 0.14 mm 
will lead to a surface pressure of approximately 50 bars. 
 
THERMAL ANALYSIS 
 
Thermal properties for EUROFER steel and tungsten alloy 
are respectively extracted from references [6] and [4]. 
Thermal properties for papyex and pyrolytic graphite are 
summarized in table 1. 
 
These materials are orthotropic, with a high conductivity 
ratio in the parallel direction and a low conductivity ratio in 
the orthogonal direction. In both cases (compliance layer 
and thermal barrier), this orthotropic behaviour should 
contribute to the flux repartition in the circumferential 
direction. However, thicknesses are not sufficient for a 
significant energy transport in the circumferential direction.  

Table 1 : Thermal properties of graphite 
 

 Conductivity (W/m/°K) 

 Papyex Pyrolytic graphite 

Temperature 
(°C) 

parallel orthogonal parallel orthogonal 

20 160 7 497 1.1 

1000 100 3 235 1.1 

 
The thermal contact resistance for the papyex is derived 
from experimental data of reference [5]. These data lead to 
a heat exchange coefficient of 16.8E+04 W/m2/K for a 
contact pressure of 15 bars. 
 
A surface heat flux of 15 MW/m2 deposited on an outlet 
section of the divertor armour is assumed [2]. 
 
Water pressure and temperature are: p = 155 bars and 
T = 325°C, the latter is considered in an outlet section for a 
conservative estimation of the steady state thermal field. In 
order to satisfy the critical heat flux criteria, a swirl is 
provided. 
 
In these conditions, water local velocity is 20 m/s and 
critical heat flux (Tong75 increased by a factor 1.67 due to 
the swirl) is approximately 16.7 MW/m2. 
 
The heat exchange coefficient at the water steel interface is 
derived from a correlation extended in sub-boiling cooling 
regime. A constant volume heat deposition due to neutron 
irradiation is taken into account, with a power density of 
27 MW/m3 in tungsten, and 5 MW/m3 in EUROFER steel 
[3]. 
 
A 2D Finite Element steady state thermal analysis has been 
achieved using the CEA code CAST3M extended with High 
Heat Flux Components procedures developed by 
CEA/DRFC. 
 
Thermal heat flux density iso-values (figure 2) illustrate 
how the thermal barrier leads to a smoother flux repartition 
in the structural material. As it is shown on figure 2, for an 
incident flux of 15 MW/m2, the maximal flux is lower than 
13 MW/m2 in the EUROFER steel, as it would reach 
20 MW/m2 without any thermal barrier. 
 
This better flux repartition enables to limit the thermal 
gradient in the structural material, where the maximal 
temperature is 516°C on the outer wall (figure 2). The 
thermal barrier and the papyex compliance layer tend to 
increase the mean temperature in tungsten. However, a 
geometrical optimisation enabled us to satisfy a temperature 
criteria of 2000°C in tungsten, with a 3 mm tungsten 
thickness in front of the plasma. 
 
Papyex temperatures are in range of 362°C to 861°C, which 
is much lower than the upper limit in a non oxidant 
atmosphere. The thermal discontinuity at the papyex surface 
is approximately the same as the thermal gradient in the 
0.1 mm thick papyex layer. 
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Figure 1 : Thermal results of  the steady state Finite Element analysis in the water cooled divertor 
 
MECHANICAL COMPUTATIONS 
 
Elastic properties for EUROFER steel and tungsten alloy 
are respectively extracted from references [6] and [4] as 
already used in reference [2]. Elastic properties for 
pyrolytic graphite are summarized in table 2. The pyrolytic 
graphite is much softer than tungsten, which will probably 
reduce the risk of  under cladding crack initiation in 
tungsten.  
 
The papyex layer can be considered as a very soft material, 
with an orthogonal compressibility modulus of 
approximately 60 MPa for a strain lower than 50 %. In our 
case, differential dilatations will mainly produce distortion 
between orthogonal and parallel directions; we can 
reasonably think that the papyex rigidity is very low under 
this type of strains.  
 

Table 2 : Elastic properties for pyrolytic graphite 
 

thermal 
expansion ratio 

(1.E-6/K) 

Young modulus 
(GPa) 

Poisson ratio 
Temperature 

(°C) 

parallel 
Ortho-
gonal 

parallel 
Ortho-
gonal 

parallel 
Ortho-
gonal 

20 -0.66 28 11 -0.1 0.9 

600 1.34 28 11   

1400 2.75 

32 

    

 
Thermo-mechanical loading is composed of : the steady 
state temperature distribution computed in section 4, water 
pressure on structural material and internal pre-stress in 
compliance layer. For the latter we only consider its effect 
on tungsten part in order to have a conservative approach.  
 
In order to best estimate the free surface boundary condition 
between slices of tungsten a 3D Finite Element model is 
used (figure 3). In this model, the papyex layer is 
represented as a very soft material.  

Structural integrity under nominal loading is checked with 
RCC-MR code criteria. Equations (1) and (2) are 
respectively used to prevent instantaneous and delayed 
instabilities under primary loads (pressure).    
 

Pm < Sm  (1) 
 

Pm < St  (2) 
 
where Pm is the equivalent primary membrane stress, Sm 
the instantaneous allowable value and St the delayed 
allowable value. For the latter we will consider a nominal 
loading period of 30000 hours. 
 
The ratcheting criterion (3) is used to check integrity under 
a combined thermo-mechanical loading. Thermal stresses 
are introduced as a cyclic loading in the term ∆Q of 
equation (3). This ratcheting criterion is not really well 
adapted in the case of the tungsten monoblock where there 
is no primary loading. However, as this criterion prevents 
plastic strains under thermo-mechanical loading, it gives 
good indications for design optimization. For pure thermal 
loading it would be interesting to have a more detailed 
approach, like elasto-plastic comptutations, in order to 
rationalize structural integrity margins.  
 

Max(Pm+Pb) + ∆Q < 3.Sm (3) 
 
where Max(Pm+Pb) is the maximum equivalent primary 
stress and ∆Q the secondary stress variation.  
 
Structural integrity results for the EUROFER steel tube are 
detailed in table 3. In the latter equations (1), (2) and (3) are 
satisfied with a low margin for primary loading (12 MPa 
compared to the St allowable value), and an important 
margin for thermo-mechanical loading (196 MPa  compared 
to the 3.Sm allowable value). The low margin for primary 
loading is a limiting problem, and the only way to enhance 
this margin is to improve the high temperature material 
behaviour. 
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Figure 2 : 3D Finite Element model 
for thermo-mechanical analysis 

 
Table 3 : Structural integrity on the EUROFER steel tube 

 

Criterion Pm - Sm Pm - St Max(Pm+Pb) + ∆Q - 3.Sm 

Margin 
(MPa) 

27 12 196 

 
Concerning tungsten, the 3.Sm limit is satisfied without any 
margin inside the tungsten monoblock. A stress 
concentration appears on the free surface at the 
tungsten/pyrolytic graphite interface, where the 3.Sm 
criterion is not checked. However, as the stress 
concentration zone is very limited, an elasto-plastic 
evaluation would probably lead to a very low level of 
plasticity and a significant stress relaxation.  
 
 
CONCLUSIONS 
 
 
A high temperature water cooled divertor (325°C coolant 
fluid), designed to sustain 15 MW/m2, has been proposed in 
this study. A new design is proposed with a compliance 
layer made of soft graphite "PAPYEX" and a thermal 
barrier made of a pyrolytic graphite coating. In this first 
study, graphite is chosen because of its thermal and 
mechanical properties. However, as material properties of 
graphite are very sensitive to irradiation effects, this choice 
will have to be re-analysed taking into account irradiated 
material properties. A thermal analysis shows that the 
maximal flux in structural material is limited to 13 MW/m2 
instead of 20 MW/m2 without thermal barrier. 
 
Then, the thermal gradient in EUROFER steel tube is 
reduced, and maximal temperature in the latter is 516°C. A 
thermo-mechanical analysis for EUROFER steel shows that 
limiting criterion is delayed instability under pressure 
loading, with a minimal margin of 10 MPa compare to the 
St allowable value. Concerning thermal stresses, we can see 
a significant improvement compared to previous concepts, 
and the 3.Sm allowable value is satisfied with an important 
margin (200 MPa). 

For the plasma facing material, the 3.Sm ratchetting 
criterion is globally satisfied  in the tungsten monoblock, 
with only a slight local stress concentration on the free 
surface at the pyrolytic graphite/tungsten interface. 
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TW2-TRP-PPCS12-D06 
 
Task Title: MODEL D (SCLL): SHIELD AND VACUUM VESSEL DESIGN 
 
 
INTRODUCTION 
 
 
Within the framework of the European Power Plant 
Conceptual Study (PPCS) launched in 2000, the conceptual 
design of four reactor models has been performed, starting 
from a model based on relatively near-term plasma physics 
and technology (Model A) up to a model based on the use 
of very advanced plasma physics and technology (Model D) 
derived from a very large and optimistic extrapolation of 
present-day knowledge. 
 
Initially, the scope of the present task was oriented towards 
the evaluation of thermo-mechanical behaviour and 
assessment of fabrication issues for SiC/SiC flow channel 
insert for Model C  (Dual-Coolant). 
 
This task has been re-oriented in the meantime to support 
the design of the shield components and vacuum vessel of 
the Model D reactor. 
 
From the technology point of view, Model D is based on a 
Self-Cooled Lithium Lead (SCLL) blanket (see figure 1) 
and on Lithium-Lead cooled divertor, both using SiCf/SiC 
as structural material [1]. 

2002 ACTIVITIES 
 
 
The aim of the 2002 activities was the preliminary 
definition of the shield and vacuum vessel dimensions and 
compositions, with the double objective to i) fulfil design 
limits (radiation doses) for high temperature super-
conducting coils and insulators, ii) and to avoid, as far as 
possible, the use of water or hybrids in order to eliminate 
any potential risk of accidental production of hydrogen in 
the vessel. 
 
SHIELD DESIGN PRINCIPLES 
 
Because of the relatively low shielding efficiency of the 
SCLL blanket a large fraction neutron energy (8.2 %) is 
deposited in the first part of the shield region [1]. It is 
therefore necessary to recover most of this energy for 
electrical power production. Therefore, the shield region is 
divided in two parts: a first part, called High Temperature 
(HT) shield, will be cooled by Pb-17Li and is connected 
with the blanket cooling circuits, and a second part, called 
Low Temperature (LT) shield, is cooled by Helium as the 
vacuum vessel (low pressure, low temperature Helium). The 
shield design principle is shown in figure 2. 
 

 

 
 

Figure 1 : View of the SCLL blanket segmentation 
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Figure 2 : Mid-plane cross section of a SCLL blanket sector 
 
Because of the high temperature levels, for the HT shield 
one can use only materials compatible with high 
temperature, that is SiCf/SiC as structures, Pb-17Li as 
coolant (inlet/outlet temperatures 700°C/~900°C) and WC 
as neutron absorber (selected after detailed inboard 
shielding analyses). 
 
For the HT shield, coaxial flow is not foreseen; in fact, it is 
expected to cool it in parallel with the annular Pb-17Li flow 
of corresponding blanket connecting at the top with the 
internal box flow. Feasibility study of this option has not yet 
been performed. 
 
The LT shield uses borated steel as structural material, WC 
as neutron absorber and Helium as coolant. Helium 
inlet/outlet temperatures have been preliminary fixed at 
respectively 250°C and 400°C, the Helium pressure at 
4 MPa (to be checked). 
 
The interface between HT shield and LT shield carries most 
of differential thermal expansion between the different 
blanket/shield/VV layers. It is therefore proposed to have 
flexible attachments between the two shields in order to 
allow the relative displacements. 
 
The design of such attachment will depend on the 
dismantling capability requirements of the two shields and 
has not yet been addressed in details. 
 
The vacuum vessel has the same composition and coolant as 
the LT shield. 

DIMENSIONS AND MATERIALS 
 
The shield design has been based on the shielding analyses 
described in [2]. One objective of this analysis was to check 
the possibility to avoid the use of water and hydrides in 
order to completely eliminate any potential risk of 
accidental production of hydrogen in the vessel. 
 
The most important conclusion of this study is that the use 
of WC in both shield and vacuum vessel allow to have a 
sufficient shielding efficiency and to avoid the use of water 
and/or hydrides. 
 
The final shield and vacuum vessel compositions and 
dimensions have been optimised and are reported in table 1. 
 
Some problems were identified in the region behind the 
gaps between segments, because in the initial design, the 
gaps between blanket modules and those between shield 
modules were aligned. 
 
However, in the final design these gaps are no more aligned 
and therefore the shielding efficiency should be sufficient 
everywhere. 
 
Moreover, design limits for high temperature super-
conducting coils and insulators (as expected to be used in 
this very advanced reactor model) could even be relaxed; in 
this case, it could be possible to reduce the shield thickness 
and consequently the reactor dimensions which a direct 
impact on the overall cost. 
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Table 1 : Radial built and material composition 
of high/low temperature shields and vacuum vessel 

 

 
Inboard/ 

Topboardthickness 
[cm] 

Outboard 
thickness  

Materials 

High 
Temperature 
(HT) shield  

30 33 
Pb-17Li (10 %) 
SiCf/SiC (10 %) 

WC (80 %)  

Low 
Temperature 
(LT) shield 

35 35 
Borated steel (20 %) 

WC (60 %) 
He-coolant (20 %) 

Vacuum 
vessel 

42 42 
Borated steel (20 %) 

WC (60 %) 
He-coolant (20 %) 
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TW2-TRP-PPCS13-D06 
 
Task Title: MODEL D (SCLL): MECHANICAL AND THERMO-MECHANICAL 

ANALYSIS OF THE SCLL BLANKET 
 
 
INTRODUCTION 
 
 
Within the framework of the European conceptual studies 
on fusion power plants, four reactor models have been 
performed, from Model A to Model D. 
 
This latter concept D, which gathers the most innovative 
technologies, is based on a Self Cooled Lithium Lead 
(SCLL) blanket, on a lithium lead cooled divertor and on 
the use of SiCf/SiC as structural material 0. 
 
The SiCf/SiC composite has been chosen because it allows 
high coolant temperatures and shows very low short-term 
activation and afterheat levels. 
 
Moreover, the use of Pb-17Li (Li enriched at 90 % in 6Li) 
as breeder, coolant, neutron multiplier and tritium carrier, 
lead to reach high plant efficiency and has many advantages 
for reactor passive safety. 
 
To demonstrate the capabilities and the performances of the 
concept, many studies have been realized about all 
remaining questions: blanket and divertor design, shielding, 
vacuum vessel calculations, plasma configurations…  
 
Concerning the blanket design, European participants have 
more precisely examined questions like tritium breeding, 
thermo mechanical issues, MHD analyses, wall loading, 
accidental conditions… This study focuses on the thermo-
mechanical analyses of the outboard modules. 
 
 
2002 ACTIVITIES 
 
 
The possibilities of an outboard blanket module using 
SiCf/SiC (as structural material) and Pb-17Li (as 
breeder/multiplier and coolant) were assessed in the study, 
in line with the Self Cooled Lithium Lead (SCLL) fusion 
reactor characteristics. 
 
The design of the module (cf. figure 1) is based on the 
principle of coaxial flow along the 7.91 m of the height, as 
proposed in ARIES-AT. 
 
The lifetime of SiCf/SiC under irradiation has yet to be 
established, however, because of neutron damages, it has 
been assumed that the blanket front part will need to be 
replaced relatively often, at least once each 5 full-power 
years of operation. 
 
The SiCf/SiC dose rapidly decreases with blanket thickness, 
therefore the blanket back part requires less frequent 
replacement. 

 
 

Figure 1 : Equatorial section of the outboard blanket 
(a=first wall, b=second wall, c=thickened lateral side) 

 
To minimise the amount of radioactive waste, it has been 
decided to divide the thick outboard blanket in two parts, a 
front part to be remotely replaced each 5 years and a back 
part which could eventually be a reactor lifetime 
component (30-40 years). This study has only evaluated the 
thermo-mechanical behaviour of the front part (the most 
loaded one), which is divided in modules with an average 
width of about 200 mm. 
 
These components are gathered five by five on the blanket 
and are protected by a 2 mm thick layer of tungsten. In this 
group of five, contrary to modules 2, 3 and 4 (called central 
modules), modules number 1 and 5 (called lateral modules) 
are not blocked on their free surface (c), which need to be 
reinforced by an over-thickness. In reality, for technological 
reasons, this wall is made of several SiCf/SiC plates brazed 
one on the other. As a result, the study has defined two 
geometries with two types of boundary conditions. These 
two types of modules are both made of two concentric 
boxes (a and b), with a very thin gap between them. 
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Like in the TAURO design, each box has a round shaped 
front part and a flat back part. The Pb-17Li enters from the 
bottom in the thin external layer, turns down at the top and 
flows down at low velocity in the central region. 
 
The major advantage of this co-axial poloidal flow is that it 
allows higher temperatures in Pb-Li than in SiC/SiC. For 
the thermo-mechanical analyses of this module, a 
behavioural mechanical model suitably developed for the 
SiCf/SiC, and implemented in the FE code CASTEM 2000, 
has been used. 
 
Under the 0.5 MW/m2 heat flux, the required specifications 
were the inlet Pb-Li temperature (700°C), the outlet Pb-Li 
temperature (1100°C), and the inlet coolant velocity 
(4.5 m/s). The thermo-mechanical limitations were 44 MPa 
for the thickness shear stress, 110 MPa for the thickness 
normal stress, 1 for the “SiC/SiC criterion” (derived from 
the Von Mises stresses) and 1000°C for the maximum 
allowable SiC/SiC temperature. 
 
The parametrical study enabled to determine the thickness 
of the first wall (a) to reach 6 mm (cf. figure 2). Identically, 
the second wall (b) has been determined to reach 7 mm. To 
fulfil all stresses limitations, it appears on figure 3 that it 
would be necessary to consider, with the basic first wall 
thickness of 6 mm, a thickened lateral side width (c) of 
31 mm. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : Maximum mechanical stresses in FW due 
to the Pb-Li pressure (central outboard modules) 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 : Maximum mechanical stresses in first wall 
due to the Pb-Li pressure 

(lateral outboard modules, external face) 

Because of irradiation, such a thick SiC/SiC structure 
would raise temperatures largely too high. 
 
So, it was decided to keep the latter value to 26 mm with 
regard to SiC/SiC maximum allowable temperature. 
 
With that thickness, shear stress (46 MPa) overreaches 
slightly the limit of 44 MPa. 
 
Further design optimisation and R&D on SiC/SiC will 
provide more margins on this criterion. 
 
The thermo-mechanical calculations (figures 4 and 5) have 
shown that this geometry could fulfil the requirements 
except for the lateral module where it was found a very 
localised hot spot at the back (where SiC/SiC raises at 
1089°C) and a shear stress exceeding slightly locally the 
limit and for which further investigations will probably 
determine a more detailed solution. 
 

 
 

Figure 4 : Temperature repartition in central module 
at top and bottom altitudes (°C) 

 

 
 

Figure 5 : Temperature and SiC/SiC criterion 
on the first wall (upper 10 % of the module) 
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CONCLUSION 
 
 
This thermo-mechanical study lead to a preliminary 
conceptual design of the outboard module but beyond the 
scope of this study, future works should enable possible 
reduction of Pb-Li velocity due to MHD effects, to a better 
temperature repartition in the first wall or to the 
examination of the consequences of impurities in structural 
material. 
 
This study stressed also the need in thermo mechanical 
material properties, whose lack lead to implement 
extrapolated laws in the FE code. In the same way, the 
reliability of the SiC/SiC design criterion will necessarily 
need to be validated by large experimental campaigns. 
These further analyses will identify trustful solutions for 
remaining R&D issues and will define by the way a blanket 
design with wider margins to the thermo mechanical limits, 
which will contribute to the final validation of this outboard 
concept efficiency. 
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TW2-TRP-PPCS13-D07 
 
Task Title: MODEL D (SCLL): DESIGN INTEGRATION 
 (INCLUDING DIVERTOR SYSTEM) 
 
 
INTRODUCTION 
 
 
Within the framework of the European Power Plant 
Conceptual Study (PPCS) launched in 2000, the conceptual 
design of four reactor models has been performed, starting 
from a model based on relatively near-term plasma physics 
and technology (Model A) up to a model based on the use 
of very advanced plasma physics and technology (Model D) 
derived from a very large and optimistic extrapolation of 
present-day knowledge. 
 
From the technology point of view, Model D is based on a 
Self-Cooled Lithium Lead (SCLL) blanket and on lithium-
lead cooled divertor, both using SiCf/SiC as structural 
material. This model is the one associated with the largest 
attractiveness and at the same time with the largest 
development risk [1]. The use of SiCf/SiC structures allows 
high coolant temperature and shows very low short-term 
activation and afterheat levels. Because of the use of a low-
pressure, low reactivity liquid metal, the Pb-17Li (Li 
enriched at 90 % in 6Li), as breeder, coolant, neutron 
multiplier and tritium carrier, this system can, in principle, 
achieve high plant efficiency and has the potential for 
reactor passive safety. 
 
 
2002 ACTIVITIES 
 
 
The aim of the 2002 activities was the finalisation of the 
conceptual design of the very advanced Model D reactor, 
assuming large extrapolation in both plasma physics and 
technology and including integration of the divertor system. 
The activities included, in particular, blanket segmentation 
and design, shielding and divertor integration, external 
circuits/components definition and plant efficiency 
evaluation. 
 
PHYSICS AND REACTOR PARAMETERS 
 
From the plasma physics point of view, Model D is based 
on the main assumptions that highly shaped plasmas with an 
optimisation of the magnetic shear profile can achieve a 
total normalised β of 4.5. Moreover, with an increased 
safety factor, qedge>4, the high poloidal β allows a large 
bootstrap current fraction and requires low levels of re-
circulating power for current drive. 
 
As for other three models studied within PPCS, it has been 
assumed a net electrical output of 1500 MWe to the grid. 
The main set of reactors parameters derived from the above 
considerations are summarized in table 1, along with 
physics parameters. 

Table 1 : Model D physics and reactor parameters 
 

Basic Parameters  

Unit Size (GWe) 1.5 

Major Radius (m) 6.1 

Aspect Ratio 3.0 

Plasma Current (MA) 14.1 

TF on axis (T) 5.6 

Number of TF coils 16 

TF on TF Coil Conductor (T) 13.4 

Elongation (X-point, 95 % flux) 2.1, 1.9 

Triangularity (X-point, 95 % flux) 0.7, 0.47 

Q 35 

Physics Parameters  

HH (IPB98y2) 1.2 

n/nG 1.5 

βN (thermal, total)  3.7, 4.5 

Bootstrap fraction  0.76 

Safety factor q(95) 4.5 

Zeff 1.6 

Average Electron Temp. (keV) 12 

Temperature peaking factor 1.5 

Density peaking factor 0.5 

Engineering Parameters  

Fusion Power (GW) (after iteration) 2.53 

Source peaking factor 2.5 

Heating Power (MW) 71 

Average neutron wall load (MW/m2) 2.6 

FW Surface Heat Flux (MW/m2) 0.5 

Max. Divertor  Heat Load (MW/m2) 5 

 
It can be noted, in particular, that improvement in divertor 
physics and technology have been assumed sufficiently high 
so that no penalty is imposed on the core plasma to protect 
the divertor. 
 
The maximum heat flux on the divertor is then assumed to 
be around 5 MW/m2. 
 
An additional assumption is that high-normalized density 
operation is feasible. Combined with the high value of 
thermal efficiency, it is possible to have a modest sized 
device that is capable to produce large electrical power 
output. 
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MAJOR DESIGN CHOICES 
 
The blanket design principle has been derived from ARIES-
AT [2]. It consists in having several meters-high segments 
with co-axial PbLi poloidal flow which allows PbLi 
temperature higher than the SiCf/SiC temperature (see 
details in blanket design description). 
 
The divertor circuit is independent from the blanket ones, in 
order to avoid the relatively large hydrostatic pressure of 
the Pb-17Li circulating in the blanket and also to allow a 
specific optimisation of the divertor cooling circuit with 
regard to its own operating conditions. 
 
Because of the chosen blanket shape, a vertical blanket 
maintenance has been selected through ports at the top of 
the vacuum vessel (VV). This choice allows having 
vertically continuous segments which reduce the surface of 
gaps between blanket elements with a consequent advantage 
for the tritium breeding self-sufficiency. 
 
Poloidally, the blanket is divided in 3 parts: outboard, 
inboard and topboard (see figure 1). Toroidally, there are 
16 TF coils which forms 16 VV sectors. 
 
There are 3 outboard segments, 2 inboard segments and 2 
topboard segments per sector. In total, there are 112 blanket 
modules. In each sector, one of the topboard blanket 
modules is placed in front of the top port and it has the 
same dimensions as the ports: it is therefore possible to 
extract it together with the port cap. 

In order to reduce the amount of long-living radioactive 
waste due to the SiCf/SiC structures, the outboard blanket is 
divided in two parts as in ARIES-AT [2]: a front part, about 
30 cm-thick which is submitted to high surface heat flux and 
high neutron flux and is therefore expected to be replaced 
relatively often (possibly each 5 years), and a second zone 
which is expected to remaining in service much longer 
(possibly about 40 years). An horizontal cross section of the 
outboard blanket in the mid-plane is given in figure 2, 
where these two regions are clearly shown. Inboard and 
topboard blankets, being already relatively thin, are not 
radially split. Because of the lower neutron wall loading, 
their lifetime is expected to be slightly longer than the front 
outboard blanket. 
 
BLANKET DESIGN DESCRIPTION 
 
The blanket design is based on the principle of coaxial flow, 
as proposed in ARIES-AT [2], which allows to have the 
maximum Pb-17Li outlet temperature of 1100°C while 
keeping the maximum SiCf/SiC temperature to the 
acceptable limit of about 1000°C. 
 
Each segment is formed by a number of modules (5 for the 
front outboard, 4 for inboard and topboard) which has an 
average width of about 200 mm. A typical module (see 
figure 3) is essentially formed by two concentric boxes, 
made of SiCf/SiC walls, with a very thin gap between them 
(4 mm-thick). The outer-box FW is 6 mm-thick, the inner 
box is 7 mm-thick. Each box has a round shaped FW and a 
flat back wall as in the TAURO design [3]. 
 

 

 
Figure 1 : View of the SCLL blanket segmentation 
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Figure 2 : Mid-plane cross section of a SCLL blanket sector 
 

 
Figure 3 : Outboard SCLL blanket mid-plane cross-section 
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The gap is maintained by means of several thin pins 
attached on the external surface of the inner box and put in 
contact with the internal surface of the outer box (see 
figure 3). These pins act also as Pb-17Li flow guides with 
controlled width. The Pb-17Li enters from the bottom and 
flows at high velocity in the gap, then it turns down at the 
top and flows at low velocity in the large inner box. 

Each blanket segment has a thick back wall in order to have 
sufficient strength of the empty box during vertical 
maintenance, and to allow its attachment to the back 
components. The back outboard blanket has a similar 
design although with flat front wall. In fact, because of the 
less severe thermal load conditions, thicker SiCf/SiC walls 
can be used. 
 

Table 2 : Model D main engineering aspects 
 

Main Engineering 
Parameters 

Pel = 1.5 GWe , Pfus = 2.53 GW, R = 6.1 m 
Max FW HF = 0.5 MW/m2   Av. NWL on FW = 2.6 MW/m2 
Max Divertor HF = 5 MW/m2 

Maintenance From top port for blanket banana-type segments, horizontally for cassette-type divertor 

Modularity 16 TF coils, 48 outboard segments, 32 inboard and 32 topboard segments 

Blanket 

Self-cooled Pb-17Li with SiCf/SiC structures (SCLL) 
Radial Thickness: Inboard 0.3 m, Topboard 0.3 m, Outboard (0.3 m + 0.4 m) 
FW: SiCf/SiC thk = 6 mm (λ = 20 W/mK), 2 mm-thick W protection 
Operating conditions:  
SiCf/SiC: Tmin = 700°C, Tmax = 1000°C, applied TAURO design criteria 
Pb-17Li: p = 1.5 MPa, vmax = 4.5 m/s, Tin/out = 700°C/1100°C 
Pb-17Li flow rate: 3.1 m3/s, ~1100 re-circulations/day 

Shield 

0.3 m-thick High Temperature Shield (HTS); 
0.35 m-thick Low Temperature Shield (LTS); 
HTS: Pb-17Li-cooled WC (80 %), SiCf/SiC structure (10 %); Tmax ~ 1000°C 
LTS: He-cooled WC (60 %), Bor. Steel struct.(20 %), p = 4 MPa, Tmax ~ 500°C 

Vacuum Vessel 
Thickness ~ 0.42 m 
He-cooled WC (60 %), Borated Steel struct.(20 %), Tmax TBD°C 

Divertor 

Self-cooled Pb-17Li with SiCf/SiC structures 
Front wall SiCf/SiC thickness: 1.0 mm 
W-tiles: 5.5 mm-thick, Tmax ~ 1290°C 
Pb-17Li: p = 0.9 MPa, vmax = 1.5 m/s, Tin/out = 600°C/1000°C, FL: 0.9 m3/s 
SiCf/SiC : Tmin = 650°C, Tmax = 1015°C, applied TAURO design criteria 

TBR Total 1.12 of which 0.98 in blankets, 0.125 in divertor, 0.015 in HT shield 

Efficiency 0.61 (defined as net electrical output: Pfus = 1500 MW/2460 MW) 

Pb-17Li primary 
coolant circuits 

Horizontal deployment to reduce hydrostatic pressure 
Power: (blanket + HTS) 2092 MW, (divertor + HTS) 591 MW 
Circuits: 4 for the blanket (523 MW) and one for divertor (591 MW) 
Heat exchanger (HX): Pb-17Li to He, structures (W, SiCf/SiC, steel, ?) 
Flowrate: 0.78 m3/s in each blanket circuit, 0.91 m3/s in the divertor circuit 
Mechanical pumps (reference) or Electro-Magnetic pumps (alternative) on the cold leg (700°C) 
T Extractor: on the cold leg, He-bubbling type, treated 1 % of the total flowrate 
Pb-17Li purification system, 6Li refurbishing system 

He secondary 
circuits 

Turbine inlet pressure: 7 MPa (one for divertor, 4 for the blanket) 
3-stage compressors 
Mass flow rate: 300 kg/s for divertor, 970 kg/s for blanket 

Advanced features 

- High Temperature Super-conducting Coils (cooled by liquid N, 77 K) could be envisaged, 
 although not essential 
- H-production may be installed on divertor circuit (and/or on other) “instead of” / “together 
 with” turbine system 

Main R&D key 
issues 

- SiCf/SiC composite: increase of thermal conductivity, behaviour under irradiation, lifetime, 
 compatibility with high T Pb-17Li, joints 
- Shield and VV designs using WC to be developed 
- Heat Exchanger design: TBD, Pb-17Li flowing in SiCf/SiC straight pipes (W?) 
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The removable outboard front blanket, the inboard and the 
topboard blankets, are supported on the back-blanket by a 
series of parallel positioning keys located in between and 
ensuring the weight supporting function. After positioning, 
the front-blanket is fixed in position by a fixing system 
located at the top. This system consists in 2 lugs per 
blankets connected together by an horizontal fixation axis 
and locknut system. In principle, it is possible to perform 
remotely all mounting and dismounting operations. 
 
DIVERTOR 
 
The SCLL reactor foresees to have an independent divertor 
system. Depending on the specifications, the divertor could 
in principle be cooled by water, Helium, or PbLi. However, 
if one wants to apply the reactor overall safety strategy of 
low-energy inventory in the vacuum vessel, the best option 
would be the use of PbLi coolant with SiCf/SiC structures 
and W-protection tiles as described in [4].  
 
SUMMARY OF MAIN DESIGN AND ENGINEERING 
ASPECTS 
 
The activity report gives details on integration, power 
conversion system, tritium breeding ratio, tritium recovery, 
potential for H production and main R&D priorities. In 
table 2 are summarized the main engineering aspects of the 
Model D reactor concept. 
 
 
CONCLUSION 
 
 
The Self-Cooled Lithium-Lead reactor has been defined 
within the EU Power Plant Studies as the most advanced 
reactor which can reasonably be conceived by extrapolating 
both physics and technology knowledge. Of course, these 
extrapolations need long-term experimental validation. For 
instance, the SiCf/SiC thermal conductivity has been 
assumed about five time larger than the value known today. 
 
In spite of the preliminary nature of this work, which shall 
be completed by further detailed design integration and 
improvement, it has shown that a SCLL blanket could lead 
to very high energy conversion efficiency resulting in good 
prospects to achieve fusion economic competitiveness 
whilst guaranteeing high safety standards. 
 
This activity showed the major design choices and 
corresponding performances of the Model D reactor, based 
on a SCLL blanket; at the same time, this activity recalled 
the list of the major R&D issues which will have to be 
addressed and solved in order to have a reasonable 
confidence on the obtained results. 
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CEFDA01-630 
TW1-TRE-FPOA 

 
Task Title: FUSION AND THE PUBLIC OPINION: PUBLIC ACCEPTANCE OF 

THE SITING OF ITER AT CADARACHE 
 
 
INTRODUCTION 
 
 
The project Pofficad (Public Opinion via Focus Group on 
energy scenarios including Fusion and on ITER siting in 
Cadarache) is a joint project by IRSN (France) and 
SCK•CEN (Belgium), with contributions and collaboration 
with CEPE (Switzerland). It is a part of the SERF3 program 
(Socio-Economic Research on Fusion 3), within the task 
'Fusion and the Public Opinion', and as such it is supported 
by EFDA (European Fusion Development Agreement) and 
receives funds from the European Commission. 
 
Pofficad attempts to gather accurate information about the 
feelings and attitudes of the population in southern France 
with regard to future energy, fusion, research in fusion and 
the siting of ITER. Meetings with various groups of the 
population in the region near Cadarache, the French site 
candidate for hosting ITER in future. 
 
The project started at the end of 2001; this report gives the 
status at the end of 2002, concluding of the contracts1 of the 
fieldwork in the Cadarache region. It contains the 
information about the methodology used and the various 
steps in the realization of the Focus Group study, but not 
the analysis of the data or the feedback to the participants, 
which are planned for the first half of 2003. 
 
Complementary to this focus group work, a questionnaire 
about risk and novelty has been developed by CEPE. This 
questionnaire has also been presented to the people 
participating in the Focus Groups. First results have been 
obtained. 
 
 
2002 ACTIVITIES 
 
 
THE METHODOLOGY OF FOCUS GROUPS 
 
The Focus Group is a methodology of the social sciences, 
which brings people together to discuss a number of 
themes, guided by an 'animator'. The purpose is that the 
group dynamics of the discussion reveals feelings and 
attitudes that might remain hidden if individual interviews 
were used. The themes are fixed in advance by the research 
team; they give rise to an interview guideline (the protocol) 
to structure the discussion when needed. 
 

                                                 
1 The project is covered by three contracts: Contract FU05 - CT2001 - 
00340 (EFDA/01- 631), Contract FU05 - CT2001 - 00339 (EFDA/01 – 
631), Contract FU05 – CT2001 – 00338 (EFDA/01 – 629) with 
SCK•CEN, IRSN and CEPE respectively 

The order according to which the themes are discussed is 
not imposed. In general 5 – 12 persons take part, one 
animator leads the discussion and an observer notices 
remarkable facts and findings during a two-hour meeting. 
The main steps, the advantages end the methodology are 
detailed in a paper submitted to the next annual meeting on 
Nuclear Technology which will be held in Berlin in May 
20032. 
 
The qualitative information obtained by focus group is 
useful but one should be very cautious in extrapolating this 
outcome to similar groups of the population, and the results 
cannot be considered to be representative (there is no 
absolute guarantee that themes appearing very explicitly in 
this project are predominantly present with all members of 
the public. 
 
FOCUS GROUPS OF THE POFFICAD PROJECT 
 
Five Focus Group meetings were organised in the course of 
2002: 
 
- A group of general population living close to the 

Cadarache site (villages of St-Paul-lez-Durance, Vinon-
sur-Verdon, Ginnaservis and Beaumont de Pertuis). 
This group was recruited by a subcontractor (BVA) 
based upon a number of criteria predefined by the 
research team; it took place in Vinon-sur-Verdon. 

 
- A similar group of general population, but recruited at a 

larger distance from the site with the same approach 
(Manosque, Pertuis, Meyrargues, Peyrolles, Aix-en-
Provence); the meeting took place in October 2002, in 
Vinon-sur-Verdon as well. 

 
- A group of emergency workers, recruited by the 

research team after preliminary contacts at various 
levels in the region; the meeting took place in October 
2002, in Aix-en-Provence. 

 
- A group of representatives of associations 

(environmental associations, consumer associations, 
members of the CLI = Comité local d'information, etc.), 
also recruited by the research team after contacts in the 
region. (October 2002, Aix-en-Provence). 

 
- A group of representatives of communal and district 

authorities (mayors, members of a departmental council, 
the sous-préfet etc.). This group has also been recruited 
by the research team (October 2002, Aix-en-Provence). 

                                                 
2 Public Opinion via Focus Group on Energy Scenarios including Fusion 
on ITER Siting in Cadarache. I. Fucks, S. Charron  & F. Hardeman,- Paper 
submitted to the Annual Meeting on Nuclear Technology, Berlin, 20-22 
May 2003. 
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The themes assessed in the Pofficad project are all related 
to future energy needs, the role of fusion and the possibility 
of siting ITER in Cadarache. More in detail, we addressed: 
 
- The theme of 'risks': safety risks, ecological risks, time 

scale of the project, etc… . 
 
- Theme of the 'region': impact upon the region; 

advantages and disadvantages of the project (economy, 
traffic, schools etc.). 

 
- The innovative nature of the technology (and the ITER 

research facility); distinction between a research facility 
and an energy producing reactor etc… . 

 
- The international dimension of the project: is it 

considered favourable or problematic? etc… . 
 
- Theme of actors: who is an actor, what is his role? Do 

you trust these actors? Why (not)? What would cause 
better trust? etc… . 

 
- Theme of (needs of) information: what expectations do 

you have? What is needed, accepted? etc…. 
 
Based upon these themes, a protocol was developed (see 
annexes 4 and 10), and used throughout this Focus Group 
work.  
 
Transcripts of the Focus Group meetings hold have been 
made and their analysis is in progress. 
 
INFORMATION LEAFLET 
 
Participants in Focus Group discussions have little 
knowledge about the themes addressed and an information 
leaflet has been prepared and sent to participants 
 
THE FOCUS GROUPS: PROCESS AND 
OBSERVATIONS 
 
The meeting with the local population grouped nine 
participants, well reflecting the sexes, education, age 
distributions we aimed for. Most of the themes and sub-
themes were tackled by the participants, mostly 
spontaneously. The socio-economic dimension of ITER 
revealed a lot of attention, while the identification of actors 
seemed to be problematic. Most of the participants were 
eager to be informed about the general activities at the 
Cadarache site and about the ITER project, and expressed 
their willingness to remain connected to the ongoing of our 
work.  
 
The meeting with the second group of representatives of the 
general population (13 persons) showed the interest in the 
socio-economic aspects of ITER and the search for 
independent expertise and the importance of public 
participation. The ecological dimension was hardly 
addressed.  
 
The Focus Group with the emergency workers was 
characterised by the very formal approach used by the 
participants who refused to address the themes of future 
energy scenarios. 

They took the position to be representative of an official 
organisation, not allowing to express their personal 
opinions. The participants strongly argued that, as far as 
ITER is concerned, it is considered just to be one more 
facility that might have a future impact on their work, but 
that the necessary procedures are into operation to include it 
without difficulty.  
 
The Focus Group with the various associations 
(environmental, consumers, CLI, etc.) addressed almost all 
themes spontaneously. Mainly the themes of the 
international dimension and how to deal with information 
yielded a lot of attention, while the topics of future energy 
and alternative techniques did not create a lot of interest.  
 
Several associations considered that they have a role to 
play, as well in the field of information, as in the process of 
regulating facility control ('control of the control'). A joint 
point of view was that information had to be given on two 
levels: an 'expert' level, and a level for the general public.  
 
An ambition of most of the participants also was to pass a 
message from their association to us and the other 
stakeholders. During the Focus Group 'authorities', most of 
the themes (e.g. the theme about information) were 
addressed spontaneously, with a lot of attention towards the 
socio-economic dimension. At the beginning of the session, 
the participants expressed formally their support to the 
ITER project. 
 
AN ANALYSIS OF THE FIRST FOCUS GROUP 
 
A first analysis of the Focus Group (meeting on 24 June – 
Vinon-sur-Verdon) with the local population in the villages 
close to the Cadarache site has been performed. A synthesis 
is given below. 
 
The first theme was related to 'risk' in a broad sense. 
'Quality of Life' was a very important issue in the 
discussion: 'living close to a waste bin'; future generations. 
The safety issue was also prominently present, although a 
few participants claimed not to be capable to answer, not 
having sufficient information. 
 
The need of information clearly also was stated important. 
Seismic risk was mentioned spontaneously, but in a broader 
context than related to the ITER facility only:  
 
The participants paid a lot of attention to the social and 
economic aspects linked to the potential implementation of 
ITER at Cadarache. The economic and social implications 
referred to three factors: the flux of population; the 
economic benefit for the region, and the loss of the rural 
character of the region. 
 
The participants did not always consider these elements in 
the same way; both, positive and negative aspects of these 
issues were addressed.  
 
The participants addressed several aspects of the theme of 
innovative technology. First of all the distinction between 
fusion and fission: it is difficult to assess whether all 
participants made this distinction.  
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The theme of the international dimension of the ITER 
project did not give rise to a large discussion. For several 
participants, France was considered to be as well a 
guarantee for safety as and a reliable engine to create 
innovations. The theme of trust was expressed in relation 
with three kinds of actors: the experts on the site; the local 
authorities and national authorities. The National authorities 
were considered to be a key player. 
 
The potential installation of the ITER facility at Cadarache 
yielded a lot of discussions about information (and the lack 
of it as stated by many participants). The first need 
identified was to get more information about the safety and 
security of the site at Cadarache. The participants seemed 
not to be informed about the activities at the site of 
Cadarache; one participant referred to it as being a 'bunker', 
and considered the nuclear field to be a 'Secret of the State'. 
The participants considered that independence between the 
vectors of information and the people in charge of 
information enhances credibility. They were also 
demanding a justification of the choice of energy policy, 
public enquiries, and information about the actions in case 
of emergency. Generally speaking, the participants wanted 
more information seminars and small scale debates. They 
wished to get informed by other parties about the 
Cadarache site, and did not identify the local authorities to 
be key players in this respect. 
 
FUTURE PERSPECTIVES 
 
The contracts funded by the European Commission covered 
the 2001-2002 period. The work will be completed in order 
to analyse the data collected in the grame of the task TW1-
TRE/FPOA. As far as the Focus Groups near Cadarache are 
concerned, the fieldwork itself is finished and most of the 
transcripts are available by the end of 2002. A systematic 
analysis of the four Focus Group transcripts still has to be 
performed and comparisons between all five still to be 
done; each analysis also leading to a written feedback to the 
participants. This work will be completed by a transversal 
analysis, comparing the input by the participants of the 
various Focus Groups. Finally, a feedback meeting with 
participants will be organised. This part of the project will 
be completed with a full report describing all findings of 
this research. 
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TW1-TRE-ECFA-D01 
 
Task Title: EXTERNALITIES OF FUSION: COMPARISON OF FUSION 

EXTERNAL COSTS WITH ADVANCED NUCLEAR FISSION 
REACTORS 

 
 
INTRODUCTION 
 
 
As far as the health and environmental impacts are 
concerned, one of the interests of fusion fuel cycle is the 
limitation of consequences associated with the releases into 
the environment of a potential accident as well as the 
limitation of high level solid waste. Therefore, it is 
interesting to compare these results with those obtained for 
other advanced technologies aiming at producing 
electricity. To carry out this comparison, new fission 
reactors that could be available on an industrial scale in 
2040 or 2050 have been considered. Three reactors have 
been selected: 
 
- The Energy Amplifier (EA), a hybrid reactor developed 

by Carlo Rubbia at CERN. 
 
- The AMSTER concept, a molten salt reactor developed 

by EDF and the French Atomic Energy Commission 
(CEA). 

 
- The High Temperature Reactor (HTR). 
 
 
2002 ACTIVITIES 
 
 
PRESENTATION OF THE SELECTED ADVANCED 
REACTORS AND ASSOCIATED SOURCE TERMS 
 
The Energy Amplifier is a sub-critical reactor, in which an 
external source of neutrons is necessary to keep a constant 
neutron population. Environmental impacts of the EA were 
studied through a quantification of gaseous and liquid 
discharges generated by 2 steps of the fuel cycle, the 
electricity generation and the reprocessing (table 1). 
 

Table 1 : Source terms for the Energy Amplifier 
 

Stage Nuclide Discharge rate (Bq/y) 
3H 5.21 1014 

85Kr 6.36 1013 
Electricity 
generation 

Gaseous releases 133Xe 3.72 1015 
3H 3.73 1012 
14C 5.34 1013 

85Kr 5.89 1017 
129I 7.16 109 

Reprocessing 
Gaseous releases 

131I 2.64 107 

It is important to notify that the reprocessing process should 
include technologies allowing the trapping of 14C. Realistic 
gaseous discharges of 14C should be far weaker. 
 
AMSTER is a concept for a graphite-moderated molten salt 
reactor. The core of a molten salt reactor consists of an 
array of graphite hexagons. Each hexagon contains a hole 
through which the salt circulates. The use of lithium and 
beryllium in the salt generates an important quantity of 
tritium (around 0.5 grams per day). Unfortunately, it was 
not possible to find any reliable source term for this reactor 
and thus, no economic valuation had been carried out for 
this reactor. 
 
In HTRs, graphite is used as a moderator and helium as a 
caloriporteur. Helium has numerous advantages: it is 
chemically inert, transparent to neutrons and not corrosive. 
HTRs use coated fuel particles. The silicon carbide coatings 
that surround the uranium fuel particles form a miniature 
pressure vessel which provides a highly efficient barrier 
against the release of fission products during operation. 
Data concerning releases into the environment from 
experimental reactors based on this technology are reported 
in table 2. Occupational collective doses during the 
electricity generation and the dismantling stage of these 
reactors were found too. 
 

Table 2 : Source terms 
for the High Temperature Reactor 

 

Stage Nuclide Discharge rate (Bq/y) 
3H 1.23 1012 
14C 9.78 109 
90Sr 1.15 107 
131I 5.36 106 

Electricity 
generation 

Gaseous releases 

133Xe 2.5 1011 
3H 2.61 1011 Electricity 

generation 
Liquid releases 

137Cs 6.15 105 

 
As far as fusion is concerned, the source terms from the 
SERF-2 / model 2 fusion power plant were considered. 
 
CALCULATIONS OF RADIOLOGICAL IMPACTS 
IN TERMS OF COLLECTIVE DOSES 
 
Calculations had been carried out for the HTR, the EA and 
the fusion power plant. Considering electricity generation, 
calculations were carried out in the same location with the 
same meteorological conditions. 
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Collective doses resulting from atmospheric discharges 
were calculated with PC-CREAM software. The global 
component of the collective dose was taken into account. 
Collective doses associated with liquid routine releases to 
the river were calculated with the RIPARIA software. The 
calculations lead to a radiological impact far less important 
than for gaseous discharges. Finally, RESRAD and PC-
CREAM softwares were used together to evaluate exposure 
associated with thorium mining. 
 
EA fuel cycle 
 
220Rn activity concentrations in the environment associated 
with an open pit thorium mine were calculated around a 
hypothetical mining site, assuming a homogenous wind 
distribution. Flamanville population grid was used to assess 
collective dose. The most penalizing calculated collective 
dose is 3.94E-4 person.Sv/year (assuming an annual 
consumption of 14 tons of thorium per year).  
 
Considering the gaseous release from the electricity 
generation step, the radiological impact of this stage is quite 
low: 0.0875 person.Sv/year for the local collective dose and 
0.78 person.Sv/year for the regional collective dose. 3H is 
responsible for 77 % of the collective dose at the regional 
scale and 81 % at the global scale. 
 
Calculations of collective doses linked to gaseous releases 
at the reprocessing stage were calculated under the 
hypothesis that all the 14C is released. As a consequence, 
the European collective dose calculated (477 person.Sv/ 
year) must be used very carefully. Nevertheless, the 
radiological impact associated with 85Kr and 129I is still 
relevant (14.7 and 6 person.Sv/year at the European scale).  
 
HTR fuel cycle 
 
According to THTR (Thorium Hight Temperature Reactor) 
experimental reactor feedback, 1.9 tons of thorium ore and 
5 tons of uranium ore are required to produce 1 TWh. A 
collective dose of 5.46E-5 person.Sv/TWh can be 
associated with thorium mining (most penalizing case) and 
the collective dose associated with uranium mining and 
milling is 0.092 person.Sv/year. 
 
Considering electricity generation, the main contributors to 
the collective dose are 14C and 3H. The collective dose 
associated with gaseous releases are rather low : 
0.091 personSv/year at the European scale. 
 
Furthermore, occupational collective doses reported for the 
AVR reactor (one of the German HTR experimental 
reactor) lead to an average collective dose of 
0.57 person.Sv/year. Finally, occupational exposure 
corresponding to the dismantling of the THTR reactor from 
1990 to 1996 was measured. An average value of 
0.0102 person.Sv/year was reported. 
 
Fusion fuel cycle 
 
The collective dose associated with routine releases is about 
6 person.Sv at the European scale. 14C is responsible for 
98 % of the collective dose in the local area and 91 % at the 
European scale. 

Calculations of the external costs 
 
The risk factors per person.Sv used are derived from the 
ICRP publication 60. For valuing the health effects, the 
values adopted are those used in SERF-2. External costs 
calculated are reported in table 3. 
 
To normalize the costs calculated starting from the 
radiological impacts, the following assumptions are made: 
 
- THTR generates 2.37 TWh/year. 
- EA generates 17.5 TWh/year. 
- The fusion plant generates 6.6 TWh/year. 
 
As far as the EA is concerned, 14C gaseous release at the 
reprocessing step could have a very important radiological 
impact. There is more than one order of magnitude between 
external costs calculated with or without taking them into 
account. In the first case, the discount rate has a great 
importance in reducing the cost linked to releases into the 
biosphere (one order of magnitude) because it reduces a lot 
the contribution of 14C to the radiological impact. 
 
HTR shows very low external costs from 0.0583 to 
0.033 m€/kWh. As a matter of fact, gaseous releases, which 
are usually associated with the most important part of the 
radiological impacts, are quite low for the electricity 
generation step. Furthermore, as there is no reprocessing 
stage, gaseous release over the fuel cycle should be quite 
low. 
 
Values given for the fusion power plant are lower than 
those obtained in SERF-2. This is due to the fact that we do 
not consider the global dispersion of 14C elsewhere than in 
Europe (0 – 3000 km around the source term). Of course, as 
we are interested in comparing the different fuel cycles, this 
is not damageable but has to be considered only in the 
perspective of comparative analysis.  
 

Table 3 : External costs associated 
with radiological impacts (in m€/kWh) 

 

Technology DR 0 % DR 3 % DR 10 % 

EA * 5.94  5.27 10-1 3.07 10-1 

EA** 2.73 10-1 1.08 10-1 5.85 10-2 

HTR 5.83 10-2 4.07 10-2 3.30 10-2 

Fusion 1.84 10-1 2.92 10-2 1.96 10-2 

 
* Including 14C gaseous release at the reprocessing step 
** Not taking into account 14C gaseous release at the 

reprocessing step 
 
 
CONCLUSIONS 
 
 
The results reported in table 3 must be analysed very 
carefully, keeping in mind that these values are based on 
the limited quantity of information that it was possible to 
get within the timing of the project. 
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If the highest values are obtained for the EA, independently 
of the discount rate, it is interesting to remark that for a 0 % 
discount rate, HTR shows the lowest external costs, but for 
a 3 or a 10 % discount rate, the external costs associated 
with the electricity generation step of the fusion power 
plant is lower than for the other technologies. Both 
technologies should be associated with low external costs. 
The most penalizing radionuclide, as far as routine releases 
are concerned, is 14C. 
 
Considering the fusion power plant, 14C is responsible for 
most of the radiological impact when considering the 
European area. As for the EA, the discount rate has an 
important influence on the cost. For example, there is 
almost one order of magnitude between values calculated 
for a 0 % discount rate (0.184 m €/kWh) and a 10 % 
discount rate (0.0196 m€/kWh). Disposal of waste was not 
considered here. Considering the EA and the HTR, several 
studies can be used to demonstrate the very weak 
radiological impact associated with this stage for both 
technologies in terms of individual annual dose rate, but 
SERF-2 results for the disposal of waste showed an huge 
impact associated with 14C trapped in the disposal (several 
thousands of person.Sv). This step is thus rather different 
for the fusion technology and it could modify the very 
qualitative comparison carried out above. Furthermore, if 
the calculations are carried out at the world scale, external 
costs for both the EA and the fusion power plant would be 
higher for a 0 % DR because of the global dispersion of 
14C. 
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TW1-TRE-ECFA-D02 
 
Task Title: EXTERNALITIES OF FUSION ACCIDENT: SENSITIVITY 

ANALYSIS ON PLANT MODEL AND SITE LOCATION 
 
 
INTRODUCTION 
 
 
Radiological impacts associated with a fusion accident have 
been re-evaluated for new plants models and different site 
locations. The selected accident scenario was the same as in 
SERF-2. Calculations were performed by considering, for 
each studied site, a larger panel of dispersion conditions 
and two distinct regulatory limits sets for tritium contents in 
major foodstuffs. These calculations served as a basis for 
re-evaluating direct external costs of fusion and allowed a 
sensitivity analysis of the major parameters mostly 
influencing the results, especially regarding to potential 
local food restrictions. 
 
 
2002 ACTIVITIES 
 
 
Based on the three new plant models (PM 4, 5 and 6) using 
silicon carbide considered in SERF-3 [1] and on the 
accident scenario as described in the SEAFP project [2], the 
radiological impacts were evaluated. In SERF-2 study the 
radiological impacts associated with the activation products 
were found to be in the same order of magnitude as 
compared with those of tritium. As for PM4, 5 & 6 the 
activation products potentially released in case of an 
accident are far below the rates considered in SERF-2, the 
present calculations were performed for tritium (HTO) 
solely [3]. 
 
In order to assess the radiological impacts in a more 
accurate way than a single situation, a wide variety of 
atmospheric dispersion conditions have been considered in 
separate runs, which are supposed to cover most of the 
various situations that can be observed, including the upper 
and lower bounds. Accordingly, calculations have been 
performed for five different sets of meteorological 
conditions, three release heights and two durations of 
release [4]. Due to the technical capabilities of the fusion 
power plant from the safety point of view, as evaluated in 
the SEAFP study, the occurrence of such an accident is 
considered to be well below 10-7 per year. As a 
conservative approach, this value has been retained for the 
calculations of external costs. 
 
MAIN RESULTS 
 
Collective doses 
 
Collective doses calculated at a local scale (0-100 km) were 
extrapolated at a regional scale (0-1000 km) for three 
selected sites: Lauffen/Neckar (inland site - Germany),  

Flamanville (coastal site - France) and Marcoule (inland 
site - France). The total collective dose at local scale is 
estimated to range from a few to a few dozen of man.Sv. 
These values are in accordance with those presented in 
SERF-2 (30 man.Sv associated with tritium were estimated 
at local scale). Detailed results are presented in table 2. 
 
Potential food restrictions 
 
As far as at present there is no well defined tritium 
concentration limit values for foodstuffs in European 
countries regulations regarding to emergency situations, 
two sets of limit values were considred. 
 
Set 1 refers to proposed guidance values, currently under 
discussion at the European level. Set 2 is based on derived 
values from IAEA methodology [5], [6]. These two sets can 
be interpreted as lower and upper bounds of tritium 
concentration limits in foodstuffs. 
 

Table 1 : Concentration limit values for tritium 
in food products in emergency situations 

 

Limits 
Set 1 

- 10 000 Bq/L for milk 

- 12 500 Bq/kg for meat, grain, green and root 
vegetables 

Limits 
Set 2 

- 220 000 Bq/L for milk 

- 280 000 Bq/kg for meat 

- 430 000 Bq/kg for green and root vegetables 

- 370 000 Bq/kg for grain 

 
For each major category of food products, e.g. cow milk, 
green vegetables, root vegetables (potatoes), grain (wheat) 
and cow meat, the number of days for which the tritium 
contents exceed the regulatory limits were calculated. 
 
These results were then combined with the agricultural 
production data in order to calculate the total amount of 
food products to be lost. 
 
Economic valuation of radiological impacts 
 
Health effects 
 
Using the risk factors for the occurrence of health effects 
associated with public exposure as proposed by ICRP in its 
publication 60 [7] and assuming by prudence the linear 
dose effect relationship for low levels of exposure, the 
health effects are derived directly from collective doses 
calculated before. The monetary valuation of health effects 
studied is based on recent values [8]. 
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Table 2 : Collective doses and related direct costs associated 
with health effects of a fusion accident (50 g HTO release, no discounting) 

 

 
Local (0-100 km) 

Mean (Min-Max)(*) 

Regional (100-1000 km) 

Mean (Min-Max)(*) 

 in man.Sv in € in man.Sv in € 

Neckar (Germany) 
84 

(30-150) 
17.4 x 106 

(6.3-31.2 x 106) 
230 

(84-413) 
47.7 x 106 

(17.3-85.6 x 106) 

Flamanville (France) 
5 

(2-8) 
0.9 x 106 

(0.3-1.7 x 106) 
214 

(78-385) 
44.5 x 106 

(16.2-79.9 x 106) 

Marcoule (France) 
26 

(9-46) 
5.3 x 106 

(1.9-9.5 x 106) 
212 

(77-380) 
43.9 x 106 

(16-78.9 x 106) 
(*) Over a total of 30 run cases for each site location 
 
Food restrictions 
 
Costs associated with potential food bans were calculated 
assuming a complete destruction of contaminated 
foodstuffs and on the basis of recent RODOS economic 
data [9]. For each food product, a reference value per unit 
of production lost was considered, and an additional cost 
was also taken into account for the disposal or elimination 
of the contaminated product (transport, destruction and 
disposal).  
 
 
CONCLUSION 
 
 
Figure 1 summarises the direct costs associated with the 
health effects and the potential food restrictions at local 
scale, taking into account the two sets of concentration 
limits for tritium in food. It must be noted that considering 
the Limits Set 2 does not lead to a significant economic 
impact (dealing with direct costs only), the direct costs of 
health effects being largely higher by about three orders of 
magnitude. Nevertheless, Limits Set 1 is much more 
constraining and leads to food restrictions which direct 
costs are estimated to be in the same order of magnitude 
than direct costs of health effects at local scale. 
 
Assuming a probability of occurrence for the BDBA(1) 
scenario of 10-7 per fusion plant.year for each new plant 
model (PM 4, 5 & 6), and an annual production of 

electricity equal to 9.85 TWh1, the external costs associated 
with the selected accident scenario have been estimated in 
the range of 10-7 – 10-6 m€.kWh-1, which remains rather low 
as compared with the total external costs of fusion recently 
estimated for new fusion plant models in SERF-3 in the 
range from 10-1 to a few m€.kWh-1 [10]. 
 
These results are comparable to those presented in SERF2. 
The total cost of the accident (45 millions €, without risk 
aversion) calculated in SERF2 is slightly lower (by 25%) 
than the value presented in this document (50 or 60 
millions €, depending on the considered tritium limits in 
foodstuffs). 

                                                 
1 This value refers to a 1.5 GW electrical power plant, with 75% 
availability. 
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Figure 1 : Comparison of direct costs associated 
with health effects and potential food restrictions 

at local scale 0-100 km (bars represent mean values, 
lines represent min-max range) 

 
It must be noted that results in SERF2 were based on a 
single value of radiological impacts while the value 
presented in the present study is an average value over a 
wide panel of calculations, with various atmospheric 
dispersion conditions. Moreover, keeping in mind that 
health effects associated with activation products in the 
accident scenario retained for plant model 2 in SERF2 were 
also of a significant contribution (in the same order of 
magnitude than those of tritium), it is interesting to note 
that the result from SERF2 remains in the range of values 
calculated in this study, but should be closer to the lower 
bound of all situations considered. 
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UT-SS-REL 
 
Task Title: RELIABILITY/AVAILABILITY ASSESSMENT - 
 INTEGRAL APPROACH TO ASSESS THE AVAILABILITY 
 OF THE FUSION POWER REACTOR CONCEPTUAL DESIGNS 
 
 
INTRODUCTION 
 
 
Fusion power plants attractiveness will be judged on the 
basis of their economic, safety and environmental features. 
Compared to the conventional and the fission power plants, 
they show higher complexity. Amongst the different 
parameters that drive the cost of electricity, plant 
availability is a key one. 
 
During the FY2002, the functional dependence between 
key items affecting the plant availability was assessed. The 
main idea was to determine functional dependences 
between such items. The assessment allowed us to develop 
an integral analytical approach where; 
 
- Detection & Monitoring tasks, 
- Failure Modes & Criticality Analysis, and 
- Maintenance (operational/preventive) 
 
are considered and their functional dependence is modeled. 
 
The approach should provide a qualitative and quantitative 
insight into the availability issue using a probabilistic 
approach. The quality of the quantitative insight is 
dependant, among others, on the quality of the failure data, 
but this item will not be addressed in this assessment. 
The FY2002-activities are reported in [P1]. 
 
 
2002 ACTIVITIES 
 
 
SYSTEM AVAILABILITY 
 
The availability of a system depends on the frequency and 
duration of both planned and unplanned outages.  
 
Planned outages depend on the maintenance policies of 
major subsystems and components. It is predictable and can 
be optimized. The industrial systems operating feedback 
indicates that planned outages have the major share in 
complex systems total outages. 
 
Unplanned outages result, usually, from the random failures 
of major subsystems and components. Very often, they 
result from the combination of more than one subsystem 
failure. That would explain the relatively low frequency of 
unplanned outages. 
 
The assessment of plant availability requires a detailed 
design, with complete taxonomy of subsystems, 
components, and full information of the reliability of  
 

different items, the failure modes & mechanisms, the 
failures frequency, and the mean time to repair/replace of 
each failure, [R1]. 
 
The simplest formula governing the system availability is, 
[R2]: 
 

A  = )1( pτ− • )1( uτ− , 
 
where, A , pτ , and uτ  are the overall availability, the 
planned outage rate and the unplanned outage rate, 
respectively. 
 
Random failures are detected & monitored during operation 
with the help of the Detection & Monitoring systems 
implemented in the plant. The detection of a failure does 
not lead generally to the plant shutdown. However, 
monitoring a given failure allows the operator to decide if 
plant shutdown is immediately necessary or not. If the 
system can tolerate the failure up to the next planned 
shutdown, the operator will continue normal plant 
operation. The failure will thus be repaired during the 
planned outage of the plant either through the preventive 
maintenance actions or the replacement of the 
corresponding component. The inter-dependence between 
Detection & Monitoring tasks, planned maintenance and 
unplanned maintenance is schematically given in figure 1. 
 
Planned Outage Optimization & Related Tasks 
 
The planned outage is generally to be optimized in order to 
minimize the plant downtime. The planned outage duration 
is a fixed parameter. Its determination results from a 
compromise between economic and maintenance procedure 
constraints. The planned outage rate is determined by: 
 

pτ  = 
cyc

p

T
T , 

 
where, pτ , pT , cycT  are the planned outage rate, the outage 
duration and the plant cycle duration, respectively. The 
minimization of pτ  could be achieved through the 
maximization of the plant cycle duration and/or the 
minimization of the outage duration. 
 
Plant cycle duration requirements aims at some 
20000 hours i.e. approx. 2.5 years) of full power 
operation/cycle. Some designers would even envisage 
higher figure (~ 40000 hours). 
 
A plant cycle duration of the order 20000-40000 hours at 
full power represents a real challenge in terms of reliability 
constraints and in terms of components failure data quality. 
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Figure 1 : Functional inter-dependence 
between Planned and Unplanned Outages 

 
The minimization of the planned outage duration pT  would 
require a deep insight in analyzing, all planned outage 
tasks. 
 
Thus, planned-outage tasks need to be identified and 
described in details. Planned outages are generally decided 
for the major systems of a plant in order to: 
 
- Inspect & monitor events that may, later, initiate failures 

leading to the plant immediate shutdown. 
 
- Relief operational stresses/constraints and bring the 

system as near as possible to the state of “as good as 
new” through preventive maintenance actions. 

 
- Replace/repair components. 
 
The above three tasks apply to all power plants 
(conventional, fission, fusion). However, in fusion power 
plants, some specific points could be underlined.  
 
In the case of a fusion power plant, the inspection of a large 
number of in-vessel components is likely to be required in 
order to control the number of in-vessel failure events 
and/or because of regulatory requirements. 

In a Water Cooled Liquid Metal (WCLL) blanket [R4], 
there are some 12000 U-tubes with 2 butt welds at each 
tube end. A reliable inspection procedure of these welds, if 
required, would necessitate the use of highly efficient 
detecting systems and a rational optimization of the number 
of inspected U-tubes during each planned outage. In 
addition, a redundant inspection procedure may be 
necessary in order to decrease the inspection procedure 
failure probability (an inspection procedure would fail if it 
could not detect an existing failure). 
 
The situation is similar for plants using different blanket 
concepts such (e.g. Helium Cooled Pebble-Bed, Self-
Cooled Liquid-Metal). The required inspection procedure 
might therefore require a considerable time, of the same 
order of magnitude of some major maintenance tasks, in 
which case the inspection duration will contribute 
significantly to the planned outage duration.  
 
Corrective action would also contribute into decreasing the 
total number of planned outages (increasing the interval 
between successive planned outages) during the plant-life. 
In order to reduce the planned outage, the probability of 
occurrence of some failure modes should be minimized.  
 
This could be achieved by suitable corrective maintenance 
of components such as the blanket attachments, the welds, 
in-vessel valves, and the vacuum seals and the blanket-
segments re-positioning during the planned outages. 
However, one may expect that the time duration of possible 
corrective actions would not be as long as inspection 
actions and/or in-vessel components replacements. 
 
In-vessel components replacement will be the most critical 
set of operations to be realized during a fusion plant 
planned outage. The use of remote Handling Systems 
(RHS), which is required because of the activation of the 
structures inside the vessel, will also guarantee the 
efficiency, the accuracy and the reliability of the 
maintenance operations. This result will be achieved by 
considering remote handling requirements early during the 
plant design stages. 
 
Although the planned outage duration pT  is not the direct 
sum of the durations of inspection actions, corrective 
actions and in-vessel components replacement operations, it 
depends largely on the individual duration of these 
operations. 
 
In order to minimize each of the above three subsets of 
actions, an exhaustive identification of each basic action 
and their inter-dependence is necessary. The detailed 
scenario of a typical plant outage combining inspection, 
corrective and maintenance operations should then be 
worked out between reliability engineers, operators, 
designers and safety people. 
 
Unplanned Outage 
 
Unplanned outages depend on the occurrence rate and 
repair rate of failed components. In some situations, they 
may depend on the detection rate of the component failure. 
As they result from random failures, the unplanned outage 
rate is itself a random variable.  
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For a given failure mode i, the corresponding outage rate, 
i,uτ , is given by: 

i,uτ  = 
ii

i
MTTRMTBF

MTBF
+

, 

 
where iMTBF  and iMTTR  are mean time between failure 
and the mean time to replace (/repair) the failure mode i. A 
failure mode may be related to many failure mechanisms, in 
which case the determination of the iMTBF , is rather 
complex. 
 
If a failure mode occurs with a conditional probability equal 
to iPr , then the overall unplanned outage rate will be equal 
to: 
 

uτ  = ∑ τ•
i

i,uiPr  

 
Given a system unplanned shutdown, iPr is the probability 
that this shutdown is due to the ith failure mode. The 
unplanned outage rate has a probabilistic nature, and its 
calculated value is a mean value. 
 
Failure Frequency Estimation 
 
Often, a failure mode may result from different failure 
mechanisms. The occurrence of such or such mechanism is 
a random event. It depends on the operating conditions, the 
component design and the component interconnections. 
 
Feedback experience from conventional energy plants 
suggests that the iMTBF  depends on the failure 
mechanisms while the iMTTR  depends on the failure 
mode, for a given failure mode ‘i’.  
This suggests that the following relation governs the 

iMTBF : 
 

iMTBF  = ∑ •
j

i/ji/j MTBFPr  

 
where i/jPr  is the probability to have the failure mechanism 
‘j’, given the failure mode ‘i’, and i/jMTBF  is the mean 
time between failures of mode ‘i’ caused by mechanism ‘j’. 
 
Mean Time Down Estimation 
 
The Mean time down (MTD) is dependent on both planned 
outages and unplanned ones. Planned outages are very often 
conceived with a fixed down time. It results from the 
optimization of different planned maintenance tasks and the 
order they will be executed. Operating feedback experience 
shows that time to repair (time down) for large systems 
maintenance (SG, core loading, primary pomp 
maintenance, emergency power unit maintenance, …) are 
almost fixed and optimized. 
 
MONITORING & DETECTION 
 
Often, detection is conceived to alert operator in case of a 
failure occurrence. Some single-point failures may require 
the immediate plant shutdown. 

In this case, failure detection must have a high reliability. 
The probability that a failure occurs and is detected in the 
time interval [0,t] is given by: 
 

)t(P = ∫ ∫
=ξ ξ=η
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where, λ  and ω  are the occurrence rate of a given failure 
and the detection rate corresponding to that failure mode 
using a given detection system, respectively. Both rates are 
supposed time-constant in this model. The probability )t(Q  
that the failure occurs and is not detected in the interval 
[0,t] will thus be given by: 
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More frequently, the plant shutdown is decided when a 
given set of failures occurs (not only one single-point 
failure). This would be the case of a leak of a double-walled 
tube carrying water to remove the heat from a liquid-metal 
pool. 
 
Small cracks should be detected, but the plant shutdown 
may be only decided if small cracks are detected on both 
walls of a given tube. In these situations, it is necessary to 
calculate the overall failure rate corresponding to the set of 
failures considered. 
 
The model remains valid by replacing the single-failure 
occurrence rate by the overall failure rate. 
 
Whether the shutdown results from a single failure or a set 
of given failures, monitoring & detection task aims at 
minimizing the “probability )t(Q  that the failure occurs and 
is not detected in the interval [0,t]”. There are two ways to 
potentially reduce the )t(Q  probability: firstly, to decrease 
the failure rate (single or multiple) and / or, secondly, to 
increase the detection rate. 
 
A hypothetical case is given to illustrate the interconnection 
between the failure rate and the detection rate on the non-
detection probability. 
 
The studied case is for a failure rate ( λ ) of 10-3 /h. The 
detection rate was considered in 3 cases: 1/ ω  = λ /100, 2/ 
ω  = λ , 3/ ω  = λ *100. The study concludes the following: 
 
- If the mission time is relatively small compared to the 

MTBF (Τ < 1/ λ ), detection quality (good/bad) has no 
significant impact on the non-detection probability. 

 
- For longer mission time, improving the detection rate by 

factor 100 decreases the non-detection probability by a 
factor of 1000. 

 
- Having detection rates much better than the failure rate 

(ω > λ ) does not result in a significant improvement of 
detection probability. 
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That reflects the basic idea that the quality of the detection 
must be assessed against the failure to be detected, i.e. the 
detection rate will be good or bad in comparison with the 
failure rate itself. Practically, the optimum situation is when 
the detection rate is slightly higher than the failure rate. 
 
The optimization of the monitoring & detection systems for 
the failure modes that require the immediate plant 
shutdown if they occur is also required 
 
 
CONCULSIONS 
 
 
An integral approach is necessary in order to assess the 
fusion power plant unavailability. The approach should 
allow determining the inter-dependence between the 
following three items:  
 
1. Detection & Monitoring tasks, 
2. Failure Modes & Criticality Analysis, and 
3. Maintenance (operational/preventive) 
 
Using a probabilistic approach, it allows modeling the 
planned and unplanned outage rates and the plant integral 
outage rate, as well. 
 
Besides, it guides designers in defining requirements and 
objective specifications for detection & monitoring systems 
and maintenance& testing policies.  
 
The approach can be applied on the European Power Plant 
Conceptual Study (PPCS) project. 
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