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Abstract

Within the European power plant conceptual study (PPCS) four fusion power plant “models”, all based on the tokamak
concept, have been developed. Two of these models, A and B, were developed considering limited extrapolations both in physics
and in technology. PPCS model A is based on the WCLL blanket [M. Gasparotto et al., DEMO blanket technology R&D
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cific design
results in the EU, Fusion Eng. Des. 61–62 (2002) 263–271] and on a water-cooled divertor concept. PPCS model
on the HCPB blanket [M. Gasparotto et al., DEMO blanket technology R&D results in the EU, Fusion Eng. Des. 61–6
263–271] and on a helium-cooled divertor concept. For each of the more advanced concepts, models C and D, an
physics scenario has been identified and combined with advanced blanket concepts that allow higher thermodynamic
of the power conversion systems. Two key innovative developments are worthy of especial note: the development of
for the scheduled replacement of the internal components and the conceptual design for a helium-cooled divertor.

For all models, systems analyses were used to integrate the plasma physics and technology constraints to produce se
plant parameter sets with approximately optimal economic characteristics. In the PPCS models, the favourable, inhere
of fusion have been exploited to provide substantial safety and environmental advantages. The broad features of the c
of previous studies have been confirmed for the new models. Finally, the PPCS study has highlighted the need for spe
and R&D activities in addition to those already underway within the European long term R&D programme.
© 2005 The European Commission. Published by Elsevier B.V. All rights reserved.
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1. Introduction

From 1990 to 2000 a series of studies within the
European fusion programme examined the safety,
environmental and economic potential of fusion power
[2,3]. These studies showed that: (i) fusion power
has well-attested and attractive inherent safety and
environmental features to address global climate
change and gain public acceptance, and (ii) the cost
of fusion electricity is likely to be comparable with
that from other environmentally responsible sources
of electricity generation.

In these earlier studies, conceptual design of the
commercial fusion power plant “models” was pursued
only to the extent needed to establish with confidence
the primary features of their safety, environmental
impacts and economic performance. Therefore, it was
decided to undertake a more comprehensive and inte-
grated study of the plant, updated in the light of our
current know-how and understanding.

The European power plant conceptual study (PPCS)
is comprehensive of four power plant models, named
PPCS A–PPCS D, which are illustrative of a wider
spectrum of possibilities. These span a range from
relatively conservative approaches, based on limited
technology and plasma physics extrapolations as com-
pared to present knowledge, to advanced concepts. All
four PPCS plant models differ in their plasma physics,
electrical output, blanket and divertor technology from
the models that formed the basis of the earlier European
s
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cost of electricity. The parameters varied include major
radius, magnetic field, current, density, temperature
and impurity content. The assigned constraints include
limits to normalised pressure, density, safety factor,
current drive efficiency, stresses in coils, superconduct-
ing properties, heat loads, conversion efficiency and
shielding requirements.

The plasma physics module of PROCESS was orig-
inally developed for the Conceptual Design Activity
of ITER and used to explore the early ITER design[5],
and updated to incorporate recent scaling laws[6]. The
most important features of the plasma physics module
are the use of IPB98y2 scaling law for the energy
confinement, a simplified divertor model benchmarked
to 2D code runs and use of a synchrotron reflection
coefficient based on experimental measurements. In
all cases, a current drive efficiency calculated using a
NBI efficiency based on a modified Mikkelson–Singer
model was considered.

The upper limits used in PROCESS for the vari-
ous plasma parameters were based upon an assessment
made for this purpose by an expert panel within the
European Fusion Programme[7]. For the two near-term
models A and B, the plasma physics scenario repre-
sents, broadly, parameters about 30% better than those
used for the design basis of ITER: first stability and
high current-drive power, exacerbated by divertor heat
load constraints, which drive these devices to larger size
and higher plasma current. Models C and D are based
on progressive improvements in the level of assumed
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. Plasma physics basis and overall plant
arameters

For each of the plant models, systems analysis
sed to integrate the plasma physics and techno
onstraints to produce self-consistent plant param
ets with approximately optimal economic charac
stics. The use of economic requirements to selec
lant parameters was one of the ways in which
PCS differed from the earlier studies.
The systems code employed for the definition

elf-consistent model of each plant is PROCESS[4].
ROCESS varies the parameters of the design,

ect to constraints set by plasma physics mode
nd by engineering relationships, so as to minimise
evelopment in plasma physics, especially in rela
o plasma shaping and stability, limiting density, an
inimisation of the divertor loads without penalis

he core plasma conditions.
The parameters arising from the PROCESS ca

ations were used as the basis for the conceptual d
f the four plant models, which are effectively illust

ive of a wide spectrum of possibilities. In the cou
f the design process, feedback of engineering de
olutions and of reviewed plasma physics assessm
as the input to reiterated PROCESS calculation

o the final selection of the plant parameters.
The economics of fusion power improves marke

ith increase in the net electrical output of the pl
s a compromise between this factor and the di
antages for the integration of large unit size pla
nto the grid, the net electrical output of all the Mo
ls was chosen to be around 1500 MWe. The requ
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Fig. 1. Illustration of the sizes and shapes of the plasmas in the PPCS
models. For comparison, ITER is also shown, which is very similar
to model D.

fusion power is determined by the thermodynamic effi-
ciency and power amplification of the blanket concept,
and the amount of gross electrical power recirculated
within the plant. From PPCS A to PPCS D there is a
progressive increase in blanket operating temperature,
and thus in thermodynamic efficiency, and an increase
in the “bootstrap” contribution to the plasma current,
which reduces the recirculating electric power. Given
the fusion power, the plasma size and power density

are primarily determined by the assigned constraints on
plasma core physics relating to restricting heat loads to
the divertor. Taken together, these considerations lead
to a progressively reduction in the size of the plasma
from model A to model D, shown inFig. 1. The main
parameters of the four models are shown inTable 1.

3. The Components of the PPCS plant models

All four of the plant models are based on the toka-
mak concept of the main European line of fusion
development, going through ITER. This applies to the
machine configuration and layout and to the adoption
of superconducting materials for the magnets. On the
basis of the requirements expressed by the European
industry and utilities, all plant models are assumed to
work in steady state[8]. The lifetime of all pants is
supposed to be 25 full power years.

Model A is based on a liquid lithium–lead blan-
ket with water cooling[1]. The lithium serves as a
tritium-generating material and the lead as a neutron
multiplier in order to improve the conversion effi-
ciency. The structural material is the reduced-activation

Table 1
Main parameters of the PPCS models

Parameter Model A Model B Model C Model D

Unit size (GWe) 1.55 1.33 1.45 1.53
Blanket gain 1.18
Fusion power (GW) 5.00
Plant efficiencya 0.31
Aspect ratio 3.0
Elongation (95% flux) 1.7
Triangularity (95% flux) 0.25
Major radius (m) 9.55
TF on axis, on the conductor (T) 7.0, 13.1 13.4
Plasma current (MA) 30.5
βN (thermal, total) 2.8, 3.5 .5
Average temperature (keV) 22
Average density (1020 m−3) 1.1
HH (IPB98y2) 1.2
Bootstrap fraction 0.45
Padd (MW) 246
n/nG 1.2
Q 20
Average neutron wall load 2.2
Divertor peak load (MWm−2) 15
Z

electric
eff 2.5

a The plant efficiency is defined as the ratio between the net
1.39 1.17 1.17
3.60 3.41 2.53

0.36 0.42 0.60
3.0 3.0 3.0
1.7 1.9 1.9
0.25 0.47 0.47
8.6 7.5 6.1

6.9, 13.2 6.0, 13.6 5.6,
28.0 20.1 14.1
2.7, 3.4 3.4, 4.0 3.7, 4
20 16 12

1.2 1.2 1.4
1.2 1.3 1.2
0.43 0.63 0.76

270 112 71
1.2 1.5 1.5
13.5 30 35

2.0 2.2 2.4
10 10 5
2.7 2.2 1.6

power output and the fusion power.
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ferritic–martensitic steel Eurofer, under characterisa-
tion in the European Fusion Programme. The in-vessel
shield is water-cooled steel, as is the primary vacuum
vessel. In the blanket modules, the average pressure
and temperature of the cooling water are, respectively,
15 MPa and 300◦C, which are similar to the operating
conditions of PWR fission plants. This allows consid-
ering the fully qualified PWR technology for the power
conversion system.

Two alternative divertor concepts have been consid-
ered. The first one, similar to that of ITER, consists in
a water-cooled copper alloy (CuCrZr) structure with a
tungsten plasma-facing armour, with a tolerable diver-
tor heat flux of 15 MW/m2. The use of copper alloy
limits the temperature of the coolant to 150◦C. The sec-
ond divertor concept uses as coolant structure Eurofer
tubes protected by a thermal barrier made, for instance,
of pyrolitic graphite[9]. This enables to achieve PWR
operating conditions for the water coolant and, thus, to
maximise the electricity production of the plant.

Model B is based on a blanket made by alternate
layers of lithiumortho-silicate as tritium-generating
material and pebbles of beryllium as neutron multi-
plier [1]. Helium is used as coolant, allowing a higher
operating temperature than in model A. In the blanket
modules the helium average pressure is 8 MPa and the
helium temperature is in the range 300–500◦C. The
structural material is Eurofer.

Helium is also assumed for the cooling of the diver-
tor, which is made of tungsten alloy as armour material
a teri-
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no structural function. The thermal insulation allows
higher temperature operation of the LiPb for improved
thermodynamic efficiency, while the electrical insula-
tion avoids MHD effects when pumping the LiPb at
high velocity[12]. The divertor considered for model
C is the same concept developed for model B. The first
wall plasma protection is provided by a steel layer.

The objective for model D, the most advanced con-
cept, is to reach very high blanket operating tempera-
tures and, thus, a very high thermodynamic efficiency,
as well as very low decay heat densities and low coolant
pressures, accepting a higher development risk. Model
D uses a blanket in which the LiPb itself is circulated
as primary coolant. The structure is entirely made of
silicon carbide composite (SiCf/SiC). The divertor has
a tungsten armour, with SiCf/SiC structure, cooled by
liquid LiPb. The temperature of the coolant in the blan-
ket modules is in the range 700–1100◦C [13].

4. Maintenance and availability

The frequency and the duration of in-vessel main-
tenance operations are the largest determinants of the
availability of a fusion power plant. For all four PPCS
models the divertor is expected to be replaced every
two FPY, because of erosion, and the blanket every five
FPY, corresponding with 150 dpa of neutron damage in
steel. Two different families of maintenance schemes
have been considered. The first one, exemplified by
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wo alternative design concepts have been dev
oth providing enhanced heat transfer between
oolant and the high flux surface: the high e
iency thermal shield (HETS)[10] and HEMP/HEMS
He-cooled modular divertor concept with integra
in/Slot array)[11].
In models A and B first wall plasma protection

rovided by a tungsten alloy layer.
Model C uses lithium–lead (LiPb) as breeder i

lanket in which heat is removed by circulation of
iPb itself and by helium passing through chann

n the structure. This structure is mainly Eurofer, w
xide-dispersion-strengthened RAFM steel in the h
st temperature zone (i.e. facing the plasma). The
ow channels are lined by silicon carbide compo
nserts providing thermal and electrical insulation
TER, uses a segmentation of the internals, espec
he blanket, in several hundred modules. In a po
lant as those considered in the PPCS, such a
umber of modules would result in availability bar
bove 50%, which is unacceptable.

To overcome this difficulty, the possibility of ha
ling complete radial sectors of the tokamak mac
as considered[14], the number of sectors being driv
y the number of toroidal field coils. The engine

ng challenges related to the implementation of
andling scheme are considerable. Assuming the
lution of these challenges, it was assessed tha
esulting availability would range between 76 and 8

A segmentation of the blanket into the smallest p
ible number of “large modules” was also investiga
he maximum size of a module is determined by
ize of the quasi-equatorial ports through which
odules must pass. The size of these ports was lim
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by the magnet arrangements, in particular by the need
to minimise the size of the toroidal field coils. The
total number of modules was found to be between 150
and 200. The feasibility of suitable blanket handling
devices was investigated, and it was concluded that a
plant availability of at least 75% could be achieved.
This blanket segmentation was considered for PPCS
models A–C.

5. Load following

Studies were performed, using the systems analysis
model, to investigate the extent to which load following
(adjusting the electrical output of the plant to match
fluctuating demand) would be possible. Both from the
plasma physics and technology viewpoints, it would be
feasible to reduce the fusion power by about 50%.

6. Safety and environmental impacts

Fusion power stations have extremely low levels
of fuel inventory in the burning chamber, their power
production stops after a few seconds when fuelling is
stopped, and they have relatively low levels of residual
power density in their structure after the termination
of burn. These features lead to substantial safety and
environmental advantages in the PPCS plants, which
a

• ur-
ely
h
the

ad to
ny
tions

• with
the
lant
the
his

tive

• an
the

Fig. 2. Conservatively calculated temperature histories, for hypo-
thetical bounding accidents in the outboard first wall of the four
PPCS plant models.

most severe historical earthquake increased by a
safety margin, in accordance with the safety design
rules in force. It would also be possible to provide
any features that might be needed to meet the non-
evacuation criterion in case of impact of a large
aircraft.

• Suitable design options can be devised in order to
keep within acceptable limits the occupational radi-
ation exposure (ORE) due to the vacuum pumping
system, to the blanket tritium recovery system and
to hands-on assisted maintenance operations.

• The radiotoxicity of the materials (namely, the bio-
logical hazard potential associated with their acti-
vation) decays by a factor 10,000 over a 100 years.
All of this material, after remaining in situ for some
decades, may be regarded as non-radioactive or recy-
cled, with no need for deep geological disposal
(Fig. 3) [16]. Thus, the activated material from fusion
power stations would not constitute a waste manage-
ment burden for future generations (the decision on
whether to recycle the recyclable material is a mat-
ter for future generations to determine, possibly on
economic criteria).

7. Economics

The internal costs of electricity were calculated for
the various plants using the PROCESS code. The total
re summarised as follows:

If a total loss of active cooling were to occur d
ing the burn, the plasma would switch off passiv
due to impurity influx from the first wall, whic
would rapidly overheat. Temperature increase in
structures due to residual decay heat cannot le
melting (Fig. 2). This result is achieved without a
reliance on active safety systems or operator ac
[15].
The maximum radiological doses assessed
deliberate pessimism to the public arising from
most severe conceivable accident driven by in-p
energies (bounding accident) would be below
level at which evacuation would be considered. T
result is also achieved without reliance on ac
safety systems or operator actions.
The power plant will be designed to withstand
earthquake with an intensity equal to that of
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Fig. 3. Categorisation of all material arising from the operation and
decommissioning of PPCS model B after 100 years.

capital cost, including interest during construction,
was combined with replacement costs, other operat-
ing costs, payments into a decommissioning fund, and
the availability, to obtain the internal cost of electricity.
Earlier work with PROCESS showed that the depen-
dence of the cost of electricity on the key parameters
of the plasma, of the heat conversion cycle and of the
reactor availability is well represented by the following
expression[17]:

coe∝
(

1

A

)0.6 1

ηth
0.5

1

P0.4
e β0.4

N N0.3

where coe is cost of electricity,A the availability,ηth the
thermodynamic efficiency,Pe the net electric power,
βN the normalised plasma pressure, andN = n/nG is
the Greenwald normalised plasma density. No depen-
dence on the cost of fuel (lithium and deuterium) was
found.

In the present study, for an early implementation
of the PPCS power plant models, characteristic of a
tenth of a kind plant, the internal cost of electricity was
calculated to range from 5 to 9 Eurocents/kWh moving
from model D to model A. In a mature technology in
which technological learning has progressed, the costs
should fall in the range 3–5 Eurocents/kWh. For all the
models, the internal cost of electricity is in the range
of estimates for future costs from other sources[18].

The external costs of electricity were found to be, in
a

8. Development needs

It is clear from the PPCS results that the main thrusts
of the European fusion development programme are
on the right lines. These are: (i) ITER; (ii) the opti-
misation of existing low activation martensitic steels,
together with the development of tungsten alloys, and
the parallel development of the more advanced mate-
rials envisaged in the PPCS; and (iii) the development
of blanket models, to be tested in ITER.

It is also clear from the PPCS results that more
work should be undertaken: (i) on the development of
divertor systems, ultimately capable of combining high
heat flux tolerance and high temperature operation
with sufficient lifetime in power plant conditions,
and (ii) on the development and qualification of
maintenance procedures to satisfy the availability
requirements of power plants.

Reflection on the PPCS results also suggests that a
number of detailed steps should be undertaken. These
includes: (i) the performance of a DEMO power plant
study, to give guidance to the programme, and (ii) the
development and testing of helium-cooled divertor con-
cepts capable of tolerating peak heat fluxes greater than
10 MW/m2.

9. Conclusions
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ll cases, very low (0.06–0.09 Eurocents/kWh)[18].
The PPCS results for the near-term models sug
hat a first commercial fusion power plant, one
ould be accessible by a “fast track” route of fus
evelopment, going through ITER and the succes
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