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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 in the central European system codes have been published [} 2 B]. In addition, this
publication discusses key input parameters for the pulsed and conservative design option
EU DEMO1 2015 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 on variations of the input
parameters are investigated. The most extreme sensitivity is found for the elongation
(Akgs = 10% corresponds to AP yer = 125%).

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 optimisation and multi-dimensional scans they are designed to develop single
consistent design points (non-optimised) within less than a second. In the framework
of the European DEMO Design Point Development two system codes, which are widely



fulfilling these criteria, are used: PROCESS [I], 2] and SYCOMORE [3]. The former one is the
system code, which has been used for all calculations in this publication.

Results of system code studies are frequently benchmarked with 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 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, recently
an upgrade of the core transport model in system codes to a fully consistent 1D model is
ongoing [5].

While the relations used in the system code calculations have been published [1l 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 [I) and concentrates on the motivation for the selection of physical and
technological input parameters, where the emphasis is on the physical side. Section
is dedicated 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 per-
formance 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 requirements 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 DEMO design options are devel-
oped [6]:

e The near-term DEMO (DEMO1): This is a DEMO concept deliverable 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.

e The advanced DEMO (DEMO?2): This is based on more optimistic physics assump-
tions, 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 scenario (e.g. hybrid
plasma) with current profile tailoring. It is clear that this can only be realised on
a longer term assuming that the required significant advances in the physics basis
can be demonstrated using ITER and the limited number of satellite fusion devices
available in the next 10-20 years. Also some engineering assumptions (e.g. heat-
ing and current drive system parameters) are more optimistic when compared to



DEMOL.

Both DEMO1 and DEMO2 are assumed to operate with a plasma in H-mode conditions.
It is clear that this implies significant challenges when compared to L-mode (e.g. ELM
mitigation). However the benefits in terms of device size [7] and consequently cost of
electricity are of an extent that the recent strategy is to face these challenges. Both op-
tions operate at finite values of the fusion gain Q, hence under non-ignited conditions. In
addition to this, a lower single null plasma configuration is assumed in this work.

As the ongoing EU concept design analysis is based on DEMO1, we use the design
EU DEMO1 2015 [8] as the main reference for this publication.

3 Key parameters

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

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

e Requirement parameters (RQ): They are linked to top-level requirements. Require-
ment parameters are related to the overall performance of the full plant.

e Design parameters (DP): They describe the fundamental design of the plant includ-
ing the effect of key actuators.

e Physics parameters (PP): They detail the plasma scenario.

e Technical parameters (TP): They specify properties of technical systems, which
have significant impact on the performance of the full plant.

Certainly the boundary between design parameters and physics/technical parameters
is not in each case fully sharp and it has been aimed to make reasonable choices.
Table [[| list the most important system code parameters including values for the designs
EU DEMO1 2015 and EU DEM02 2015. The parameters are describing the flattop phase
of the discharge. For all design parameters, physics parameters or technical parameters,
which are 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
[T, 2]. For all other parameters (input), in the remainder of this section the choice for
EU DEMO1 2015 is justified - mostly by results of other investigations. Also for several of
the calculated parameters we provide some comparison to other investigations.



TABLE I: MOST IMPORTANT SYSTEM CODE PARAMETERS INCLUDING UNITS AND VAL-
UES FOR THE DESIGNS EU DEMO1 2015 AND EU DEM02 2015: IN THE LAST COLUMN,
FOR EU DEMO1 2015 SOME INDICATION ON THE CALCULATION OF THIS PARAMETER
INSIDE THE SYSTEM CODE IS GIVEN

Parameter Short Form Type Unit DEMO1 DEMO2 Determined for
DEMOL1 in system
code by

Net electric power Pep et RQ MW 500 953 Design target:
Pel,g'r0557 Prec,tot

Pulse duration Tpulse 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 | ko5 DP 1 1.59 1.8

surface

Triangularity at 95% d95 DP 0.33 0.33

flux surface

Toroidal magnetic Bt DP T 5.7 5.6 Radial build,

field at plasma centre BT maz,cond

Number of TF coils nrr Dp 1 18 18

Edge safety factor q95 DP 1 3.2 4.4 Bro,lp

Plasma current Ip DP MA 19.6 21.6 q95, Br,0, geometry
parameters,
confinement

Pedestal top electron Nped PP 10%0m =3 0.62 0.63

density

Central electron no PP 1029m=3 1.01 1.22 Nped, core transport,

density limit on Greenwald
density fraction

Average Greenwald <ny > /new PP 1 1.2 1.2

density fraction

Pedestal top electron Tped PP keV 5.5 5.5

temperature

Central electron To PP keV 27.4 34.6 Tpea & core transport

temperature

Temperature peaking To/ <Te > PP 1 2.1 1.9

Total normalised BN, tot PP % 2.6 3.8 profiles of thermal and

plasma (8 fast particle pressure,
Br,o

Total poloidal plasma Bpol tot PP 1 1.1 1.7 Btot, Btot, Bpol

B

Seed impurity species PP Xe Xe

Seed impurity Cimp PP 1 39x 101 1.0 x 10=3 | Radiation / Power

concentration exhaust & Pr gy

Tungsten cw PP 1 5.0 x 10~° 1.0 x 10~%

concentration

Helium concentration CHe PP 1 1.0 x 10T 1.0 x 10~ T

Effective charge Zeyy PP 1 2.6 4.7 <Mne >, <Ny >, CHe,
CW, Cimp

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

Bremsstrahlung Pradbrem PP MW 88 210 Profiles of electron

radiation power 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 Prad,syn PP MW 26 58 Profiles of electron

power and impurity density
and temperature,
synchotron wall
reflection coefficient

Power crossing Psep PP MW 154 150 P., Pouz, P_rad, core,

separatrix Prad,edge

Scaled LH threshold Pry PP MW 133 128 ITPA Scaling [9]

power




Psep/Pr o fou PP 1 1.2 1.2 Manually checked

Confinement factor H PP 1 1.1 1.4

(radiation corrected)

Energy confinement TE PP S 4.2 4 TE,scal; H

time

Inductively driven Iing PP MA 10.8 0 Ip, Ips, Icp

current

Bootstrap current Ips PP MA 6.9 13.2 [L0]

H&CD power coupled Pauz PP MW 50 133

to the plasma

Externally driven Icp PP MA 1.9 8.4 Pauz, YOD

current

Internal inductance li PP 1 1.2 0.9 current peaking
(calculated from qg
and gg5 assuming a
parabolic current
profile)

Divertor challenge Psep/R PP MW /m 17 20

quantifier

H&CD wall plug nwp TP 1 0.4 0.5

efficiency

Current drive Yop TP 1020 0.27 0.41 Plasma and CD

efficiency A/(W m2) system parameters

Main coolant TP - He He

Thermo-dynamic etaTp TP 1 0.38 0.4

efficiency

Gross electric power Pel,gross TP MW 914 1660 Prus, 7D

Pumping power pump TP MW 155 300

Electric power for Prep,tot TP MW 125 266 Icep, mwp, YCD

HCD

Tritium processing Proritium TP MW 15 15

power

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

Total recirculating Prec,tot TP MW 413 706 Pyumyp, PHCD, tot>

power Prritium, Pcryo and
other electric power
demands

Total recirculating frecire TP 1 0.45 0.43 Pei grosss Prec,tot

power fraction

Maximum field at the BT maz,cond TP T 12.3 15.6 TF dimensions and

TF conductor critical current density
in the conductor
(function of magnetic
field, temperature and
strain)

PF/CS coil - materials TP - Nb3Sn / NbsSn /

NbTi NbTi

Inboard blanket and toikt,ib TP m 0.78 0.78

first wall thickness

Outboard blanket and Loikt,ob TP m 1.3 1.3

first wall thickness

Average Neutron Wall Gneut,wall,av TP MW /m2 1.05 1.91 Pyys, plasma surface

Load

area




3.1 Requirement parameters

The requirement parameters used in this study are net electric output power P ,.; and
pulse duration 7. (table [I).

A further important performance parameter describing the economic efficiency of a power
plant is the fraction of recirculated power fie. = Prectot/Peinet- Despite the fact that fr.
has the character of a requirement parameter, in this study it is treated as a technical
parameter (output) in order to avoid restricting too much the system to be optimised.

3.2 Design parameters

In the following a set of parameters describing the fundamental design of the plant is
discussed.

3.2.1 Major radius

For the development of EU DEMO1 2015 the major radius R was minimized. Certainly, the
capital cost is the quantity that really should be minimized for DEMO. If this is done at
fixed P et and Tpuse with the recent PROCESS cost model, the major radius is increasing
by 1.5%. Due to this small deviation it is reasonable to minimize R, as the performance
of the cost model is uncritical 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. However, 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
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.

Remote maintainability is a key requirement for any DEMO design concept [I1]. The
technical feasibility and speed of maintenance are indirectly related to A and the number
of TF coils nyr. 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 blankets



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
scanning A (2.6,3.1,3.6) and nrp (16, 18) [12]. A number of design parameters correlated
with remote maintenance performance were considered. These parameters included:

e The number of in-vessel components requiring maintenance and the number of move-
ments required to extract them (strongly related to the duration of maintenance
activities)

e The volume and length of the blanket, as well the relative 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 de-
sign point along with associated weightings were used to calculate values for two figures
of merit relating to the remote maintainability 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 (vertical stability [13], fast disruption loads on blanket and divertor
and Tritium Breeding). The physics basis is by far best known for the ITER value A=3.1.
Due to this, a preliminary aspect ratio of 3.1 has been chosen, although not all aspects
have been conclusively investigated so far.

3.2.3 Plasma shape

The Elongation is the first moment of the plasma shape. The upper limit of kg5 corre-
sponds 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 [13]
have shown that the maximum elongation, which is acceptable from a vertical stability
point of view, is kg; = 1.71 for the flat top phase of the discharge and kg5 = 1.59 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 interesting 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 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 is transferred back to the original state. In line with
these considerations and the conservative approach used for EU DEMO1 2015 kg5 = 1.59
has been selected []

The triangularity dg5 is the second moment of the plasma shape. Several relevant de-
pendences on dg; are known. Advantageous effects of high triangularity are better con-
finement or higher pedestal top density for the same pedestal top temperature in attached
plasmas. Disadvantages are larger type I ELMs, larger disruption forces, a higher level
of impurity accumulation and more difficulties to solve the first wall heat load problem
at the top of the device. The DEMO physics basis related to the triangularity has signif-
icant gaps. For instance, the effects of high/low triangularity for more DEMO relevant
conditions needs to be studies experimentally and an the efficiency of ELM mitigation
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, dg5 = 0.33 has been chosen for
DEMO.

3.2.4 Number of TF coils

Increasing the magnetic inhomogeneity, which to first order can be quantified by the
toroidal field ripple drr = (max(B) — min(B))/(max(B) + min(B)), has detrimental
effects on the plasma like a reduction of the pedestal pressure including the related reduc-
tion of confinement, 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
rotation have been studied in TF ripple experiments in JET [I5]. The resulting recom-
mendation for ITER is to have TF ripple values inside the confined region of less than
0.5%. For the development of EU DEMO1 2015 a value of 0.3% has been used as a guide-
line.

When developing DEMO designs there are several possibilities to decrease drp: (1) In-
creasing the number of toroidal field coils nyp, (2) increasing the radial gap dy _rr 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 EU DEMO1 2015
it is assumed that the maximum possible amount of ferromagnetic inserts between the
vessel shells are installed, in order to reduce the TF ripple. Figure [1| shows the effect of
changing nyp on dy_rp at constant dpp 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 TF in the system code has been set to 0.6%.
The impact of nyrp and A on the remote maintenance speed and feasibility is discussed

In PROCESS the elongation is calculated via kg5 = (1.5 4+ 0.5/(A — 1))/1.12 [2]. Due to the high
sensitivity on this parameter for EU DEMO1 2015 the result from the vertical stability analysis kg5 = 1.59
has been imposed, which corresponds to an increase of kg5 by 2.4%.
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FIG. 1: Effect of changing nrr on dy_rp at constant aspect ratio A=3.1 from a system
code calculation. The grey shaded area represents the TF coil, the PF coils are labelled 1
to 6, the CS coil is labelled OH. The black area represents the vacuum vessel, the green the
shield®land the blue are the blanket. The black solid lines mark the separatriz and the cross
the plasma centre. Ferritic inserts are not represented. The maximum allowed ripple in
the confined region is 0.6%.

in subsubsection 3.2.2] Considering the choice A = 3.1, the number of TF coils has been
fixed to npp = 18 for EU DEMO1 2015.

3.2.5 Edge safety factor

Increasing the edge safety factor qg5 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 ggs.

At low values of gg5 the plasma is more prone to instabilities, although a quantification
of this effect for DEMO conditions (i.e. a device to be operated in one single discharge
scenario) is not available. A hard limit is reached, if go5 falls below 2, when the m=2,
n=1 external kink mode is destabilised and eventually leads to a disruption [16]. An
investigation of JET discharges [17] shows that the disruptivity clearly increases for go5 <
2.5 and that it is constant for ¢g5 > 3.5. Hence in the system code a conservative limit of
Q95 > 3.0 is used.

2In all recent European DEMO designs (incl. EU DEMO1 2015) blanket and shield are integrated into
one single component.

20
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3.3 Physics parameters
3.3.1 Pedestal top parameters

In the PROCESS version used for the development of EU DEMO1 2015 the representation of
the pedestal shape is primarily used for the calculation of the radial radiation distribution.
The pedestal top density np.s should be maximised in favour of maximising 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 possible. We use the assumption that n,.4 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 7n,.4. For the design EU DEMO1 2015 a pedestal top tem-
perature of about 5.5keV has been calculated with MISHKA [20] assuming a pedestal width
of Atppeqa = 7%. Calculations using the EPED1 model [21] arrive at a similar value with
Atppeq = 4% of the total poloidal flux. Positive dependency of the predicted pedestal
temperature is found for triangularity and (. Increasing density increases the predicted
pedestal top pressure, but decreases pedestal top temperature. Varying the plasma im-
purity content has a negligible effect.

3.3.2 Impurity related parameters

In order to achieve the required level of radiation power from inside and outside the sep-
aratrix, DEMO has to have a high level of impurity seeding. The optimum impurity
species or impurity mix has been investigated with relatively basic tools [I3]. Due to the
extensive uncertainties in the assumptions for these calculations this has to be continued
with more detailed simulations. This mix needs to be tailored in 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 Ppy and (3) the fusion power is maximised. Based on some
preliminary results, for EU DEMO1 2015 Xe has been used as seed impurityﬂ Changing to
Ar (Kr) reduces the P, et by 23% (10%) and the pulse duration by 6% (6%).

The recent design assumptions for DEMO imply a first wall with W armour. There-
fore, 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 rele-
vant and open question is, in which ELM regime or with which ELM mitigation method
DEMO will be operated. A default value of ¢y = 5 x 107° is used in EU DEMO1 2015.

In a COREDIV [22] simulation of EU DEMO1 2015 with Ar as seed impurity for values of
P, just above the L-H threshold power a W concentration of 10~ has been found. In
PROCESS for EU DEMO1 2015 a change of the W concentration from 5 x 107° to 10~* leads
to a reduction of the Xe seed impurity concentration from 4 x 107* to 2 x 107, +5%
net electric power and +16% pulse duration due to decreased overall plasma dilution.

3The results from [13] suggest that the radiation capability of Xe in the SOL/divertor is insufficient
and hence a significant amount of Ar or a of lower Z impurity should be added.
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However, it has to be noted that impurity control is becoming more challenging when
going into this direction.

Also the concentration of He in DEMO is very difficult to estimate: The production
rate is quite predictable, however, 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
behaviour). 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 normalised and energy confinement time 74,./75 of 6. A
reduction of the divertor neutral gas influx [24] or reduced ELM behaviour leads to an in-
crease of this value up to an order of magnitude. The He concentration in EU DEMO1 2015
of cg. = 10% corresponds to 75, /Te = 6.5. Increasing 7;;,/7r to 12.6 would correspond
to ¢y = 16% and a reduction of P, . by 52% and an increase of T,use 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 EU DEMO1 2015 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 Pry. For the prediction of Ppy the scaling
from Martin [9] is employed. It has been observed that in machines with W walls, as it is
planned for DEMO, Ppg is reduced by 20—30% [25]. On the other side it is desirable that
P, exceeds Pry by a certain ratio to ensure sufficient controllability and confinement
quality [26]. Accounting for these aspects for the development of EU DEMO1 2015 the
limit frg = Psep/Pruscar = 1 is used, however based on upcoming control investigations
and on experiments with DEMO relevant impurity types and concentrations it might be
necessary to increase frp.

We note that the interaction of the divertor protection limit and the H-mode access limit
may drive significantly the size of the device: Assuming that the divertor challenge quan-
tifier Ps,/R (section is fixed and applying the Martin scaling and the Greenwald
scaling leads to fry o< B~'?R™%!. Consequently, increasing fry while limiting P,/ R
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 [2| shows the result of a PROCESS study that also comes to the conclusion that
the device size is very sensitive on the combination of Pj.,/R and fry. Decreasing for
instance Ps.,/R from 17TMW/m to 14MW/m at fry ~ 1.2 results in an increase of the
major radius of 3m. In addition the consequence 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 fry. For instance an increase of the H-mode thresh-
old by 100% (upper end of the 95% confidence interval [9]) would correspond to doubling
frr and correspondingly roughly doubling the major radius of the device.

The H-mode confinement factor represents aspects of the discharge, which influence the
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FIG. 2: Dependence of the major radius on fry and Ps.,/R from PROCESS calculations:
P pet = 500MW and Tpuse = 2h, while the major radius was minimized.

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

TE,1PBos(y,2) = J(Ip, Br,m;, R, A, K, M)P; %% (1)

L,corr

TE = W/PL,corra (2)

where M is the ion mass number in atomic mass units. The radiation corrected loss power
is defined as Pp, corr = Po + Pauz — Prad.core; Where Pruq core are the assumed instantaneous
losses to the heating power that do not enter the confinement scaling. Studying detailed
ASTRA/TGLF [27, 28, 29] simulations of EU DEMO1 2015 [30] it is found that the most
appropriate definition of P44 core 15 60% of the radiation integrated from the plasma centre
up to a normalised minor radius peyre = 0.75 [31]. However, the result of a preliminary
analysis suggested subtracting all radiation within p.... = 0.6, which is still an equally
good model given the other uncertainties in this ad hoc correction. This latter approach
has been used for EU DEMO1 2015 and EU DEMO2 2015. The difference between
these two definitions of P,qq.core have 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 fraction around 35% at Sy 1ot = 2.6%
a non-radiation corrected H around 1.2 has been observed [32]. N seeding is unfavorable
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in DEMO due to the extensive plasma dilution that is connected to it. Hence, to be
conservative for EU DEMO1 2015 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 routinely. On the other hand, it is possible that any method to
sufficiently [8] mitigate ELMs in DEMO implies a reduction of the pedestal top pressure
[33] 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 [34, 35]. For any divertor configuration 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 in the predictive capability for the performance of a standard de-
tached divertor in DEMO in H-mode operation as it is integrated in EU DEMO1 2015.
Therefore, in the system codes a limit for the ratio Pj.,/R is used. For attached divertor
conditions it has been found that A\, and S do not scale with R [36], 37, 38]. Assuming
that the same also holds for detached divertor conditions, P,/ R is proposed as a measure
for the divertor challenge [39]] While 10MW/m has been successfully demonstrated in
ASDEX Upgrade with a time averaged peak heat flux at the outer divertor target of about
5MW/m? [40], ITER is expected to operate at 15MW/m [34]. Based on the material
limit for ITER-like divertors of 10MW/m? 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 17MW/m is assumed for EU DEMO1 2015.

In order to stay within the Ps.,/R limit, PROCESS increases the impurity concentration
fimp = Nimp/ne until the power conducted or convected across the separatrix is equal to
the fru X Prpscal OF Psep/R falls below the prescribed threshold. Due to the associated
fuel dilution and corresponding reduction in fusion power, higher values of Ps.,/R are
leading to larger devices (figure [2)).

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 are changing over the phases of the
discharge. A preliminary list of these functions for DEMOL1 is:

e Breakdown assistance

e Heating to L-H-transition and target Py,

e Burn and power exhaust control

1PsepB/(qo5R) is an interesting alternative for such a quantity that captures the main dependences
of /\q (O( QQ5/B [36})
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NTM control

Sawtooth control

Impurity accumulation control

Event handlingﬂ

By far not all of these functions are represented in system codes. Also, the HCD mix for
DEMO is not yet deﬁned.ﬂ Therefore, as an umbrella an average power coupled to the
plasma for both heating and current drive of 50MW 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 requirement for NTM control [13], there is considerable margin for
burn and power exhaust control and sawtooth control.

For EU DEMO1 2015 HCD by neutral beam injection has been assumed. A wall plug effi-
ciency of nyp = 0.4 has been chosen based on quite diverging initial estimates [41] 42].
Considering the wall plug efficiencies proposed in [43] this value should be reduced to
0.3, which reduces P.;,; by 8%. A normalised current drive efficiency yop = 0.27 x
102°A/(Wm?) in line with recent simulations [44] is calculated in PROCESS. These param-
eters are defined assuming a neutral beam voltage of 1.0MV.

The total plasma current of this design splits into 55% inductive current, 35% bootstrap
current and only 10% externally driven current. Hence, the pulse duration is not very
sensitive to the value of yop, whereas the value of nyp has a big impact on the recircu-
lating electrical power of DEMO.

3.4.2 Blanket, balance of plant and recirculated power

He and HyO are the options for the main coolant of DEMO. He has a gross thermal
efficiency Pei gross/ Pingross accounting also for energy storage requirements of 37% (H,O:
32%) but also a higher required pumping power of 155MW (HyO: 20MW) [45]. In the
definition of EU DEMO1 2015 He is assumed as blanket coolant. Changing the thermal ef-
ficiency 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 tys it (toike,op) is an important param-
eter 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: tyk: s = 0.78m and tye e = 1.30m
[46].

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

5Definition of the detailed functions in the area of event handling need to be developed.
6A systematic evaluation of the most advantageous HCD mix to fulfil all required functions is a
long-term activity that has been initiated.
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3.4.3 Magnet systems

At present, several different concepts exist for the toroidal field (TF) and central solenoid
(CS) coil winding packs in DEMO. NbgSn 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 thickness, enabling cheaper superconductor
materials (NbTi) to be used in low field areas. PROCESS currently assumes a pancake-
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 [II| 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 [47] a proposal for the probability distribution of system code input
parameters is presented.

TABLE II: RELATIVE IMPACT OF A MODIFICATION OF +10% OF A NUMBER OF INPUT
PARAMETERS ON THE NET ELECTRIC POWER AND PULSE DURATION: ALL PROCESS
RUNS HAVE BEEN CARRIED OUT WITH FIXED MAJOR RADIUS AND OPTIMISING THE
RATIO FUSION POWER AND INJECTION POWER. THE VARIATIONS OF A, tyks AND
Lpikt,ob HAVE BEEN DONE IN A WAY THAT THE ONLY FLEXIBLE ELEMENTS OF THE
RADIAL BUILD ARE MACHINE BORE (I.E. INNER RADIUS OF CS COIL) AND MINOR
PLASMA RADIUS.

Pel net Tpulse
-10% | +10% | —10% | +10%
A 48% -49% -42% 60%
K95 -75% 125% 28% -T%
095 -12% 13% 3% -3%
cw 0% 0% 1% 17%
CHe 10% -9% 1% 29%
H -35% 27% -8% 15%
Paua 1% -1% -1% 1%
Poop/ R 3% 3% | 5% | 5%
nwp -3% 2% 0% 0%
Proritium 0% 0% 0% 0%
toikt,ib 9% -16% 8% -5%
toikt,ob 0% 0% 0% 0%
<mny; > /ngw | -28% 30% 5% -2%
To/ <Te > 2% 1% -1% 1%

The strongest sensitivities are found for A, kg5, 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 un-
certainty are discussed in [I3]. Also the impact of the Greenwald density fraction can be
easily understood, however the uncertainty in predicting this value is quite large.
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To explain the strong sensitivity on the elongation the dependence of Py, on kg5 (Akgs =
10% corresponds to APy,s = 75%) is analysed:

Assuming fixed R, Bry, a, go5 and P, (divertor protection) and the IPB98(y,2) scaling
for the energy confinement time and operation at a fixed Greenwald fraction leads to

W/F)loss X -[1059/430'8710'4P70'7 with

loss

n o Ip/a® < Ip and
Ip oc 1+ k2. (1 + 2095 — 1.20%;) ~ 1 + 1.5k, leading to

2 0.9,.0.8,)0.4 P0.3 0.9,.0.8 70.4 2 12.3,08 5.4
Pprys x n* TV o nW o ndp? k50> P2 o IpIpP kPP 15* o< (1 + 1.5K45)*° k™ o Kk

An increase of Py,s by 75% corresponds to a k-exponent of 5.5. Due to this high

sensitivity an extensive program to optimize the maximum allowable elongation in terms
of vertical stability has been initiated [13].
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 parameter
dependencies increase each other. On the other hand, it is interesting to understand the
total uncertainty of the performance parameters of a certain design point. All of these
aspects are addressed in [47].

5 Summary

The discussion about the fusion device succeeding ITER is gaining more and more im-
portance. In Europe a significant effort is dedicated to the development of a conceptual
design for DEMO. The consistency of the assumptions entering such a development is of
key importance and often extremely optimistic parameters are used. In order to provide
transparency, in this paper the key input parameter for the design EU DEMO1 2015 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.
Also the impact of uncertainties on some of these parameters have been investigated. The
strongest effect on the performance parameters P ,e; and 7,4 is caused by a £10% vari-
ation of aspect ration, elongation, confinement factor and Greenwald density fraction. Of
these parameters the elongation is the one with the most extreme sensitivity (Akgs = 10%
corresponds to AP, . = 125%). For this reason a verification of the vertical stability
should be carried out for each DEMO design that is studied in detail.

The impact of these sensitivities on the performance uncertainty of EU DEMO1 2015 has
not been studied. This requires that the uncertainties of all parameters with high sensi-
tivity on the performance parameters needs to be better quantified in future studies.
Next to the impact of parameter choice on the performance of DEMO, also the effects of
uncertainties of scalings applied inside the system codes need to be taken into account.
Especially the Martin scaling for the L-H-power threshold has an extensive uncertainty
that results in a strong machine performance uncertainty.
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