
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 157.193.64.157

This content was downloaded on 11/04/2017 at 15:44

Please note that terms and conditions apply.

The physics and technology basis entering European system code studies for DEMO

View the table of contents for this issue, or go to the journal homepage for more

2017 Nucl. Fusion 57 016011

(http://iopscience.iop.org/0029-5515/57/1/016011)

Home Search Collections Journals About Contact us My IOPscience

You may also be interested in:

Advances in the physics basis for the European DEMO design

R. Wenninger, F. Arbeiter, J. Aubert et al.

Modelling of pulsed and steady-state DEMO scenarios

G. Giruzzi, J.F. Artaud, M. Baruzzo et al.

DEMO divertor limitations during and in between ELMs

R.P. Wenninger, M. Bernert, T. Eich et al.

Fusion nuclear science facilities and pilot plants based on the spherical tokamak

J.E. Menard, T. Brown, L. El-Guebaly et al.

Overview of physics basis for ITER

V Mukhovatov, M Shimada, A N Chudnovskiy et al.

Prospects for pilot plants based on the tokamak, spherical tokamak and stellarator

J.E. Menard, L. Bromberg, T. Brown et al.

Chapter 3: MHD stability, operational limits and disruptions

T.C. Hender, J.C Wesley, J. Bialek et al.

The requirements of a next step large steady state tokamak

G. Janeschitz, P. Barabaschi, G. Federici et al.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Ghent University Academic Bibliography

https://core.ac.uk/display/84045007?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0029-5515/57/1
http://iopscience.iop.org/0029-5515
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience
http://iopscience.iop.org/article/10.1088/0029-5515/55/6/063003
http://iopscience.iop.org/article/10.1088/0029-5515/55/7/073002
http://iopscience.iop.org/article/10.1088/0029-5515/54/11/114003
http://iopscience.iop.org/article/10.1088/0029-5515/56/10/106023
http://iopscience.iop.org/article/10.1088/0741-3335/45/12A/016
http://iopscience.iop.org/article/10.1088/0029-5515/51/10/103014
http://iopscience.iop.org/article/10.1088/0029-5515/47/6/S03
http://iopscience.iop.org/article/10.1088/0029-5515/40/6/316


1 © 2017 EURATOM  Printed in the UK

1.  Introduction

The European fusion roadmap [4] identifies the development 
of a conceptual design for a demonstration fusion power plant 
(DEMO) as one of the main priorities for the coming decades. 
Such a conceptual design has to be based on an optimized set 
of key parameters. System codes representing all aspects of the 
plant that are important for the feasibility or the performance 
of the design are the central tool to develop such a parameter 
set. To allow for optimization and multi-dimensional scans 

they are designed to develop single consistent design points 
(non-optimized) within less than a second. In the framework 
of the European DEMO design point development two system 
codes, which widely fulfil these criteria, are used: PROCESS 
[1, 2] and SYCOMORE [3]. The former system code has been 
used for all calculations in this publication.

Results of system code studies are frequently benchmarked 
with results of investigation methods that focus on a single 
area—typically with a much higher level of detail. If there is a 
significant discrepancy, parameters or even complete modules 
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Abstract
A large scale program to develop a conceptual design for a demonstration fusion power plant 
(DEMO) has been initiated in Europe. Central elements are the baseline design points, which 
are developed by system codes. The assessment of the credibility of these design points is 
often hampered by missing information. The main physics and technology content of the 
central European system codes have been published (Kovari et al 2014 Fusion Eng. Des. 
89 3054–69, 2016 Fusion Eng. Des. 104 9–20, Reux et al 2015 Nucl. Fusion 55 073011). 
In addition, this publication discusses key input parameters for the pulsed and conservative 
design option EUDEMO12015 and provides justifications for the parameter choices. In this 
context several DEMO physics gaps are identified, which need to be addressed in the future to 
reduce the uncertainty in predicting the performance of the device.

Also the sensitivities of net electric power and pulse duration to variations of the input 
parameters are investigated. The most extreme sensitivity is found for the elongation 
( κ∆ = 10%95  corresponds to ∆ =P 125%el,net ).
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in the system have to be modified. This leads to a continuous 
improvement of the system code. For instance, as a result of 
a comparison of system code (PROCESS) and transport code 
outputs, a recently instigated upgrade of the core transport 
model in system codes to a fully consistent 1D model is cur
rently ongoing.

System codes mainly describe the flat-top phase of the dis-
charge. Dynamic aspects are only featured if they impact on 
the overall design of the machine.

While the relations used in the system code calculations 
have been published [1, 2], the physics and technology 
assumptions that are entering recent system code runs for 
DEMO are not. Therefore, after a short introduction of the 
recent European design options in section 2, section 3 briefly 
describes functional dependences inside the system code 
PROCESS (table 1) and concentrates on the motivation for 
the selection of physical and technological input parameters, 
where the emphasis is on the physical side. Section 4 is dedi-
cated to the sensitivity of the system code output (performance 
parameters) to variations of the input parameters.

2.  DEMO design options

A group of experts representing various DEMO stakeholders 
has started to develop a set of high-level requirements for 
DEMO. The identified areas of requirements are safety and 
environmental sustainability, plant performance and economic 
viability. In terms of performance it has been recommended 
that the DEMO plant shall produce a minimum of 300 MW 
of electricity. From the view point of the stakeholders, pulsed 
operation of DEMO is acceptable. As the high-level require-
ments are not formulated in a more restrictive way, there is 
some freedom in the definition of DEMO.

In the European design point development studies two 
main DEMO design options are developed [5]:

	 •	The near-term DEMO (DEMO1): this is a DEMO 
concept that is compatible with a fast track to fusion 
energy (e.g. construction possibly starting 20 years from 
now). It is based on the expected performance of ITER 
(Q  =  10) with conservative improvements in science and 
technology. It is a relatively large device with modest 
power density operating pulsed (i.e. finite inductively 
driven current) with relatively long discharges. The 
design of the balance of plant uses mature and reliable 
technology.

	 •	The advanced DEMO (DEMO2): this is based on more 
optimistic physics assumptions, which are at the upper 
limit of what may be achieved in ITER phase 2. DEMO2 
has a higher power density and an advanced plasma sce-
nario (e.g. hybrid plasma). It is clear that this can only be 
realised on a longer timescale, assuming that the required 
significant advances in the physics basis can be demon-
strated using ITER and the limited number of satellite 
fusion devices available in the next 10–20 years. Also 
some engineering assumptions (e.g. heating and current 
drive system parameters) are more optimistic when com-
pared to DEMO1.

Both DEMO1 and DEMO2 are assumed to operate with a 
plasma in H-mode conditions. It is clear that this implies sig-
nificant challenges when compared to L-mode (e.g. ELM mit-
igation). However the benefits in terms of device size [6] and 
consequently cost of electricity are of an extent that the recent 
strategy is to face these challenges. Both options operate at 
finite values of the fusion gain Q, hence under non-ignited 
conditions. In addition to this, a lower single null plasma con-
figuration is assumed in this work.

As the ongoing EU concept design analysis is mainly 
based on DEMO1, we use the design EUDEMO12015 [7] as 
the main reference for this publication.

3.  Key parameters

System codes typically involve an extensive number of 
parameters (e.g. PROCESS > 1000). Correspondingly, the 
optimization of a design option within the physical laws and 
engineering constraints is a multidimensional problem, which 
involves numerous non-linearities. For this type of non-linear 
constrained optimisation problem there is no truly global 
method available and in the case of PROCESS a combination 
of a local algorithm with expert interpretation of the results is 
used to assure the solution corresponds to a global optimum. 
Hence it is advantageous to understand the principal depend
ences between the crucial parameters.

In addition to the distinction into input and output 
parameters we distinguish four types of parameters:

	 •	Requirement parameters (RQ): these are linked to top-
level requirements. Requirement parameters are related 
to the overall performance of the plant as a whole.

	 •	Design parameters (DP): these describe the fundamental 
design of the plant including the effect of key actuators.

	 •	Physics parameters (PP): these detail the plasma scenario.
	 •	Technical parameters (TP): these specify properties of 

technical systems having significant impact on the per-
formance of the plant as a whole.

Certainly the boundary between design parameters and 
physics/technical parameters is not in every case precisely 
defined and it has been aimed to make reasonable choices.

Table 1 lists the most important system code param
eters including values for the designs EUDEMO12015 and 
EUDEMO22015. The parameters describe the flat-top phase 
of the discharge. For all design parameters, physics param
eters and technical parameters determined by relations inside 
the system code (i.e. output parameters), these dependences 
are briefly indicated. As the dependences in system codes 
are often circular, there are multiple ways to display them, 
from which one option has been chosen. We note that more 
detailed descriptions of the system code PROCESS relations 
have been published [1, 2]. For all other parameters (input), in 
the remainder of this section the choice for EUDEMO12015 
is justified—mostly by results of other investigations. Also for 
several of the calculated parameters we provide some com-
parison to other investigations.

Nucl. Fusion 57 (2017) 016011
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Table 1.  Most important system code parameters including units and values for the designs EUDEMO12015 and EUDEMO22015: in the 
last column, for EUDEMO12015 some indication on the calculation of this parameter inside the system code is given.

Parameter Short form Type Unit DEMO1 DEMO2
Determined for DEMO1 in  
system code by

Net electric power Pel,net RQ MW 500 953 Design target: Pel,gross, Prec,tot

Pulse duration τpulse RQ h 2 inf Design target: inductive flux, loop voltage
Major radius R DP m 9.1 7.5 Figure of merit (minimised)
Aspect ratio A DP 1 3.1 2.6
Elongation at 95% flux 
surface

κ95 DP 1 1.59 1.8

Triangularity at 95% flux 
surface

δ95 DP 0.33 0.33

Toroidal magnetic field at 
plasma centre

BT,0 DP T 5.7 5.6 Radial build, BT,max,cond

Number of TF coils nTF DP 1 18 18
Edge safety factor q95 DP 1 3.2 4.4 BT,0,IP

Plasma current IP DP MA 19.6 21.6 q95, BT,0, geometry parameters, 
confinement

Pedestal top electron 
density

nped PP   −10 m20 3 0.62 0.63

Central electron density n0 PP   −10 m20 3 1.01 1.22 nped, core transport, limit on Greenwald 
density fraction

Average Greenwald  
density fraction

〈 〉/n nline GW PP 1 1.2 1.2

Pedestal top electron 
temperature

Tped PP keV 5.5 5.5

Central electron 
temperature

T0 PP keV 27.4 34.6 Tped & core transport

Temperature peaking /⟨ ⟩T T0 e PP 1 2.1 1.9

Total normalised plasma β βN,tot PP % 2.6 3.8 Profiles of thermal and fast particle 
pressure, BT,0

Total poloidal plasma β βpol,tot PP 1 1.1 1.7 βtot, Btot, Bpol

Seed impurity species PP Xe Xe
Seed impurity 
concentration

cimp PP 1 × −3.9 10 4 × −1.0 10 3 Radiation / power exhaust & PLH

Tungsten concentration cW PP 1 × −5.0 10 5 × −1.0 10 4

Helium concentration cHe PP 1 × −1.0 10 1 × −1.0 10 1

Effective charge Zeff PP 1 2.6 4.7 ⟨ ⟩ne , ⟨ ⟩nf , cHe, cW, cimp

Fusion power Pfus PP MW 2037 3255 Profiles of density and temperature,  
DT-ratio

Bremsstrahlung radiation 
power

Prad,brem PP MW 88 210 Profiles of electron and impurity density 
and temperature, Z_eff

Line radiation power Prad,line PP MW 192 368 Profiles of electron and impurity density 
and temperature, impurity concentrations

Synchrotron radiation 
power

Prad,syn PP MW 26 58 Profiles of electron and impurity density 
and temperature, synchotron wall 
reflection coefficient

Power crossing  
separatrix

Psep PP MW 154 150 αP , Paux, P_rad, core, Prad,edge

Scaled LH threshold  
power

PLH PP MW 133 128 ITPA Scaling [8]

/P Psep LH fLH PP 1 1.2 1.2 Manually checked
Confinement factor 
(radiation corrected)

H PP 1 1.1 1.4

Energy confinement time τE PP s 4.2 4 τE,scal, H
Inductively driven current Iind PP MA 10.8 0 IP, IBS, ICD

Bootstrap current IBS PP MA 6.9 13.2 [9]
H&CD power coupled to 
the plasma

Paux PP MW 50 133

(Continued )

Nucl. Fusion 57 (2017) 016011



R. Wenninger et al

4

3.1.  Requirement parameters

The requirement parameters used in this study are net electric 
output power Pel,net and pulse duration τpulse (table 1).

A further important performance parameter describing the 
economic efficiency of a power plant is the fraction of recir-
culated power /=f P Prec rec,tot el,gross. Despite the fact that frec 
has the character of a requirement parameter, in this study it 
is treated as a technical parameter (output) in order to avoid 
excessively restricting the system to be optimized.

3.2.  Design parameters

In the following a set of parameters describing the funda-
mental design of the plant is discussed.

3.2.1.  Major radius.  For the development of EUDEMO1 
2015 the major radius R was minimized. Certainly, the capi-
tal cost is the quantity that really should be minimized for 
DEMO. If this is done at fixed Pel,net and τpulse with the recent 
PROCESS cost model, the major radius is increased by 1.5%. 

Due to this small deviation it is reasonable to minimize R, as 
the performance of the cost model is non-critical in this case.

3.2.2.  Aspect ratio.  The aspect ratio A  =  R/a is a central 
design parameter. There is freedom in the choice of A. How-
ever, A in combination with other parameters determines the 
radial build of the device and has potential impact directly or 
indirectly on the following areas:

	 •	vertical plasma stability
	 •	disruption forces
	 •	transport effects
	 •	inter-pulse duration
	 •	toroidal field ripple
	 •	neutral beam current drive efficiency and design  

integration
	 •	electron cyclotron current drive efficiency
	 •	tritium breeding
	 •	maintenance of in-vessel components
	 •	overall availability
	 •	cost.

Externally driven current ICD PP MA 1.9 8.4 Paux, γCD
Internal inductance li PP 1 1.2 0.9 Current peaking (calculated from q0 and 

q95 assuming a parabolic current profile)
Divertor challenge 
quantifier

/P Rsep PP MW/m 17 20

H&CD wall plug  
efficiency

ηWP TP 1 0.4 0.5

Current drive efficiency γCD TP 1020 A 
( )−W m 2

0.27 0.41 Plasma and CD system parameters

Main coolant TP — He He
Thermo-dynamic  
efficiency

ηTD TP 1 0.38 0.4

Gross electric power Pel,gross TP MW 914 1660 Pfus, ηTD

Pumping power Ppump TP MW 155 300
Electric power for HCD PHCD,tot TP MW 125 266 ICD, ηWP, γCD

Tritium processing  
power

PTritium TP MW 15 15

Cryogenic plant power Pcryo TP MW 29 30 Cold mass of components, magnet 
temperature, power deposited by neutrons

Total recirculating power Prec,tot TP MW 413 706 Ppump, PHCD,tot, PTritium, Pcryo and other 
electric power demands

Total recirculating power 
fraction

frecirc TP 1 0.45 0.43 Pel,gross, Prec,tot

Maximum field at the TF 
conductor

BT,max,cond TP T 12.3 15.6 TF dimensions and critical current density 
in the conductor (function of magnetic 
field, temperature and strain)

PF/CS coil-materials TP — Nb Sn3 /NbTi Nb Sn3 /NbTi
Inboard blanket and first 
wall thickness

tblkt,ib TP m 0.78 0.78

Outboard blanket and first 
wall thickness

tblkt,ob TP m 1.3 1.3

Average Neutron Wall 
Load

qneut,wall,av TP /MW m2 1.05 1.91 Pfus, plasma surface area

Table 1.  (Continued )

Parameter Short form Type Unit DEMO1 DEMO2
Determined for DEMO1 in  
system code by

Nucl. Fusion 57 (2017) 016011
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Investigations of the effect of the aspect ratios on each of these 
areas have been started based on configurations with A  =  2.6, 
A  =  3.1 and A  =  3.6. These have been based on system code 
runs, in which Pel,net and τpulse have been fixed. The maximum 
variation of major radius between these three design points 
is 3%.

Remote maintainability is a key requirement for any DEMO 
design concept [10]. The technical feasibility and speed of 
maintenance are indirectly related to A and the number of 
toroidal field coils nTF. These two parameters are intrinsically 
linked to the size and number of blanket segments, and the 
size and number of vertical ports through which the blan-
kets must be extracted. In an initial study several simplified 
tokamak design points were assessed in terms of technical 
feasibility and speed of remote maintenance operations scan-
ning A (2.6,3.1,3.6) and nTF (16,18) [11]. A number of design 
parameters correlated with remote maintenance performance 
were considered. These parameters included:

	 •	the number of in-vessel components requiring maintenance 
and the number of movements required to extract them 
(strongly related to the duration of maintenance activities)

	 •	the volume and length of the blanket, as well as the rela-
tive stresses and torques at the RM lifting interfaces to 
the blanket (strongly related to the technical difficulty of 
remote maintenance).

Relative weightings for the impact of the parameters on both 
remote maintenance speed and technical feasibility have been 
introduced. The values of the parameters for each design 
point along with associated weightings were used to calculate 
values for two figures of merit relating to the remote maintain-
ability speed and feasibility.

This study identified that the aspect ratio is the stronger 
performance driver in terms of remote maintenance. Overall, 
from a maintenance perspective (for both maintenance speed 
and technical feasibility), within the range of configurations 
considered, the results are clear: a larger aspect ratio machine 
with fewer TF coils is preferable. It is important to note that 
the feasibility of remote maintenance has not been fully 
proven for any of the configurations investigated.

Next to these advantages of higher aspect ratios, there are 
also significant advantages of lower aspect ratios. At almost con-
stant R, increasing A leads to increasing the ratio of the distance 
between plasma center and vessel to the minor radius, which 
leads to less vertical stability. It has been reported that the elonga-
tion κ95, for which the stability margin ms is equal to the proposed 
limit for single null configurations =m 0.3s , is reduced for higher 
aspect ratios [12]. Consequently the maximum tolerable elonga-
tion, especially in the crucial phase at the start of the ramp-down 
(SRD), is reduced (table 2). In this phase also the required power 
for vertical stability control increases with aspect ratio [12].

The forces on the blanket during a disruption are increased 
by a factor of about 3 when increasing the aspect ratio from 
2.6 to 3.6 (table 2). On one side the toroidal magnetic field 
increases and on the other side the currents induced in the 
blanket are also higher as the current quench time (assumed to 
scale with a2) and the radial distance between magnetic axis 
and blanket center are reduced.

Also the tritium breeding ratio (TBR) is expected to be signif-
icantly reduced, when going from A  =  2.6 to A  =  3.6 (table 2).  
Assuming that the poloidal length, that is covered by the divertor 
and hence does not contribute to the tritium breeding, is constant, 
at lower minor radius (higher A) the remaining fraction available 
for tritium breeding is smaller than at higher minor radius.

The physics basis is by far best known for the ITER value 
A  =  3.1. Although not all facets have been conclusively inves-
tigated so far, a preliminary aspect ratio of 3.1 has been chosen 
for EUDEMO12015.

3.2.3.  Plasma shape.  The Elongation is the first moment 
of the plasma shape. The upper limit of κ95 corresponds to a 
limit of the plasma vertical stability. There is a large range in 
the assumptions on the elongation in the international variety 
of DEMO parameter proposals ranging from conservative to 
extremely optimistic values.

Investigations of the passive and active stability properties 
of recent DEMO1 designs [12] have shown that the maximum 
elongation that is acceptable from a vertical stability point 
of view is κ = 1.7195  for the flat-top phase of the discharge 
and κ = 1.5995  for the start of the ramp-down. The difference 
is predominantly caused by the higher value of the internal 
inductance in the latter phase. It is an important question, 
which of the two values to use for the design of the device. 
On the one hand it might be possible to design the ramp-down 
in such a way that the vertical stability situation at the start of 
the ramp-down can be improved. On the other hand one has 
to assume that unplanned, not fully controlled H-L-transitions 
can happen at any time. After such an event the plasma would 
have reduced vertical stability qualities and consequently the 
disruption risk would increase until the plasma was transferred 
back to the original state. In line with these considerations 
and the conservative approach used for EUDEMO12015, 
κ = 1.5995  has been selected8.

The triangularity δ95 is the second moment of the plasma 
shape. Several relevant dependences on δ95 are known. An 
advantageous effect of increasing triangularity is a higher 
confinement—mainly due to higher pedestal top temperature 
at constant pedestal top density, observed in attached plasmas. 
Figure 2 shows that for EUDEMO12015 this effect saturates 
at an edge triangularity δx of about 0.6, which corresponds to 
δ ≈ 0.495 . Disadvantages are larger type I ELMs, larger disrup-
tion forces, a higher level of impurity accumulation and more 
difficulties to solve the first wall heat load problem at the top 

Table 2.  Comparison of properties related to vertical stability, 
disruption loads and tritium breeding ratio for three aspect ratios.

A 2.6 3.1 3.6

κ95 at m 0.3s=  (SRD) 1.65 1.71 1.56
Fast disruption load on blanket (a.u.) 0.51 1.00 1.44
∆TBR +0.04 0 −0.02

8 In PROCESS the elongation is calculated via ( /( ))/κ = + −A1.5 0.5 1 1.1295  
[2]. Due to the high sensitivity on this parameter for EUDEMO12015 the 
result from the vertical stability analysis κ = 1.5995  has been imposed, 
which corresponds to an increase of κ95 by 2.4%.

Nucl. Fusion 57 (2017) 016011



R. Wenninger et al

6

of the device. The DEMO physics basis related to the trian-
gularity has significant gaps. For instance, the effects of high/
low triangularity for more DEMO relevant conditions need to 
be studied experimentally and the efficiency of ELM mitiga-
tion methods need to be studied for DEMO as a function of 
triangularity. Considering this situation, the value that ITER 
uses in the Q  =  10 scenario, δ = 0.3395 , has been chosen for 
DEMO.

In TCV L-mode plasmas it has been seen that the mid-
radius electron heat diffusivity is significantly decreasing with 
decreasing triangularity and, for similar plasma conditions, 
only half of the heating power is required at a triangularity 
of  −0.4 compared with  +0.4 to obtain the same temperature 
profile [13]. Based on this, it is proposed to consider nega-
tive triangularity for DEMO, as the power exhaust challenge 
would also be relaxed. In this pre-conceptual design phase for 
DEMO this option should also be investigated. Next to inte-
gration aspects, a key question will be the balance of possible 
positive aspects for the core confinement and possible nega-
tive aspects for the pedestal.

3.2.4.  Number of TF coils.  Increasing the magnetic inhomo-
geneity, which to first order can be quantified by the toroidal 
field ripple ( ( ) ( ))/( ( ) ( ))δ = − +B B B Bmax min max minTF , 
has detrimental effects on the plasma such as a reduction of 
the pedestal pressure including the related reduction of con-
finement, a reduction of plasma rotation and an increase 
of fast particle losses. Initial investigations—disregarding 
losses due to fluctuations and waves in the plasma—suggest 
that the fast particle effects can be tolerable, especially 
if the design includes ferritic inserts between the shells of 
the vessel [14]. The ripple effect on the pedestal and rota-
tion have been studied in TF ripple experiments in JET [15]. 
The resulting recommendation for ITER is to have TF ripple 

values inside the confined region of less than 0.5%. For the 
development of EUDEMO12015 a value of 0.3% has been 
used as a guideline.

When developing DEMO designs there are several possi-
bilities to decrease δTF: (1) increasing the number of toroidal 
field coils nTF, (2) increasing the radial gap −dV TF between 
the vessel and the outer leg of the TF coil, (3) introducing 
ferromagnetic materials between the two shells of the vacuum 
vessel on the outboard side. In the design EUDEMO12015 it 
is assumed that the maximum possible amount of ferromagn
etic inserts between the vessel shells are installed, in order to 
reduce the TF ripple. Figure 1 shows the effect of changing 
nTF on −dV TF at constant δTF and constant aspect ratio from a 
system code calculation. It has to be noted that in the system 
code the effect of ferromagnetic inserts is not featured. As 
it has been observed that the effect of the ferritic inserts is 
equivalent up to a reduction of about 0.3%, the limit of nTF in 
the system code has been set to 0.6%. The impact of nTF and A 
on the remote maintenance speed and feasibility is discussed 
in section 3.2.2. Considering the choice A  =  3.1, the number 
of TF coils has been fixed to =n 18TF  for EUDEMO12015.

Figure 1.  Effect of changing nTF on −dV TF at constant aspect ratio A  =  3.1 from a system code calculation. The grey shaded area represents 
the TF coil, the PF coils are labeled 1 to 6, the CS coil is labelled OH. The black area represents the vacuum vessel, the green the shield9 
and the blue area the blanket. The black solid lines mark the separatrix and the cross the plasma center. Ferritic inserts are not represented. 
The maximum allowed ripple in the confined region is 0.6%.
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0
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Figure 2.  Pedestal top temperature Tped as a function of 
triangularity δx at the plasma edge based on calculations with the 
EPED1 model [21]: the parameters nped, β, IP, R and a are constant.

9 In all recent European DEMO designs (incl. EUDEMO12015) blanket and 
shield are integrated into one single component.
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3.2.5.  Edge safety factor.  Increasing the edge safety factor 
q95 and keeping the other design parameters constant leads to 
a decrease in IP, which for DEMO1 would lead to an increase 
in the pulse duration. On the other hand, a decrease in IP leads 
to a decrease in confinement and hence system code solutions 
often sit at the lowest permitted level in q95.

At low values of q95 the plasma is more prone to instabili-
ties, although a quantification of this effect for DEMO con-
ditions (i.e. a device to be operated in one single discharge 
scenario) is not available. A hard limit is reached, if q95 falls 
below 2, when the m  =  2, n  =  1 external kink mode is destabi-
lized and eventually leads to a disruption [16]. An investigation 
of JET discharges [17] shows that the disruptivity clearly 
increases for q95  <  2.5 and that it is constant for q95  >  3.5. 
Considering these aspects, in the system code a conservative 
limit of ⩾q 3.095  is used.

3.3.  Physics parameters

3.3.1.  Pedestal top parameters.  In the PROCESS version 
used for the development of EUDEMO12015 the representa-
tion of the pedestal shape is primarily used for the calculation 
of the radial radiation distribution. The pedestal top density 
nped should be maximized in favor of maximizing the density 
across the profile and consequently the fusion power. Although 
there is recent progress in the understanding of edge density 
limits [18] a reliable extrapolation to DEMO is still not pos-
sible. We use the assumption that nped is 85% of the Greenwald 
density limit [19]. The pedestal top temperature is calculated 
from linear stability calculations of the pedestal top pressure 
in combination with nped. For the design EUDEMO12015 a 
pedestal top temperature of about 5.5 keV has been calculated 
with MISHKA [20] assuming a pedestal width of ψ∆ = 7%ped . 
Calculations using the EPED1 model [21] arrive at a simi-
lar value with ψ∆ = 4%ped  of the total poloidal flux. Positive 
dependency of the predicted pedestal temperature is found for 
triangularity (figure 2) and β. Increasing density increases the 
predicted pedestal top pressure, but decreases pedestal top 
temperature. Varying the plasma impurity content has a neg-
ligible effect.

3.3.2.  Impurity related parameters.  In order to achieve the 
required level of radiation power from inside and outside 
the separatrix, DEMO has to have a high level of impurity 
seeding. The optimum impurity species or impurity mix has 
been investigated with relatively basic tools [12]. Due to the 
extensive uncertainties in the assumptions for these calcul
ations this has to be continued with more detailed simulations. 
This mix needs to be tailored in such a way that (1) the power 
to both divertor targets is below the tolerable threshold, (2) 
the loss power across the separatrix is higher than PLH and 
(3) the fusion power is maximised. Based on some prelimi-
nary results, for EUDEMO12015 Xe has been used as seed 

impurity10. Changing to Ar (Kr) reduces the Pel,net by 23% 
(10%) and the pulse duration by 6% (6%).

The recent design assumptions for DEMO imply a first 
wall with W armour. Therefore, it is expected that a significant 
amount of W is sputtered from the first wall and transported 
to the plasma. However, predicting the concentration of W in 
the plasma is not straightforward as there are open questions 
in various processes including sputtering at the wall, transport 
in the SOL and in the pedestal region. For instance, a highly 
relevant and open question is, in which ELM regime or with 
which ELM mitigation method DEMO will be operated. A 
default value of = × −c 5 10W

5 is used in EUDEMO12015.
In a COREDIV [22] simulation of EUDEMO12015 with Ar 

as seed impurity for values of Psep just above the L-H threshold 
power a W concentration of 10−4 has been found. In PROCESS 
for EUDEMO12015 a change of the W concentration from 
× −5 10 5 to 10−4 leads to a reduction of the Xe seed impu-

rity concentration from × −4 10 4 to × −2 10 4, +5% net elec-
tric power and +16% pulse duration due to decreased overall 
plasma dilution. However, it has to be noted that impurity con-
trol becomes more challenging when going in this direction.

Also the concentration of He in DEMO is very difficult 
to estimate: the production rate is quite predictable, but the 
transport to the plasma edge and the processes in the SOL are 
partly not understood and partly depend on some open aspects 
(e.g. ELM behavior). Also the efficiency of the pumping in 
DEMO can have significant impact on the He confinement.

The ITER Physics Basis [23] reports a lower limit for the 
ratio of He confinement time accounting for wall recycling 
and energy confinement time /τ τ∗ EHe  of 6. A reduction of the 
divertor neutral gas influx [24] or reduced ELM behavior 
leads to an increase of this value up to an order of magnitude. 
The He concentration in EUDEMO12015 of =c 10%He  cor-
responds to /τ τ =∗ 6.5EHe . Increasing /τ τ∗ EHe  to 12.6 would cor-
respond to =c 16%He  and a reduction of Pel,net by 52% and an 
increase of τpulse by 29% (cXe is lower and therefore the ohmic 
power is lower).

3.3.3.  H-mode access and confinement.  The target regime of 
operation of EUDEMO12015 is the H-mode. We assume that 
this necessitates that the power crossing a flux surface close to 
and inside of the separatrix needs to exceed the L-H-threshold 
power PLH. For the prediction of PLH the scaling from Martin 
[8] is employed. It has been observed that in machines with W 
walls, as it is planned for DEMO, PLH is reduced by 20–30% 
[25]. On the other side it is desirable that Psep exceeds PLH by 
a certain ratio to ensure sufficient controllability and confine-
ment quality [26]. Accounting for these aspects for the devel-
opment of EUDEMO12015 the limit /= =f P P 1LH sep LH,scal  
is used—however, based on upcoming control investigations 
and on experiments with DEMO relevant impurity types and 
concentrations it might be necessary to increase fLH.

An investigation of the heating requirements for the 
ramp-up for DEMO1 has been performed with METIS  
[27, 28]. Using again the scaling from Martin [8], which is 
the LH-threshold scaling leading to the highest power require-
ments, 150MW of heating power have been found to be 
sufficient.

10 The results from [12] suggest that the radiation capability of Xe in the 
SOL/divertor is insufficient and hence a significant amount of Ar or a lower 
Z impurity should be added.
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We note that the interaction of the divertor protection limit 
and the H-mode access limit may significantly drive the size 
of the device: assuming that the divertor challenge quantifier 

/P Rsep  (section 3.3.4) is fixed and applying the Martin and 
Greenwald scalings leads to ∝ − −f B RLH

1.5 0.1. Consequently, 
increasing fLH while limiting /P Rsep  can only be accomplished 
by reducing the magnetic field, which leads to an increase in 
the required machine size in order to keep the same fusion 
power.

Figure 3 shows the result of a PROCESS study that also 
comes to the conclusion that the device size is very sensitive 
on the combination of /P Rsep  and fLH. Decreasing for instance 

/P Rsep  from 17 MW m−1 to 14 MW m−1 at ≈f 1.2LH  results 
in an increase of the major radius of 3 m. In addition the con-
sequence of the L-H-threshold power uncertainty becomes 
clear: if the real H-mode threshold were higher than the scaled 
one, this would result in a corresponding increase in fLH. For 
instance an increase of the H-mode threshold by 100% (upper 
end of the 95% confidence interval for ITER [8]) would corre-
spond to doubling fLH and correspondingly roughly doubling 
the major radius of the device.

The H-mode confinement factor represents aspects of the 
discharge, which influence the confinement and which are 
not captured by the applied H98(y,2) confinement scaling. 
As DEMO is designed to have a high level of radiated power 
inside the confined region in contrast to the experiments 
entering the confinement scaling it is important to carry out a 
correction in following equations

f I B n R A M P, , , , , ,E IPB y P T, 98 ,2 L,corr
0.69τ κ= −( )( )� (1)

/τ = W P ,E L,corr� (2)

where M is the ion mass number. The radiation corrected power 
loss is defined as = + −αP P P PL,corr aux rad,core, where Prad,core 
are the assumed instantaneous losses to the heating power 
that do not enter the confinement scaling. Studying detailed 
ASTRA/TGLF [29–31] simulations of EUDEMO12015 [32] 

it is found that the most appropriate definition of Prad,core is 
60% of the radiation integrated from the plasma centre up 
to a normalised minor radius ρ = 0.75core  [33]. However, 
the result of a preliminary analysis suggested subtracting all 
radiation within ρ = 0.6core , which is still an equally good 
model given the other uncertainties in this ad hoc correction. 
This latter approach has been used for EUDEMO12015 and 
EUDEMO12015. The difference between these two defini-
tions of Prad,core has been found to have an insignificant effect 
on the performance parameters in PROCESS.

In the recent version of PROCESS (i.e. without the recently 
developed core transport model) the confinement factor H 
has a strong impact on the performance. In N seeded H-mode 
discharges in ASDEX Upgrade with a core radiation frac-
tion around 35% at β = 2.6%N ,tot  a non-radiation corrected H 
around 1.2 has been observed [34]. N seeding is unfavorable 
in DEMO due to the extensive plasma dilution that is con-
nected to it. Hence, to be conservative for EUDEMO12015 
a non-radiation corrected value H of 1.0 corresponding to a 
radiation corrected value of 1.1 is assumed.

On the one hand H could be increased by operation in 
advanced or hybrid scenarios, which are now operated rou-
tinely. On the other hand, it is possible that any method to 
sufficiently [7] mitigate ELMs in DEMO implies a reduction 
of the pedestal top pressure [35] and hence a reduction of 
confinement.

3.3.4.  Divertor protection parameter.  It is expected that the 
divertor power exhaust problem in DEMO is significantly 
more challenging than in ITER [36, 37]. For any divertor con-
figuration it will be essential to optimise by seeding impurities 
the fraction of the loss power that is radiated from the main 
chamber and the SOL and divertor region.

There is some doubt as to the predictive capability for 
the performance of a standard detached divertor in DEMO 
in H-mode operation as it is integrated in EUDEMO12015. 
Therefore, in the system codes a limit for the ratio /P Rsep  is 
used. For attached divertor conditions it has been found that λq 
and S do not scale with R [38–40]. Assuming that the same also 
holds for detached divertor conditions, /P Rsep  is proposed as a 
measure for the divertor challenge [41]11. While 10 MW m−1  
has been successfully demonstrated in ASDEX Upgrade with 
a time averaged peak heat flux at the outer divertor target of 
about 5 MW m−2 [42], ITER is expected to operate at 15 MW 
m−1 [36]. Based on the material limit for ITER-like divertors 
of 10 MW m−2 and the higher neutron load in the DEMO 
divertor, which might in practice reduce the material limits 
with respect to ITER, in the system code studies a limit of 17 
MW m−1 is assumed for EUDEMO12015.

In order to stay within the /P Rsep  limit, PROCESS increases 
the impurity concentration /=f n neimp imp  until the power 
conducted or convected across the separatrix is equal to the 
×f PLH LH,scal or /P Rsep  falls below the prescribed threshold. 

Due to the associated fuel dilution and corresponding 

Figure 3.  Dependence of the major radius on fLH and /P Rsep  from 
PROCESS calculations: =P 500el,net  MW and τ = 2pulse  h, while the 
major radius was minimized.

11 /( )P B q Rsep 95  is an interesting alternative for such a quantity that captures 
the main dependences of λq ( /∝ q B95  [38]).
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reduction in fusion power, higher values of /P Rsep  lead to 
larger devices (figure 3).

3.4. Technical parameters

3.4.1.  Heating and current drive.  Heating and current drive 
(HCD) systems have to fulfil a comprehensive set of functions 
in DEMO. The requirements for the HCD systems change 
over the phases of the discharge. A preliminary list of these 
functions for DEMO1 is:

	 •	breakdown assistance
	 •	heating to L-H-transition and target Pfus

	 •	burn and power exhaust control
	 •	NTM control
	 •	sawtooth control
	 •	impurity accumulation control
	 •	event handling.12

By far not all of these functions are represented in system 
codes. Also, the HCD mix for DEMO is not yet defined13. 
Therefore, as an umbrella an average power coupled to the 
plasma for both heating and current drive of 50 MW during 
the plasma flat top phase is assumed. This value is certainly 
lower than the peak amount of coupled power, which has to 
be accounted for when dimensioning the installed power. 
Considering the relatively low expected power (⩽15 MW) 
requirement for NTM control [12], there is considerable 
power (⩾35 MW) available for burn and power exhaust con-
trol and sawtooth control. Further control investigations need 
to clarify whether this is sufficient.

For EUDEMO12015 HCD by neutral beam injection 
has been assumed. A wall plug efficiency of η = 0.4WP  
has been chosen based on quite diverging initial esti-
mates [43, 44]. Considering the wall plug efficiencies pro-
posed in [45] this value should be reduced to 0.3, which 
reduces Pel,net by 8%. A normalised current drive efficiency 
γ = ×   ( )A0.27 10 / W mCD

20 2  in line with recent simulations 
[46] is calculated in PROCESS. These parameters are defined 
assuming a neutral beam voltage of 1.0 MV.

The total plasma current of this design splits into 55% 
inductive current, 35% bootstrap current and only 10% exter-
nally driven current. Hence, the pulse duration is not very sen-
sitive to the value of γCD, whereas the value of ηWP has a big 
impact on the recirculating electrical power of DEMO.

3.4.2.  Blanket, balance of plant and recirculated power.  
System codes mainly feature static power requirements of 
plant systems. More information on the time-dependent 
power requirements for pulsed fusion reactors can be found in 
[47]. During the start-up phase DEMO might even require net 
external power supply.

He at 80 bar and H O2  under pressurized water reactor con-
ditions, both with an inlet temperature of  ≈300 °C, are the 

options for the main (i.e. blanket) coolant of DEMO. In the 
secondary loop a Rankin cycle is implemented. He cooling has 
a gross thermal efficiency /P Pel,gross th,gross accounting also for 
energy storage requirements of 37% (H O2  cooling: 32%) but 
also a higher required pumping power of 155 MW (H O2 : 20 
MW) [48]. In the definition of EUDEMO12015 He is assumed 
as blanket coolant. Changing the thermal efficiency and the 
pumping requirements to water as a main coolant reduces the 
net electric power by 8%.

The thickness of the inner (outer) breeding blanket tblkt,ib 
(tblkt,ob) is an important parameter for the radial build of the 
device. In the definition of these dimensions the impact on the 
Tritium breeding ratio and the required space for the blanket 
manifold feeding the first wall and the breeding units need 
to be accounted for. Based on initial investigations values 
for these thicknesses to be used in system code studies have 
been found to be independent of the type of the blanket design 
option: =t 0.78blkt,ib  m and =t 1.30blkt,ob  m [49].

Of 913 MW gross electric power 45% are recirculated 
to following systems: 30% HCD systems, 38% He coolant 
pumping, 4% Tritium systems, 7% cryogenic systems, 14% 
facilities heating and 7% remaining systems.

3.4.3.  Magnet systems.  At present, several different con-
cepts exist for the TF and central solenoid (CS) coil wind-
ing packs in DEMO. Nb Sn3  is currently the most developed 
superconductor in terms of achieving high magnetic fields in 
fusion coils and is the material of choice for these coils. Some 
winding pack concepts for the TF and CS coils are layered, 
meaning that the conductors can be graded along the thick-
ness, enabling cheaper superconductor materials (NbTi) to be 
used in low field areas. PROCESS currently assumes a pan-
cake-winding approach, as used in ITER. The poloidal field 
coils are presently assumed to be made exclusively of NbTi, 
due to the lower field requirements.

4.  Impact of uncertainties

Table 3 shows the impact of a modification of ±10% of a 
number of input parameters on the net electric power and 
pulse duration. Certainly the uncertainty on each parameter is 
not the same and in [50] a proposal for the probability distri-
bution of system code input parameters is presented.

The strongest sensitivities are found for A, κ95, H and the 
Greenwald density fraction. The various facets of the aspect 
ratio selection have been discussed in section  3.2.2. The 
importance of the confinement factor is evident and various 
strategies to reduce the uncertainty are discussed in [12]. Also 
the impact of the Greenwald density fraction can be easily 
understood, however the uncertainty in predicting this value 
is quite large.

To explain the strong sensitivity to the elongation the 
dependence of Pfus on κ95 ( κ∆ = 10%95  corresponds to 
∆ =P 75%fus ) is analysed:

Assuming fixed R, BT,0, a, q95 and Ploss (divertor protec-
tion) and the IPB98(y,2) scaling for the energy confinement 
time and operation at a fixed Greenwald fraction leads to

12 Definition of the detailed functions in the area of event handling need to 
be developed.
13 A systematic evaluation of the most advantageous HCD mix to fulfill all 
required functions is a long-term activity that has been initiated.
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An increase of Pfus by 75% corresponds to a κ-exponent 
of 5.5. Due to this high sensitivity an extensive program to 
optimize the maximum allowable elongation in terms of ver-
tical stability has been initiated [12].

In addition to these single-parameter sensitivities it is 
interesting to study multi-parameter effects. On the one hand 
there might be off-diagonal effects, in which several param
eter dependencies increase each other. On the other hand, it 
is important to understand the total uncertainty of the perfor-
mance parameters of a certain design point. Some of these 
aspects are addressed in [50].

5.  Summary

The discussion about the fusion device succeeding ITER is 
gaining more and more importance. In Europe a significant 
effort is dedicated to the development of a conceptual design 
for DEMO. The consistency of the assumptions entering 
this development is of key importance and often extremely 
optimistic parameters are used. In order to provide transpar-
ency, in this paper the key input parameters for the design 
EUDEMO12015 and their justifications are discussed. It is 
obvious that the uncertainties in these parameters need to 
be reduced by the development of the relevant parts of the 
DEMO Physics Basis and of engineering models for DEMO.

All input parameters for EUDEMO12015 have been 
chosen conservatively, in line with the requirement that it 
needs to be possible to develop a consistent engineering 
design for this machine within the next 20 years. However, it 
has to be mentioned that there are a number of non-negligible 
risks associated with the design EUDEMO12015, for which 
solutions or mitigation schemas need to be demonstrated and/
or implemented. These include the areas of divertor and first 
wall protection, edge localized modes and disruptions.

The impact of uncertainties on some input parameters has 
been investigated. The strongest effect on the performance 
parameters Pel,net and τpulse is caused by a ±10% variation of 
aspect ration, elongation, confinement factor and Greenwald 
density fraction. Of these parameters the elongation is the one 
with the most extreme sensitivity ( κ∆ = 10%95  corresponds 
to ∆ =P 125%el,net ). For this reason a verification of the ver-
tical stability should be carried out for each DEMO design 
that is studied in detail.

The impact of these sensitivities on the performance uncer-
tainty of EUDEMO12015 has not been studied. This requires 
that the uncertainty in all parameters with strong influence 
over the performance parameters needs to be better quantified 
in future studies.

Next to the impact of parameter choice on the performance 
of DEMO, the effects of uncertainties of scalings applied 
inside the system codes also need to be taken into account. 
In particular, the Martin scaling for the L-H-power threshold 
has an extensive uncertainty that results in a large machine 
performance uncertainty.
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