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a b s t r a c t

A new computational algorithm for tokamak power plant system analysis is being developed for the
ARIES project. The objective of this algorithm is to explore the most influential parameters in the physi-
cal, technological and economic trade space related to the developmental transition from experimental
facilities to viable commercial power plants. This endeavor is being pursued as a new approach to tokamak
systems studies, which examines an expansive, multi-dimensional trade space as opposed to traditional
sensitivity analyses about a baseline design point. The new ARIES systems code consists of adaptable
modules which are built from a custom-made software toolbox using object-oriented programming.
The physics module captures the current tokamak physics knowledge database including modeling of
the most-current proposed burning plasma experiment design (FIRE). The engineering model accurately
reflects the intent and design detail of the power core elements including accurate and adjustable 3D
tokamak geometry and complete modeling of all the power core and ancillary systems. Existing physics

and engineering models reflect both near-term as well as advanced technology solutions that have higher
performance potential. To fully assess the impact of the range of physics and engineering implementa-
tions, the plant cost accounts have been revised to reflect a more functional cost structure, supported by
an updated set of costing algorithms for the direct, indirect, and financial cost accounts. All of these fea-
tures have been validated against the existing ARIES-AT baseline case. The present results demonstrate

that p
l use.
visualization techniques
tokamaks for commercia

. Introduction

The Advanced Reactor Innovation and Evaluation Study (ARIES)
1] is a national, multi-institutional research program, which per-
orms progressive, integrated design studies of the long-term
usion energy devices for general consumer utilities. The goal of this
ctivity is to identify key research and development (R&D) direc-
ions and to provide visions for the US fusion program. An important

oute towards this goal is through systems studies of advanced
usion power plant concepts. A traditional approach to fusion
ower plant systems analysis is to design the optimal power plant
nd explore the sensitivity of this design to local perturbations

∗ Corresponding author at: 1800 South Maple Street, Apartment 214, Escondido,
A 92025, United States. Tel.: +1 760 233 1341.

E-mail addresses: zoran@fusion.ucsd.edu, zdragojlovic@gmail.com
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oi:10.1016/j.fusengdes.2010.02.015
rovide an insight into trade space assessment of attractive steady-state

© 2010 Elsevier B.V. All rights reserved.

in the most critical parameters [2]. This approach was exercised
through all the past ARIES design studies, including the most recent
steady state tokamak reactor ARIES-AT [3]. Traditionally, the ARIES
systems code was utilized [4–7] within the ARIES project as a tool
for parametric search of a design point [8] that yields the lowest cost
of electricity for the prescribed constraints and operational param-
eters. However, the search for a single optimal point is not sufficient
to provide an insight into a vast multi-dimensional space of pos-
sibly attractive “near-optimal” designs and may have a difficulty
justifying the selection of that particular point.

Recently, the ARIES team has focused on identifying the R&D
needs in transition from experimental tokamak facilities, such as
ITER, to fully operational power plants (i.e., Demo and beyond).

In this case, tradeoffs over wide regions of physics and engineer-
ing design parameters are sought. In order to fulfill this objective,
a new systems code is being developed as a computational tool
that integrates the state-of-the-art physics, engineering, and cost-
ing algorithms. The new structure of the systems code is modular

http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
mailto:zoran@fusion.ucsd.edu
mailto:zdragojlovic@gmail.com
dx.doi.org/10.1016/j.fusengdes.2010.02.015
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nd composed from a custom-made toolbox of generic, easy-to-
ssemble building blocks. The steady state plasma physics for
dvanced tokamaks is modeled by an algorithm that was already
eveloped in order to examine the high field compact tokamak
urning plasmas for the fusion ignition research experiment (FIRE)
9]. The reactor model includes the radial build, nuclear parameters,
ower core and energy conversion systems that are compatible to
he ARIES-AT [10] but can easily be altered from this design. For
xample, the current tokamak model has an option of implement-
ng different blanket concepts, such as the advanced Pb − 17Li +
iCf /SiC concept and the dual coolant Pb − 17Li + FS + He concept,
n order to assess the impact of blanket design on the technolog-
cal and economic attractiveness of the power plant. The former
lanket option was used with the ARIES-AT with liquid Pb–17Li as
reeder and coolant. The latter option, also known as dual coolant

ithium lead (DCLL) blanket, was developed using helium in the
rst wall in order to mitigate the MHD-induced pressure drop due
o the circulation of high velocity liquid metal to cool the first wall
FW) in the presence of a magnetic field. The proposed solution
as to use helium as a coolant for the FW and structural box and a

ower velocity self-cooled Pb–17Li as a breeder. Both blanket con-
epts were analytically evaluated on a compact stellarator ARIES-CS
11] and their comparison revealed some economic penalties asso-
iated with the DCLL concept [11,12]. Those penalties include a
hicker blanket and higher pumping costs due to the introduction
f helium, as well as decreased passive safety rating, resulting in
igher level of safety assurance. As a consequence, the total cost of
he DCLL blanket was higher [12] for the compact stellarator, but
o similar comparison exists for tokamaks at present.

The new tokamak model has a magnetic confinement system
hat resembles the one used for the ARIES-AT in geometry, while
pdated algorithms were used for the material composition, size
nd cost of two magnet options: low temperature superconducting
agnet (∼4.2 K) and high temperature superconducting magnet

∼75 K).
The structural support of the toroidal field (TF) magnet is esti-

ated by scaling from the finite element analysis reported in
ef. [13]. The breakdown of all the fusion power plant costing
ccounts was originally suggested by Schulte et al. [14], who intro-
uced the direct and indirect cost accounts and defined some
f the algorithms that are presently used. A complete and well-
ocumented cost assessment was given by Waganer et al. [15]

n the STARFIRE conceptual power plant study. The GENEROMAK
eport [16] developed a basis for a parametric reactor design with
odeling algorithms based largely on STARFIRE [15]. The ESECOM

tudy [17] was the first to employ safety assurance credit factors
or use with design concepts employing advanced fuels or low acti-
ation materials to reduce capital costs on specific systems and
ubsytems. This credit concept evolved into the Level of Safety
ssurance as first employed in ARIES-II, IV final report [18]. The
osting accounts and the associated algorithms have been further
pdated through the 1990s–2000s ARIES design concepts, such as
RIES-I, II, IV, RS, SPPS, ST, and AT. A thorough revision of this cost-

ng breakdown is currently in progress in order to reflect a more
unctional cost structure.

The ARIES systems algorithm is outlined and compared to its
redecessor code in Section 2. The plasma physics module of the
ode is described in Section 3. A detailed overview of the power
ore is given in Section 4, where special attention is paid to the
adial build, magnetic confinement system and blanket options.
he power flow is described in Section 5, with a detailed descrip-

ion of two power cycles associated with different blanket options.
iltering of tokamak power plants through different engineering
riteria is outlined in Section 6. Costing algorithms are overviewed
n Section 7, with a detailed account of all the components that
omprise the cost of electricity. Example results that highlight the
g and Design 85 (2010) 243–265

utility of the systems code are demonstrated in Section 8, followed
by a discussion and guidelines for future development, given in
Section.

2. ARIES systems code

2.1. Motivation and overall plan

During the past 20 years, the ARIES team has developed several
advanced magnetic fusion concepts, including tokamaks (ARIES-I,
ARIES-II&IV, ARIES-RS, ARIES-AT and Pulsar), the ARIES-ST spheri-
cal torus, the TITAN reversed-field pinch, and stellarators (SPPS and
ARIES-CS). All of these concepts are derived from systems studies
integrated with detailed off-line physics and engineering analy-
ses, which utilized the most advanced known methods at the time.
This approach will be retained in the future. However, several major
deficiencies of the previous systems code will be addressed, such as
outdated engineering and costing models, lack of modularity, diffi-
culty of upgrading to new features and limited approach to finding
the optimal operating point.

The new ARIES systems code is being written in order to gener-
ate an updated, more accurate model of an advanced, steady state
D-T fuelled tokamak. In addition to building the new algorithms,
a new computational strategy is being devised in order to accom-
modate the change of focus from analyzing a single data point to
investigating a wide, multi-dimensional operational design space.
The new objective is to identify tradeoffs in operating parame-
ters that will lead to highly desirable tokamak solutions that might
lessen or eliminate major constraints. The new systems code has a
number of advantages compared to the former algorithm:

• All the modules of the new code are generated from a custom-
made, general purpose toolbox, which is built to allow an easy
way to assemble an arbitrary, but viable tokamak model.

• In order to efficiently generate a large database of tokamak solu-
tions, physics and engineering filters are implemented at early
stages of calculation to eliminate any non-valid design points.

• A new physics module derived from the proposed FIRE design
study implements the most current knowledge in simulating
advanced steady state plasmas.

• Engineering algorithms provide a complete update of the power
core elements with 3D geometry and a more realistic power flow.

• Costing algorithms are updated in order to reflect the latest cost-
ing methodology.

• 2D and 3D visualization techniques are developed and utilized
in order to provide an insight into parametric design space of
advanced tokamaks.

2.2. Algorithm layout

The ARIES systems code consists of three distinctive modules,
which are physics, engineering and costing, as shown in Fig. 1. The
physics module generates a large set of viable operating plasmas
for advanced, high fusion performance tokamaks. The engineer-
ing module creates the inboard, outboard and top/bottom radial
builds for the blanket, divertor, shield, vacuum vessel and TF coils,
a power extraction and conversion system for given plasma, 3D
power core configuration, and the power flow model from nuclear
fusion power to net electric power. The costing module estimates
the direct and indirect capital cost of the entire plant including
more detailed costs for the power core. These capital costs are

converted to annualized costs and added to the annual costs for
operations and maintenance, fuel, scheduled component replace-
ment, and decommissioning to determine the cost of electricity.
The cost of electricity is the figure of merit and the final output of
the systems code.
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Fig. 1. Flow chart of th

The foundation of the algorithm is a general purpose systems
nalysis toolbox. This toolbox consists of ready-to-use generic C++
lasses, which serve as building blocks for the power plant model.
lass “DesignPoint” holds design-specific data that describe the
ntire machine, including plasma and nuclear parameters, power
ore builds, power flow, etc. These data are accessed, operated on
nd displayed by special functions that belong to the same class.
lass “Part” holds part-specific data which describe the geometry,
hickness, composition, material properties and unit costs of the
ndividual components of the fusion reactor. This class also holds
igher level properties that are derived from part-specific data such
s volume, cross-sectional area and total cost. Simple declaration
tatement such as “Part BlanketDCLL” declares all the variables and
ssociated functions needed to define a power core object, in this
ase for the dual coolant lithium-lead and helium blanket. Class
CostingAccount” contains the costing account structure for a D-
-fueled tokamak. A model of the power plant is generated by
uilding the power core from pre-defined components, setting all
he desired machine properties and functions within the Design-
oint object, defining the CostingAccount structure and connecting
ll these elements together in order to estimate the cost of electric-
ty.

.3. Inputs and outputs

The input parameters to the ARIES systems code are given in
ables 1–5. Table 1 shows the names of the inputs to the plasma
hysics algorithm. The rationale for choosing the values of these
arameters is discussed in Section 3. The input variables to the
ngineering algorithms consist of the power core inboard, outboard
nd divertor radial builds with corresponding material composi-
ions (Table 2), magnetic confinement system inputs (Table 3), and
ower flow inputs (Table 4). The inputs to the costing algorithm are

iven in Table 5. The numerical values provided here are based on
arlier studies or recommendations, as referenced in Tables 1–5.

The output from the new ARIES systems code consists of 3D
ontours of the power core elements, which are provided in order
o depict and analyze the geometry of the tokamak model and
ES systems algorithm.

physics/engineering/costing data for systems analysis. The latter
group of data parameters are graphically presented via custom-
designed 2D and 3D parametric plots, which are designed in order
to enhance the diagnostics and provide insight into the parametric
design space based on the large number of data points.

3. Plasma physics

The 0D analysis is provided by the plasma module that solves
the global plasma power balance and particle balance using a
series of models and established physics relationships, typically for
fixed plasma geometry (R, a, and shape). Parabolic equations with
pedestal profile prescriptions for plasma density and temperature
are used:

n(r) = (n0 − na)
[

1 −
(
r

a

)2
]˛n

+ na (1)

The pedestal value is applied at the plasma edge, not at what is typ-
ically considered the pedestal location in experimental devices. For
the density profile na/n(0) is given and for the temperature profile
Ta/T(0) is given. These values are chosen to provide a reasonable
match to profiles obtained in 1.5-D analysis. The exponent is varied
to provide the desired peak-to-volume average. The plasma power
and particle balance can be described by

dW
dt

= 0 = P˛ + Paux + Pohmic − Pbrem − Pcycl − fPline − W

�E
(2)

dnHe
dt

= 0 = nDT2 〈��〉
4

− nHe
�∗
He

(3)

which includes quasi-neutrality,ne = nDT + 2nHe +
∑
Zjnj . The fac-

tor f on the line radiation term is explained below. The ratio of
�∗
He/�E is prescribed and provides the link between the power and
particle balance equations. The alpha power is provided by the
Bosch–Hale formulation [20], the auxiliary power is inputed or
determined to provide some other constraint. The fusion power
and line radiation terms are calculated on fictitious flux sur-
faces and integrated due to their profile sensitivities. The ohmic,
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Table 1
Physics input parameters for the ARIES systems code.

Parameter Symbol Parameter Symbol

1. Toroidal magnetic field at plasma major radius. BT 14. Internal self-inductance. ali

2. Plasma aspect ratio. A 15. Ejima coefficient, used to calculate internal self-consumption. ce

3. Normalized toroidal beta. ˇn 16. V-s required in breakdown phase of discharge. fbreakdown

4. Cylindrical safety factor (qcyl if +, q95 if –).
qcyl

q95
17. Current drive efficiency for source i, i = 0,1,2,3,4. �i

CD

5. Plasma triangularity. ı 18. Input current drive power for source i, i = 1,2,3,4. Pi
CD

6. Exponent on density profile. an 19. Radial location for source i, i = 1,2,3,4. ri
CD

7. Exponent on temperature profile. at 20. Plasma major radius. R

8. Greenwald density fraction. fGw 21. Starting and final value of confinement multiplier used in search for power balance. hmin, hmax

9. Fusion gain. Q 22. Additional value of plasma elongation to use in transport equation. akx

10. Plasma elongation. � 23. Charge of impurity j, j = 1,2,3. zj
imp

11. Input flattop time. tflati 24. Fraction of electron density of impurity j, j = 1,2,3. f j
imp

12. V-s available. dfcs 25. Ratio of plasma edge temperature to central temperature. trat

13. Confinement time ratio (tglobal particle/tenergy). tpote 26. Ratio of plasma edge density to central density. drat

Table 2
Builds and material composition.

Builds [19]

Inboard radial build for elements i, including scrape-off layer, first wall, inboard blanket, shield, vacuum vessel, and cryogenic dome. ıi

Variation of inboard shield thickness with NWL:

ıshield,inb = cinb + 6.7 · ln(NWL/3.3)

Outboard radial build for elements j, including scrape-off layer, first wall, blanket I, blanket II, shield, and vacuum vessel. ıj

Variation of outboard shield thickness with NWL:

ıshield,outb = coutb + 6.64 · ln(NWL/3.3)

Divertor build for elements k, including divertor plates, divertor shield, and vacuum vessel. ık

Variation of top/bottom shield thickness with NWL:

ıshield,t/b = ct/b + 6.64 · ln(NWL/3.3)

Material composition [19]

Material name for material n, n = 1, . . . , N, where N is the total number of materials. MAT(n)

Density [kg/m3] �(n)

Volume fraction [–] fV (n)

Density fraction [–] f�(n)

Cost per unit mass (unit cost) [$/kg] c(n)

Unit cost year [–] Yc(n)

Table 3
Inputs to magnet algorithms.

Parameter Symbol/Value Parameter Symbol/Value

TF magnet inputs

1. Maximum stress in protective sheath around strands. �sheath = 800 MPa 6. Current density in Cu. JCu = 224 MA/m2

2. Current density in the superconductor. JSC = f (Bmax
T

) 7. Side thickness of the coil casing. b = 2 cm

3. Volume fraction of the He coolant. fHe 8. Maximum magnetic field in the TF coil. Bmax
T

= 18 T

4. Volume fraction of the insulator. fins 9. Nominal current in TF coil. ITF = 40 kA

5. Maximum allowed stress in the coil casing. �b = 400 MPa 10. Number of TF coils. N = 16

PF magnet inputs

1. Maximum allowed stress in PF coil. � = 760 MPa 5. Current limiters.
qmax = 4.5

qmin = 3.15

2. Rate of change of coil current with flux state. ∂c
∂p

6. Maximum stress in sheath. �sheath = 800 MPa

3. Maximum magnetic field in PF coils. Bmax
PF

= 18 T 7. Quench protection parameters for Cu.
J2� = 5 × 1016 A

2s

m4

� = 2 s

4. Coil currents at zero flux state.
c1
coil

c2
coil

8. Total number of PF coils. NPF = 36
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Table 4
Power flow inputs.

Parameter Symbol/Value Parameter Symbol/Value

Power conversion factors
1. Fraction of loss of alpha

particles.
f˛ loss = 0 5. Symmetry factor. fsym = 1

2. Fraction of alpha loss to
divertor.

f˛div = 0.5 6. Outboard-inboard split of the absorbed power.
f outboard
ncf

= 0.6

f inboard
ncf

= 0.4

3. Fraction of radiation to
divertor.

fdiv rad = 0.75 − 0.90 7. Split of power between FW/blanket and shield fraction.
fFW/blanket = 0.9

fshield = 0.1

4. Fraction of edge radiation. frad edge = 0.9 8. Split of neutron power between divertor plates, divertor
blanket and divertor shield.

fdivplates = 0.5

fdiv shield = 0.5

Neutron energy multiplication factors

1. First wall/blanket.
f mul inb
FW/blanket

f mul outb
FW/blanket

3. Divertor plates, divertor blanket and divertor shield.

f mul
divertor

f mul
blanket

f mul
shield

2. Shield.
f mul inb
shield

f mul outb
shield

Peaking factors and limits

1. Neutron wall load peaking
factor [30].

nwlpeak = f (A) 2. Maximum heat flux to divertor. qmax
div = 5 ÷ 22 MW/m2

Efficiencies

1. Coolant pump efficiency. �pump 3. Current drive power source efficiencies (a generic term
�gen
CD

can be used as a less accurate alternative).

�NB
CD

= 0.68

�LH
CD

= 0.68

�ICRF
CD

= 0.84

�EC
CD

= 0.43

�gen
CD

= 0.5

2. Efficiency of conversion from
thermal to gross electric
power.

�power cycle (typically Brayton or
Rankine)

Powers

ryoge
Nb Sn

b

P

P

P

w
[
i
a
f
a

T
I

1. Power for auxiliary
functions.

Paux func = 50 MW 2. C

3. He pumping power. Ppump,He

remsstrahlung, and line terms are given, respectively, by

ohm = (1 − fbs)(0.5/li)�neoI2p/	2a4�2 (4)

brem = 5.3 × 10−37Zeff n
2
e

√
Te (5)

line = ne
∑

nzLz (6)

here coronal equilibrium has been assumed and the Post–Jensen

21] data are used. Up to 3 impurities, in addition to He, can be spec-
fied. The ohmic formulation is approximate, but has been shown to
gree well with TSC simulations. The resistivity is the neoclassical
ormulation evaluated using volume average temperature, inverse
spect ratio at half radius, and a fixed collisionality of 0.05. The

able 5
nputs to costing accounts.

Parameter Symbol/Value

1. Cost base year for the output costs. Ybase

2. Level of safety assurance. LSA = 1 for SiC syste

= 2 for FS system

3. Cost credit factors. fcc(LSA)

4. Effective tax-adjusted cost of money (discount rate). X0 = 0.0435
$
year

5. FW end-of-life fluence.
lSiC
nf

= 18
MWyear

m2

lDCLL
nf

= 15
MWyear

m2
nic power.
P 3
cryo = 2 MW

PHTScryo = 0.5 MW

cyclotron term is taken from Albajar [22–24] which represents a
significant improvement over the old Trubnikov [25] treatment.
The wall reflection must be specified, and is only approximate since
this quantity is very complicated to determine. The bootstrap cur-
rent and current drive power are evaluated using the following
equations:

a1 = 1.10 − 1.165li + 0.47l2
i

b1 = 0.806 − 0.885li + 0.297l2
i

Cbs = a1 + b1
n(0)
〈n〉

fbs = Cbs
√
εˇp

(7)

Parameter Symbol/Value

6. Worth of revenue requirements for
unit investment that is deprecated for
tax purposes over 5 years.

F = 1.272

m 7. Contingency cost factor. f96 = 0.195

8. Annual escalation rate. y = 0.05

9. Construction period. Y = 6 years

10. Plant capacity factor. pf = 0.85
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CD = neRIp(1 − fbs)
�CD

(8)

hich is a fit to a large number of equilibrium calculations, and
here the current drive efficiency �CD is prescribed. The energy

onfinement time is provided by a scaling relationship in terms of
he global plasma parameters. The most recent scaling adopted for
TER is the IPB98(y,2) [26] expression given by

�IPB(y,2)
E

= 0.1445H98(y,2)M0.19I0.93
p R1.97B0.15

T ε0.58�0.78
a ne20

0.41/P0.69
loss

(9)

here the factorH98(y,2) provides a method for making the global
onfinement time higher or lower than the scaling. The elongation
s evaluated at the plasma separatrix, but is defined as the plasma
ross-section area divided by 	a2. The loss power is defined as

loss = P˛ + Pohmic + Paux − Pbrem − Pcycl − Pline/3 (10)

here the reduction of the line radiation is intended to account
or the fact that the majority of line radiation is emitted from the
lasma edge which does not directly affect the core plasma power
alance where fusion is taking place. This is confirmed by 1.5-D
imulations. It should be noted that the line radiation term reduc-
ion must be applied consistently everywhere, in the power balance
nd the expression for global energy confinement time. The power
hreshold for L to H transition is given by the scaling relationship
27]:

LH = 2.84B0.82
T ne20

0.58R1.0a0.81/M (11)

r [28]

LH = 0.042n0.73
20 B0.74

T S0.98 (12)

nd the power to be compared to this threshold is the loss power
oted above with the line radiation reduction. Both of the scal-

ng relationships for the global energy confinement time and the
H threshold were determined from present tokamak experiments
gnoring radiation. However, in the application to power plants,
adiation is included since it represents a significant loss mech-
nism from the core plasma that is not present in experimental
evices. There are other L to H threshold expressions available and
hese expressions can be used, if desired.

When the specific heating and current drive (H&CD) systems
re specified, based on more detailed analysis outside the systems
ode, up to four different types of H&CD systems can be specified,
ach with their own deposition location and CD efficiency. Some
xamples might be the following,

IFW = �FWPFW/n(r/a = 0)R

INBI = �NBIPNBI/n(r/a = 0.25)R

ILH = �LHPLH/n(r/a = 0.75)R

IEC = �ECPEC/n(r/a = 0.4)R

(13)

here I, P and � are the current, power and efficiency of the cur-

ent drive, respectively. The subscripts FW, NBI, LH, and EC denote
he types of the current drive typically used in tokamaks, such as
fast wave”, “neutral beam injection”, “lower hybrid” and “elec-
ron cyclotron”, respectively. The relationships depicted in Eq. (13)
ould be enhanced with specific Zeff dependencies.
g and Design 85 (2010) 243–265

Several physics relationships are used in the 0D calculations and
these are listed below.

nGr = Ip/	a2

ˇ = ˇNIp/aBT = 2�0〈p〉�/B2
T

q95 = (	a2BT/�0RIp)
(1 + �2(1 + 2ı2 − 1.2ı3))

(1 − ε2)2
(1.17 − 0.65ε)

qcyl = 	a2BT (1 + �2)/�0RIp

V = 2	R	a2�

ˇp = 12.5ˇNBTa(1 + �2)/Ip

(14)

3.1. Calculating a physics operating space

In order to establish a database of viable physics operating
points, any of the input variables can be scanned over a range. The
names of the input parameters for the systems code physics mod-
ule are shown in Table 1. One can specify four specific heating and
current drive sources in terms of deposition location, CD efficiency,
input power, or fraction of plasma current to be driven. An example
of a scan might be the following

BT = 5.0 − 10.0T

ˇN = 0.03 − 0.06

q95 = 3.2 − 4.0
n

nGr
= 0.4 − 1.0

Q = 25 − 50

�∗
He/�E = 5 − 10

R = 4.8 − 7.8m

(15)

with all other parameters fixed at specific values. Once a database
is established, a series of physics filters are applied to eliminate
some unphysical solutions that can arise from the physics equa-
tions. These filters are

PCD ≤ Pheat
fbs ≤ 1.0

�∗
He/�E > 4.0

(16)

Once the filtering is complete any additional filters can be fur-
ther applied to eliminate unfeasible or not attractive engineering
solutions or to examine specific parameter ranges of the physics
operating space. The physics module creates a database file which
is read by the engineering module.

The output of the physics module of the systems code contains
the parameters listed in Table 6.

4. Power core

A typical cross-section of the tokamak power core generated by
the systems code is shown in Fig. 2. The plasma contour is defined
by the limiting flux surface. The contours of all the objects depicted
are represented by the sequence of 2nd order polynomials, which
can be integrated to obtain volumes and cross-sections as needed.
The number and spacing of the defining points along each contour
are adjustable in order to resolve any geometrical detail required.
Material cost of the power core elements is taken into account by
the volume and density fractions of the components, their densities

and unit costs. The details of this operation are described in Section
4.2, on the example of the TF coil. Fig. 2 is a 2D representation of
the solids revolved about the power core center line. Volume frac-
tions are used to account for non-solid elements. Discrete elements
in the toroidal direction, like the TF coils are handled as an area
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Table 6
Output from physics module of ARIES systems code.

Parameter Symbol Parameter Symbol

1. Plasma current. Ip 19. Flattop time. tflattop

2. Toroidal beta. ˇt 20. Global energy confinement time. �E

3. Poloidal beta. ˇp 21. Global effective particle confinement time. �P

4. Normalized beta. ˇn 22. Current profile resistive diffusion time. �J

5. Alpha power. P˛ 23. Bootstrap current fraction fBS

6. Bremsstrahlung radiated power. Pbrem 24. Average neutron wall load at plasma surface. NWL

7. Cyclotron radiated power. Pcycl 25. Helium fraction in plasma relative to electrons. fHe

8. Line radiation. Pline 26. Total DT fuel density fraction relative to electrons. fDT

9. L to H mode threshold power. PLH 27. Fast particle beta from alphas. ˇfast

10. Ratio of loss power to L to H threshold power. Ploss
PLH

28. Global energy confinement time scaling factor. H98(y,2)

11. Fusion power. Pfusion 29. Thermal stored energy in plasma. Wth

12. Heating power required for plasma power balance. Paux 30. Total consumed V-s. � cons

13. Ohmic power. Pohm 31. Flattop loop voltage. Vloop

14. Volume average density. 〈ne〉 32. Fraction of plasma current from external CD sources. fCD

15. Density weighted volume average temperature. 〈Te〉 33. Total non-inductive current fraction, bootstrap + external CD. fNI
tflattop n(0)

t
i
p
s

4
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p
r
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F
c

16. Ratio of flattop time to current profile resistive diffusion time. �J

17. Total radiated power fraction. frad

18. Effective charge. Zeff

imes the toroidal thickness. The main body of the vacuum vessel
s shown in Fig. 2, but there is significant volume in the maintenance
orts between individual TF coils. The divertors are not shown in
ufficient detail for definition in this figure.

.1. Radial build and nuclear parameters

The nuclear assessment defines the radial builds and provides
n essential set of nuclear parameters for the systems code. This
arameter set includes the tritium-breeding ratio (TBR), neutron

nergy multiplication (Mn), nuclear heat load to all the com-
onents, poloidal distribution of neutron wall loadings (NWL),
adiation damage to structural components and their service life-
imes. A calculated TBR of 1.1 assures tritium self-sufficiency
or all ARIES designs with Pb–17Li breeder [29]. All the compo-

ig. 2. Cross-section of the power core segment generated by the ARIES systems
ode.
34. Peak-to-volume average density. 〈n〉

35. Peak-to-volume average temperature. T(0)
〈T〉

nents, such as blanket, shield, manifolds, and vacuum vessel of
past ARIES designs [30,19,31,11] provided a combined shielding
function. With guidance from the thermo-mechanical analysis,
the nuclear analysis defines the first wall and blanket parame-
ters, which include thickness, composition, and 6Li enrichment.
Besides breeding sufficient amounts of tritium for plasma oper-
ation/permeation/decay and recovering more than 90% of the
neutron energy, the first wall/blanket assembly protects the shield
for the entire plant life not to exceed 200 dpa, projected as 40 full-
power years (FPY). Additionally, the shield is designed to protect
the welds of the manifolds and vacuum vessel (such that they
should not exceed 1 He appm). The vacuum vessel composition
and dimensions are optimized to essentially protect the super-
conducting magnets and maintain the radiation level below the
limits specified by the magnet designers. All the ARIES materials
should be carefully chosen to enhance the shielding performance
and minimize the long-term environmental impact. All the com-
ponents should be sized for the maximum NWLs on the inboard
(IB), outboard (OB), and divertor with adequate performance mar-
gins compared to requirements. The first wall/blanket and divertor
system along with a few shielding components are replaceable,
designed to have identical service lifetimes, while the external
power core subsystems are designed with a 40 FPY lifetime. Typical
nuclear parameters for the DCLL and PbLi/SiC blankets are summa-
rized in Table 7.
4.2. Magnets

Costs of magnetic plasma confinement have a high impact on
the cost of electricity, therefore toroidal and poloidal field magnets

Table 7
Key nuclear parameters for the DCLL and LiPb/SiC systems.

Blanket concept LiPb/He/FS LiPb/SiC

Calculated overall TBR 1.1 1.1
6Li enrichment ≤ 90% ≤ 90%

FW end-of-life fluence [MWyear/m2] 15 18

FW/blanket lifetime (FPY) �3 �4

Shield/manifold/VV/magnet lifetime (FPY) 40 40

Overall energy multiplication 1.15 1.1
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re modeled as accurately as the scope of the systems code allows.
n general, the definition and total cost of a magnet is obtained by
xecuting the following steps. More detail on each step will follow.

. Retrieve the costing data for the magnet components from the
Part class. These data include mass densities, costs per unit mass
and cost base years.

. Retrieve the relevant magnetic or structural data for the magnet
components.

. Estimate the cross-sectional area of each component so that the
current density and/or stress remain within the acceptable lim-
its. Assuming a known variation of thickness along the perimeter
of the magnet coil, this information translates into volume frac-
tions of the magnet components.

. Generate the 3D contours of the magnet.

. Integrate across the magnet contours to obtain the total volume
of the magnet and its components.

. Calculate the cost of each component and sum up the costs.

The assumed materials and the corresponding algorithms used
or the initial analysis are outlined in the following sub-sections.
t is planned to add other possible superconducting and structural

aterials in future versions of the code to provide a more complete
atabase for larger parametric studies.

.2.1. Toroidal field magnet algorithm
The toroidal field (TF) magnet consists of 16 coils of a constant

idth, with a shape composed from two semi elliptic profiles that
re joined at the vertical axis, as shown in Fig. 3. A portion of the
nner profile between the upper and lower X-point is turned into

straight line in order to allow for a placement of the bucking
ylinder and the central solenoid. The elliptic and straight inner
eg segment of the TF coil are defined by

(
r − R
a1

)2
+

(
z

b

)2
= 1 for R1 < r ≤ R

(17)
r = R1 otherwise

here a1 and b are the horizontal and vertical semi-axis of the
nner ellipse, respectively, R is the plasma major radius, and R1 is
he inboard radius that corresponds to the outer contour of the TF

Fig. 4. Plan view of the removable power core sector of the
Fig. 3. Shape of the TF coil modeled by the ARIES systems code (full green contour)
compared to the reference shape (red dashed) used in the ARIES-AT reactor. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

coil. Similarly, the outer leg is described by(
r − R
a2

)2
+

(
z

b

)2
= 1 for r > R (18)

where a2 is the horizontal semi-axis of the outer ellipse. The semi-
axes of the inner and outer leg are obtained by fitting the TF coil
shape to the ARIES-AT coil and depend on the plasma major radius
R, inboard and outboard radii of the outer contour of the TF coil (R1
and R2) and the height of the X-point zxp as

a1 = R− R1√
1 −

(
zxp/b

)2

a2 = R2 − R
b = 0.5HVV + ıv

(19)
where HVV is the height of the vacuum vessel and ıv = 1m is the
clearance between the vacuum vessel and the TF coil at the vertical
axis. The inboard radius of the outer contour (R1) is determined
by the inboard radial build of the power core elements until the
bucking cylinder. The outboard radius of the outer contour (R2) is

ARIES-AT as it is being withdrawn for maintenance.
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stimated based on the requirement that the clearance between
he TF coils on the outboard side allows for removal of the power
ore segments for maintenance purpose, as shown in Fig. 4:

2 = RVV + R1 + ıh + a (20)

here RVV is the outmost radius of the vacuum vessel at z = 0, a
s the thickness of the TF coil, ıh � 10 cm/sin(	/NTF ) is the radial
istance needed to provide a � 10 cm clearance for the maintenance
ort, and NTF is the number of TF coils.

For a given superconductor, the cross-sectional areas of the
able components are estimated based on the specified toroidal
agnetic field at plasma major radius and the nominal electric cur-

ent of ITF = 40 kA. The cable is composed from arrays of strands,
hich are embedded into a coil casing made of a structural mate-

ial such as SS316 or Japanese austenitic steel with low carbon
nd boron (JK2LB). The superconductor is typically accompanied
y a stabilizer (Cu), coolant, insulator and a thin protective sheath
usually made of Inconel).The procedure for estimating the cross
ectional areas of conductive components is based on the cur-
ent density at the location of the maximum magnetic field. Fig. 5
hows this dependence for several superconductors of interest in
he advanced tokamak studies. The maximum magnetic field is
etermined at the inboard radius of the inner contour of the TF
oil RinnerTF , shown in Fig. 4

max
T = BTR

RinnerTF

(21)

he procedure for calculating the cross sections of the coil com-
onents is described in the following text for two example
uperconducting material models of the TF magnet.

.2.1.1. High temperature superconductor (YBCO). Components,
aterial properties and costs of the high temperature supercon-

uctor are given in Table 8. Given the value of Bmax
T , the current

ensity in the superconductor is obtained by interpolation from
he experimental curve that corresponds to YBCO, shown in Fig. 5:

SC = fYBCO(Bmax
T ) (22)
he current density in the stabilizer (Cu) is

Cu = JSC
2

(23)

ig. 5. Current density versus maximum magnetic field for different superconduc-
ors commonly used for tokamak magnets.
g and Design 85 (2010) 243–265 251

The cross sectional areas of the conductive components are

ASC = ITF
JSC

ACu = ITF
JCu

Acond = ASC + ACu

(24)

The area of the single cable in the winding pack is estimated by
taking into account the area fractions that correspond to the liquid
nitrogen coolant (ϕHe), insulator (ϕins) and sheath (ϕsheath):

Acable = Acond
1 − ϕHe − ϕsheath − ϕins

(25)

The area fraction of the sheath follows from the requirement that
the hoop stress does not exceed the allowed limit for Inconel at
cryogenic temperatures (�max

hoop
= 1600 MPa):

ϕsheath = 1 −
(

1 − (Bmax
T )2

2�0�sheath

)2

(26)

where �0 = 4	 × 10−7 is the magnetic permeability and �sheath =
0.5�max

hoop
. The cross sectional areas of the coolant, insulator and

sheath can now be retrieved by multiplying the cable area by
their respective fractions. The total area of the winding pack is
Awp = Nwp · Acable, where Nwp is the number of turns per winding
pack in a single TF coil calculated by the formula

Nwp = B2
T	R

NTF ITF�0
(27)

Having obtained the cross sectional areas of all of the components of
the winding pack, the next step is to estimate the amount of struc-
tural material needed to support the TF coil. This is a non-trivial task
given the complexity of the 3D magnetic loads imposed by the elec-
tric current in the TF coil and the surrounding TF and PF magnets. A
structural analysis integrated into the algorithm would be beyond
the current scope of the systems code. For that reason, an approx-
imation for the TF coil thickness was adopted by scaling a formula
based on bending stress in elastic beams to the reference thickness
obtained by a highly accurate finite element analysis of the ARIES-
AT coil, Ref. [13]. The total thickness of the TF coil obtained by this
approach is

a = 0.208 ·
√

3
16�b�0

· BTR

R2 − R1
·

√
(R2

2 − R2
1)

(
1 + ln

(
R2

R1

))
+ R1R2

(
2 − ln2

(
R2

R1

))
(28)

where �b is the maximum allowed bending stress in the structural
material, listed in Table 8.

The total cross sectional area needed for estimating the volume
fractions of the components of the TF coil is

ATF = a2	R1

NTF
(29)

Assuming that the coil cross section is uniform along the perimeter,
the volume fractions of all the components can now be estimated
as
fi =
AiNwp
ATF

(30)

where i denotes the component including SS316, YBCO, Cu, Inconel,
insulating polymer and liquid nitrogen.
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Table 8
Components, material properties and costs of the high temperature (T) and low temperature magnet.

Material Name Density [kg/m3] Unit cost [$/kg] Cost base year Max. allowed stress [MPa] Type of magnet

Stainless steel 316 SS316 7860 68.657 1992 900 high T
Japanese Austenitic Steel JK2LB 8000 30.0 2004 400 low T
Superconductor YBCO 6200 92.7 1992 high T
Superconductor NB3SN 7500 500.0 2007 low T
Stabilizer Cu 7300 65.4 1992 high or low T
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ket, which was developed as part of the ARIES-AT study [10]; and a
dual coolant lithium lead (DCLL) blanket more recently employed
in the ARIES-CS study [32]. The algorithms for both blanket con-
cepts are described in this paper for completeness. However, the
Structure Inconel 8400 50.912
Structure JK2LB 8400 50.912
Insulator Polyimide 1920 16.516

.2.1.2. Low temperature superconductor (Nb3Sn). The relevant
aterial properties for the low temperature superconductor coil

omponents are shown in Table 8. The nitrogen coolant is replaced
ith helium for these magnets. The procedure for obtaining

he cross sections of the components is similar to the example
escribed above, except for the following details. For a given value
f Bmax
T , the current density in the superconductor is obtained from

n empirical dependence

SC =
[
−0.0908

(
Bmax
T

)2 + 1.0224Bmax
T + 12.32

]
× 108[A/m2]

(31)

he current density in the stabilizer is optimized in order to expe-
ite the dissipation of heat generated during accidental quenching
f the superconductor,

Cu =
√

2J2�
�

(32)

here J2� = 5 × 1016A2s/m4 is a term proportional to the heat
issipation and � = 2s is the dissipation time. The remainder of
he procedure for obtaining the volume fracture of the TF coil
omponent is identical to the one used for the high temperature
uperconductor.

.2.1.3. Costing of the TF coil. The total cost of the TF coil is calcu-
ated by summing up the costs of all of its components,

TF coil = VTF coil ·
n∑
i=1

ci�inf (Yi, Ycurrent)�ifi (33)

n this expression, the cost of an individual component i is the prod-
ct of the cost per unit mass ci, density�i, volume fraction fi, and the
otal volume of the TF coil VTF coil . The inflation is taken into account
y the conversion factor �inf (Yi, Ycurrent), where Yi is the cost base
ear and Ycurrent is the current year. As an alternative to the Eq. (33),
he ARIES systems code allows for an option of estimating the cost
f the cable based on the bulk cost per unit cable length, which is
60 $/m in case of Nb3Sn. In this case, the total cost of the TF mag-
et is estimated by adding the cost of the cable to the cost of the
tructure, stabilizer, and insulator. This is a conservative approach,
sed in order to achieve a more realistic near-term estimate.

.2.2. Poloidal field magnet algorithm
The poloidal field (PF) magnet consists of 36 coils; 8 of these are

laced along the inner radius of the bucking cylinder and comprise
he central solenoid, as shown in Fig. 6, while the remaining coils
re evenly distributed along the outer surfaces of the toroidal field
aps. In the actual design, the number of PF coils may be reduced

ith fewer larger coils. The location of the outermost coil is lim-

ted by the vertical distance of the maintenance port opening. The
hickness of a PF coil in the poloidal cross section is determined by
he current required in the coils, maximum current density in the
uperconductor and structural requirements.
1992 1600 high or low T
1992 1600 low T
1992 high or low T

The present algorithm consists of the following steps:

1. Estimate the coil currents at the zero flux state. In the present
approximation they are assumed to be known and taken as an
input, based on ARIES-I and ARIES-AT PF coil solutions.

2. Scale the coil currents from their values at the zero flux state
to the values at the given plasma edge safety factor q95 and the
plasma current IP .

3. Determine the cross sectional areas of different components by
the procedure outlined in Section 4.2.1. for the low temperature
superconductor Nb3Sn. The maximum current in the PF coil is
calculated by taking into account the flux swing required to ramp
up the plasma current from zero to the value required for the
given operating point.

4. Estimate the amount of the structural material needed (SS316 in
the current algorithm) based on the hoop stress limit.

5. Place the coils uniformly on the outer surface of the bucking
cylinder and the toroidal caps.

6. Integrate the cost across the volume of the each individual coil,
by using the Eq. (33).

4.3. Blankets

Two example blanket concepts are incorporated in this initial
version of the new ARIES system code: an advanced LiPb/SiC blan-
Fig. 6. Poloidal field coils.
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Table 9
Summary of Brayton power cycle parameters assumed for the systems code analysis.

Brayton cycle parameter Value

Number of compression stages 3
Number of expansion stages 1
HX temperature difference between hot and cold legs 30 ◦C
Compressor efficiency 0.89
Turbine efficiency 0.93
Recuperator effectiveness 0.95
Total compression ratio < 3.5
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Cycle lowest He temperature 35 ◦C
Fractional cycle He pressure drop 0.045
Cycle He pressure 15 MPA

xample results shown in the paper focus on the ARIES-AT Pb–17Li
SiCf/SiC blanket.

.3.1. Self-cooled Pb–17Li + SiCf/SiC blanket
The blanket utilizes Pb–17Li as a breeder and coolant and a

ow-activation SiCf/SiC composite as a structural material [10]. The
lanket is coupled to a Brayton cycle (with He as a working fluid
nd described in Section 5.2) through a heat exchanger (Table 9).
he Pb–17Li operating temperature is optimized to exit at 1100 ◦ C
n order to provide high power cycle efficiency while maintaining
he SiCf/SiC temperature under 1000 ◦C.

.3.2. DCLL blanket
The dual coolant concept utilizes He to cool the ferritic steel

tructure, including the first wall. The Pb–17Li channels are lined
ith a SiC flow channel insert (FCI) that allows high temperature

∼700 ◦C) Pb–17Li in the channel. In this power plant configuration,
he divertor is also cooled by He.

. Power flow

The power flow schematic of the current steady state tokamak
hamber model is depicted in Fig. 7. The fusion power is generated
n the plasma in the form of neutrons and alpha particles, where
eutrons escape the plasma and enter the surrounding structures
nd coolants. The alpha particles are trapped inside the plasma and
eat the plasma. These two sources of heat are transmitted to the
ower conversion system via several mechanisms. The power from
eutrons is directly absorbed by the first wall, blanket, divertor and
T shield. The neutron and gamma energies are deposited into the

tructure and liquid Pb–17Li, which serves as a coolant (heat trans-
er media) and a tritium breeder. As a result, the source neutron
nergy increases by 10–20% depending on the blanket concept,
ielding a neutron energy multiplication of 1.1-1.2. A portion of
he power from the alpha particles is radiated from the plasma to
he first wall and divertor while the remainder is conducted to the
ivertor via charged particles.

In the power flow algorithm, the core elements are separated
nto two functional groups, as shown in Fig. 7. The neutron power
eposition split is described below.

. First wall, blankets and high-temperature (HT) shields receive the
fractions of the neutron (and plasma core radiation power) that
are roughly proportional to the coverage area of the first wall. The
total power absorbed by this group is split between the inboard
(40%) and the outboard section (60%) based on the ratio between
the corresponding plasma-facing areas. Within each of these sec-

tions, the first wall and blanket receive 90% of the neutron power
while the HT shield receives 10%. Details about the alpha power
deposition and split are described in Section 5.1.

. Divertor system absorbs the remainder of the fusion power. A
fraction of 90% of the neutron power is assumed to be deposited
g and Design 85 (2010) 243–265 253

in the divertor plates and 10% in the divertor shield. The above
assumptions for the fusion power distribution among the power
core groups are compatible with the ARIES-AT design [10].

The thermal power collected within the power core coolant is
transferred to the power cycle via a heat exchanger, as described
in Section 5.2.

The electric power output from the conversion system described
above (gross electric power) is reduced by the amount needed
to operate the blanket and divertor coolant pumps (mainly for
He), current drives and various auxiliary plant functions, such as
maintaining the cryogenic temperatures of the magnets, etc. The
remaining net electric power is the output to the electric grid.

5.1. Plasma power flow

The component of the fusion power stored in the alpha particles
(P˛) is estimated in the physics module of the ARIES systems code.
Based on this quantity, the neutron and fusion power are obtained
as

Pneutron = PDTneutron + PDDneutron
Pfusion = Pneutron + P˛

(34)

where Pneutron is the neutron power with components PDTneutron and
PDDneutron originating from the deuterium-tritium and deuterium-
deuterium reactions, respectively, and Pfusion is the fusion power. In
order to maintain the plasma at a steady state, an auxiliary power
Paux must be supplied to the plasma, partially as a current drive
power (PCD, Eq. (8)) and partially to support additional heating of
the plasma (Pplasmaheating). The power stored in the alpha particles
and the auxiliary power comprise the plasma power:

Pplasma = P˛ + Paux (35)

The plasma power is transferred out of the closed plasma surface
by plasma particles and radiation to the first wall (Prad chamb) which
can include direct alpha particle losses to the first wall,

Pplasma = Pparticle + P˛ loss + Prad chamb (36)

where Pparticle is the power of the plasma particles that leave the
plasma and P˛ loss is the portion of the total power stored in alpha
particles that is lost (in the advanced tokamak designs considered
in this study, it is assumed that no such loss occurs). After leaving
the plasma, the plasma particles transfer a portion of their power
to divertor via conduction (Pconddiv) and the rest is radiated to the
divertor walls (Prad edge):

Pparticle = Pconddiv + Prad edge (37)

The latter term is estimated as

Prad edge = fdiv rad · Pparticle (38)

where fdiv rad is a coefficient that determines the fraction of power
radiated in the divertor, specified in Table 4. The present assump-
tion is that 90% of the Prad edge arrives at the divertor while 10% is
absorbed by the first wall. The total radiated power from the plasma
core is estimated in the physics module of the ARIES systems code
as

Prad chamb = Pbrem + Pcycl + Pline (39)

where Pbrem is the Bremsstrahlung radiation loss, provided in the

Eq. (5), Pcycl is the cyclotron radiation loss and Pline is the line radia-
tion loss, provided in the Eq. (6). The fraction of the radiated power
from the chamber that arrives at the divertor plates is proportional
to a geometry factor defined as fgeo div = Adiv/(AFW + Adiv), where
Adiv is the total area of the divertor plates and AFW is the total area
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The results for the cycle gross efficiency and blanket pumping
Fig. 7. Power flow i

f the first wall. The majority of the Prad chamb quantity is absorbed
y the first wall, as shown in Fig. 7.

.2. Power cycle

Different power cycles are available for electrical production,
ncluding the Rankine steam cycle and the Brayton cycle. The lat-
er is particularly attractive for high temperature cases since it
rovides the possibility of higher efficiency. The Brayton cycle is
hosen for the present power plant model since the power core
esigns under consideration operate with high coolant tempera-
ures (up to ∼1000–1100 ◦C for the ARIES-AT case and ∼700–800 ◦C
or the ARIES-CS DCLL case). The Brayton cycle considered for inclu-
ion in the system code includes 3 compression stages and a single
xpansion stage, as illustrated in Fig. 8.

For both the ARIES-AT and the DCLL blanket cases, parametric
hermal-hydraulic analyses were performed to assess their per-
ormances when coupled with this Brayton cycle through a heat

xchanger. Details of these can be found in Refs. [10] and [32],
espectively.

Here, key aspects of the analysis are summarized and the results
sed as input in the system code are listed.

Fig. 8. Brayton cycle considered in this analysis.
ady state tokamak.

5.2.1. ARIES-AT blanket coupled to Brayton cycle
The analysis was done by adjusting the thermal–hydraulic

parameters to optimize the thermal efficiency for different heat
load cases (neutron wall load and surface heat flux) based on given
material constraints. The fusion power was kept constant and the
machine size was varied to adjust the neutron wall load. The fol-
lowing parameters and constraints were assumed for the analysis
[10]:

• Fusion power = 1.74 GW
• Maximum/Average neutron wall load peaking factor=1.5 [19]
• Maximum/Average plasma heat flux to first wall peaking fac-

tor=1.25
• Maximum allowable combined stress in SiCf/SiC = 190 MPa
• Maximum allowable SiCf/SiC temperature = 1000 ◦C
• Maximum allowable CVD SiC temperature=1000 ◦C
power are summarized in Figs. 9 and 10 as a function of maximum
neutron wall load and maximum surface heat flux. The highest
values shown for these are close to the design limits and system

Fig. 9. Gross cycle efficiency as a function of maximum neutron wall load and
maximum plasma heat flux for ARIES-AT like blanket coupled to a Brayton cycle.
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ode cases should fall within these limiting values (∼6/4 MW/m2

s maximum/average neutron wall load and ∼0.625/0.5 MW/m2 as
aximum/average plasma heat flux to the first wall). In the ARIES-
T power plant conceptual design, both the blanket and divertor
re made of SiCf/SiC and cooled with Pb–17Li. The presence of
ow-conductivity SiC helps minimize MHD effect and the resulting
ressure drop and pumping power are quite small.

.2.2. DCLL blanket coupled to Brayton cycle
A similar thermal-hydraulic analysis was done for the DCLL

lanket of ARIES-CS [32]. In these calculations, the friction power
rom the He flow in the blanket and divertor (∼90% of the pumping
ower) was added to the fusion thermal power. The thermal-
ydraulic parameters of the power core were then optimized to
aximize the net cycle efficiency (based on the gross electrical

ower minus the pumping power) for the following set of param-
ters and material constraints [32]:

Fusion power = 2.37 GW
Maximum/Average neutron wall load peaking factor for
tokamaks = 1.5 [30]
Maximum/Average plasma heat flux peaking factor = 1.25
Overall thermal conductance SiC insert region = 200 W/(m2K)
Maximum allowable temperature for reduced activation ferritic
steel (RAFS) = 550 ◦C
Maximum allowable temperature for oxide-dispersion strength-
ened ferritic steel (ODS − FS) = 700 ◦C
Maximum allowable Pb–17Li/RAFS interface temperature
(compatibility limit) = 500 ◦C

The fusion power was kept constant and the machine size was
aried to adjust the neutron wall load and surface heat flux. The
esults for the cycle gross efficiency and blanket pumping power
re shown in Figs. 11 and 12. Again, the highest values shown for
hese are an indication of the design limits and system code cases
hould fall within these limiting values (∼5/3.3 MW/m2 as maxi-
um/average wall load and ∼1/0.8 MW/m2 as maximum/average

lasma heat fluxes).
In the DCLL case, He is used to cool the blanket structure and

he divertor and the resulting pumping power is substantial. This is
llustrated in Fig. 12 for the blanket. In addition, the divertor pump-

ng power is included in the system code normalized to the divertor
overage (= (0.3416 × Areadivertor [m2]) MW). The change in slope
bserved for both the gross efficiency and the blanket pumping
ower (shown in Figs. 11 and 12) as the maximum neutron wall

ig. 10. Total normalized pumping power (blanket + divertor) as a function of max-
mum neutron wall load and maximum plasma heat flux for ARIES-AT Pb–17Li
lanket coupled to a Brayton cycle.
Fig. 11. Gross cycle efficiency as a function of maximum neutron wall load and
maximum plasma heat flux for a DCLL blanket coupled to a Brayton cycle.

load is reduced can be explained by a shift in the governing con-
straints. For a given maximum surface heat flux, the RAFS maximum
allowable temperature at the FW (<480 ◦C) tends to govern the
results at high wall loads and as the wall load is reduced at some
point the maximum Pb–17Li/SiC interface temperature in the back
of the blanket (<500 ◦C) becomes the governing factor.

6. Engineering filters

In order to keep the tokamak power plant model within desired
operational and safety limits, the engineering module of the ARIES
systems algorithm filters out all the design points that do not meet
the following criteria:

• Toroidal magnetic fields in the TF and PF coils, respectively, are
limited by material and plasma confinement requirements as
shown in Eq. (40):

6.0 T < BTF coilT < 18.0 T

BPF coilT < 18.0 T
(40)

• Heat flux to divertor is limited by the material properties of diver-

tor plates and coolant combination, see Eq. (41):

qinboard
div < Qdiv lim

qoutboard
div < Qdiv lim

(41)

Fig. 12. Normalized blanket pumping power as a function of maximum neutron
wall load and maximum plasma heat flux for a DCLL blanket coupled to a Brayton
cycle.
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here qinboard
div is the peak heat flux that reaches the divertor plates

hat are located on the inboard side of the X-point; qoutboard
div is the

eak heat flux received by the outboard divertor plates;Qdiv lim is the
imiting value of the heat flux from both conduction and radiation,

hich is currently assumed to be about 5–8 MW/m2 for the ARIES-
T LiPb cooled, W-faced SiC structure divertor case [10] and about
0–12 MW/m2 for the He-cooled W alloy divertor case, similar to
hat of ARIES-CS [32]. The estimate of the peak heat flux reaching
he divertor plate is based on the power scrape off width [33], the
ivertor geometry and the assumed radiated power fraction in the
ivertor.

Neutron wall load (qmax
NWL) and maximum surface heat flux on the

first wall (q”max) are limited by the constraints discussed in Sec-
tion 5.2, which for the ARIES-AT Pb − 17Li + SiCf /SiC blanket case
are:

qmax
NWL < 6.0 MW/m2

q”max < 0.63 MW/m2
(42)

or the DCLL blanket, the upper limits for qmax
NWL and q”max are

0.0 MW/m2 and 1.0 MW/m2, respectively.

Net electric power can depart by no more than 5 MW from the
reference value of 1000 MW:

95MW ≤ PE ≤ 1005 MW (43)

. Costing

In the ARIES systems code, the costing algorithm consists of the
ollowing steps:

. Calculate the mass-dependent costs of the power core elements.
These costs are obtained by summing the products of the unit
costs adjusted for inflation, volumes, fractional densities, and
densities of different material components [$/kg] for the volume
of each component, as for example given by Eq. (33) for the coils.

. Estimate the direct costs for the other power plant systems,
subsystems and components by using the algorithms given in
Section 7.1.

. Sum up the direct costs and calculate the indirect costs of the
power plant by using the algorithms given in Section 7.2.

. Estimate the cost of electricity, as given in Section 7.3.

The top level accounts of the high-level costing structure cur-
ently used in the ARIES systems code are listed in Table 10 along
ith their corresponding LSA factors as recommended by Delene

16] and Bathke [18]. Here, the direct costs are estimated in the
ccounts 20–27, their sum is the output of the account 90, while
he indirect costs are represented by the accounts 91–98. The total
apital cost is evaluated by summing up the direct and indirect
osts and provided in the account 99. The level of safety assurance

LSA) as developed by Holdren et al. [35,36] has an impact on both
irect and indirect costs by the savings derived from substitution of
onventional for nuclear safety-grade components and by elimina-
ion of some of the active safety systems, depending on the level of
nherent safety demonstrable by the tokamak power plant. These
avings are accounted for by applying the cost credit factors, shown
n Table 10, to the outputs of the costing accounts. Details of cal-
ulating direct costs, indirect costs and cost of electricity will be
rovided in the following subsections.
g and Design 85 (2010) 243–265

7.1. Direct costs

The algorithms for calculating direct costs incorporate the pre-
viously obtained mass-dependent costs of many of the power core
elements. The remaining elements depend on other relevant quan-
tities, such as power or surface area. In general, such costs are
estimated by evaluating the expression of the form ci · (Xi)

ei , where
ci is the unit cost for the costing account i (given in $/kg, $/W, $/m2,
etc.), Xi is the quantity the cost is proportional to and ei is the cost-
scaling exponent that accounts for the costs of nuclear safety grade
components, typically used in advanced fission reactors and mod-
ified for fusion applications [37]. In the costing algorithms, both
the unit cost and the corresponding quantity may be adjusted for
manufacturing expenses, assuming an advanced technology of the
future and extrapolating to a high performance creadible power
plant.

The algorithms for estimating the direct costs are taken from
the original systems code and summarized in Tables 11–13 that
reflect the ARIES-AT economics [38]. The costing accounts have an
expandable multi-level structure. The lowest level accounts return
the costs calculated by summing up the previously obtained mass-
dependent costs, such as the account 22.1.1 in the Table 12, or from
other appropriate expressions, such as the account 22.2.1. In the
former example, the input variables for the account 22.1.1 are the
costs of the first wall and blankets that are estimated by the power
core algorithm of the systems code. In the latter example, the input
variable is the thermal power, which originates from the power
flow circuit algorithm. The impact of the LSA on the output of the
costing account i takes place via multiplication by the cost credit
factor �i (LSA). All of the accounts of the same level are summed
up to produce the cumulative output for a higher level account as
shown in Table 12, for the accounts 22.0, 22.1, 22.2 and 22.5. The
only exception from this rule is when all of the sub-accounts are
temporarily set to zero, such as those listed in Tables 11 and 13.
In such cases, the top level account is treated as the lowest level
account and returns the cost based on an appropriate expression.
The sub-accounts with null outputs, shown here for completeness,
are currently being developed as an effort to achieve a more accu-
rate partition of costs and will have non-trivial outputs in the future.

7.2. Indirect costs

The indirect costs are represented by the costing accounts 90-
99, as shown in Table 10. The account 90 provides the total direct
cost (TDC) by summing up the top level accounts 20–27:

c90 =
27∑
i=20

ci.0 (44)

The accounts 91. “Construction services and equipment”, 92. “Home
office engineering and services” and 93. “Field office engineering
and services”are all proportional to the total direct cost and depend
on the level of safety assurance as

cj = c90 · �j (LSA) (45)

where j is either 91, 92 or 93 and �j (LSA) is the cost credit factor
that corresponds to the account j, shown in Table 10. The sum of
the total direct cost and the indirect costs provided by the accounts
91–93 is the owner’s cost:

c94 = (c90 + c91 + c92 + c93) �94 (LSA) (46)
The process contingency (account 95) and project contingency
(account 96) are estimated by the formula

cj = (c90 + c91 + c92 + c93 + c94) · �j (LSA) (47)
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Table 10
Overview of the costing accounts used in the ARIES systems code and corresponding cost credit factors for different levels of safety assurance [34].

Number Costing account Level of safety assurance

1 2 3 4

Direct costs
20. Land and land rights 1.00 1.00 1.00 1.00
21. Structures and site facilities

Reactor building and hot cell buildings 0.60 0.90 0.96 1.00
Turbine - generator building 1.00 1.00 1.00 1.00
Other structures and improvements 0.60 0.67 0.67 1.0

22. Reactor plant equipment
Fusion energy capture and conversion 0.90 0.95 1.00 1.00
Plasma confinement (TF, PF, CF) 0.90 0.95 1.00 1.00
Heat transfer and transport
- with intermediate heat exchanger (IHX) or He with double walled steam generator 0.60 1.00 1.00 1.00
- with other options 0.90 1.00 1.00 1.00
All other reactor plant equipment 0.85 0.94 0.94 1.00

23. Turbine plant equipment 1.00 1.00 1.00 1.00
24. Electric plant equipment 0.75 0.84 0.84 1.00
25. Miscellaneous plant equipment 0.85 0.90 0.93 1.00
26. Heat rejection system 1.00 1.00 1.00 1.00
27. Special materials 1.00 1.00 1.00 1.00

Indirect costs
90. Total direct cost (not including contingency) 1.000 1.000 1.000 1.000
91. Construction services and equipment 0.113 0.120 0.128 0.151
92. Home office engineering and services 0.052 0.052 0.052 0.052
93. Field office engineering and services 0.052 0.060 0.064 0.087
94. Owner’s cost 0.150 0.150 0.150 0.150
95. Process contingency 0.000 0.000 0.000 0.000
96. Project contingency 0.150 0.173 0.184 0.195
97. Interest during construction (IDC) 1.000 1.000 1.000 1.000
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98. Escalation during construction (EDC)
99. Total capital cost (TCC)
Operations and maintenance cost (O&M)
Decontamination and decommissioning allowance (D&D), mill/kWeh, constant $.

here j is either 95 or 96. For a mature, high performance creadible
ower plant, the process contingency is omitted from consideration
i.e. �95 (LSA) = 0). The interest during construction is calculated in
he account 97 as

97 = fIDC · c90 (48)
here fIDC = 0.2821 is the nominal factor for interest during con-
truction [40,41], estimated assuming the average cost of money
f 6.05% (without inflation) or 11.35% (with inflation). The con-
truction time period is nominally considered to be 6 years with

able 11
ccounts 20 and 21.

Number Account title

20.0 Land and land rights a

20.1 Land and privilege acquisition

20.2 Relocation of buildings, utilities, highways, etc.

21.0 Structures and site facilities

21.1 Site improvements and facilities

21.2 Reactor building b

21.3 Turbine building c

21.4 Cooling structures c

21.5 Power supply and energy storage building

21.6 Miscellaneous buildings

21.7 Ventilation stack

21.8 Spare parts allowance

21.9 Contingency allowance

a Cost credit factors �i that correspond to the given level of safety assurance (LSA) are l
b Vrb = (Rcryo + 9)2 · 6Hcryo + 1.55 × 105- reactor building volume [m3]. Rcryo [m] and Hcr
c PET - gross electric power [MW].
1.000 1.000 1.000 1.000
1.000 1.000 1.000 1.000
0.700 0.850 0.925 1.000
0.250 0.500 0.750 1.000

a skewed S-shaped expenditure curve. The escalation during con-
struction (account 98) is currently neglected in the constant cost
of money calculation but will be included in the nominal cost of
money calculation to be utilized at a future date. The total capital
cost is a sum of all the direct and indirect costs:
c99 =
98∑
i=90

ci (49)

Cost [M$ 1992] Ref. ARIES-AT

c20.0 =
∑2

i=1
c20.i · �20.0(LSA)

c20.1 = 10.0 (TBD)

c20.2 = 0.589 (TBD)

c21.0 =
∑9

i=1
c21.i

c21.1 = 18.707 · �21.1(LSA)

c21.2 = 78.09 ·
(

Vrb
80,000

)0.62
· �21.2(LSA)

c21.3 = (30.63 ·
(
PET

1200

)0.75
+ 6.11) · �21.3(LSA)

c21.4 = 12.47 ·
(
PET

1000

)0.3
· �21.4(LSA)

c21.5 = 16.0 · �21.5(LSA)

c21.6 = 133.63 · �21.6(LSA)

c21.7 = 3.16 · �21.7(LSA)

c21.8 = 8.285 · �21.8(LSA)

c21.9 = 0 (TBD)

isted in Table 10.
yo [m] are the radius and height of the cryogenic vessel, respectively.
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Table 12
Account 22.

Number Account title Cost [M$ 1992] Ref. ARIES-AT

22.0 Reactor plant equipment c22.0 =
∑9

i=1
c22.i

22.1 Reactor equipment c22.1 =
∑10

i=1
c22.1.i

22.1.1 First wall/blanket/reflector a c22.1.1 = (cFW + cBlanket + cBlanket II) · �22.1.1(LSA)

22.1.2 Shield a c22.1.2 = (cHT Shield + cDiv Shield) · �22.1.2(LSA)

22.1.3 Magnet coils a c22.1.3 = (cTF Magnet + cPF Magnet + cBucking Cylinder + cToroidal Caps) · �22.1.3(LSA)

22.1.4 Supplemental heating systems b c22.1.4 = cCD · �22.1.4(LSA)

22.1.5 Primary structure and support c c22.1.5 = 0.2 · VPrimStruct · �22.1.5(LSA)

22.1.6 Reactor vacuum system a c22.1.6 = cVV · �22.1.6(LSA)

22.1.7 Power supply c22.1.7 = 59.7012 · �22.1.7(LSA)

22.1.8 Impurity control system d c22.1.8 = 0.078 · ADiv · �22.1.8(LSA)

22.1.9 Direct energy conversion c22.1.9 = 0 (TBD)

22.1.10 ECRH breakdown system c22.1.10 = 2.78 · �22.1.10(LSA)

22.2 Main heat transfer system c22.2 =
∑3

i=1
c22.2.i

22.2.1 Primary coolant e c22.2.1 = 265.98 ·
(

PTH
3,500

)0.55
�22.2.1(LSA)

22.2.2 Intermediate coolant system e c22.2.2 = 49.24 ·
(

PTH
3,500

)0.55
�22.2.2(LSA)

22.2.3 Secondary coolant system e c22.2.3 = 80.1 ·
(

PTH
3,500

)0.55
�22.2.3(LSA)

22.3 Auxiliary cooling systems e c22.3 = 1.18 × 10−3 · PTH · �22.3(LSA)

22.4 Radioactive waste treatment e c22.4 = 2.09 × 10−3PTH�22.4(LSA)

22.5 Fuel handling and storage c22.5 =
∑7

i=1
c22.5.i

22.5.1 Pellet injection systems c22.5.1 = 12.96 · �22.5.1(LSA)

22.5.2 Fuel processing systems c22.5.2 = 0 (TBD)

22.5.3 Fuel storage c22.5.3 = 6.48 · �22.5.3(LSA)

22.5.4 Atmospheric tritium recovery c22.5.4 = 0 (TBD)

22.5.5 Water detritiation system c22.5.5 = 8.74 · �22.5.5(LSA)

22.5.6 Blanket tritium recovery systems c22.5.6 = 8.74 · �22.5.6(LSA)

22.5.7 Other c22.5.7 = 0 (TBD)

22.6 Other reactor plant equipment e c22.6 = 1.90 × 10−3 · PTH · �22.6(LSA)

22.7 Instrumentation and control c22.7 = 40.90 · �22.7(LSA)

22.8 Spare parts allowance c22.8 = 0 (TBD)

22.9 Contingency allowance c22.9 = 0 (TBD)

a cFW , cBlanket , cBlanket II , cHT Shield , cDiv Shield , cTF Magnet , cPF Magnet , cBucking Cylinder , cToroidal Caps and cVV are the costs of the first wall, blanket, blanket II, HT shield, divertor shield, TF
magnet, PF magnet, bucking cylinder, toroidal caps, and vacuum vessel, respectively [M$ 1992].
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b cCD is the cost of the current drive system [M$ 1992].
c VPrimStruct is the volume of the primary structure [m3].
d ADiv is the total area of divertor plates [m2].
e PTH is the thermal power [MW].

.3. Cost of electricity

Cost of electricity (COE [mill/kWh]) is the figure of merit for
dvanced tokamak power plants and serves as the ultimate opti-
ization parameter in the ARIES systems study. In the present

osting algorithm, this quantity is defined as

OE = cAC + (cO&M + cSCR + cF ) · (1 + y)Y
8760 · PE · pf

+ cD&D (50)

here cAC , cO&M , cSCR and cF are the annual costs representing
he annualized capital cost charge, operations and maintenance
ost, scheduled component replacement cost and fuel cost, respec-
ively [M$ 1992]; y = 0.05 year−1[41] is the escalation rate; Y = 6
ears [41] is the construction period; PE is the net electric power

MW]; pf = 0.85 [41] is the plant capacity factor; and cD&D is the
econtamination and decommissioning allowance in mills/kWeh.
he escalation factor over the construction period increases the
stimated cost of these cost elements from the beginning of con-
truction to the commencement of power production.
The annual capital cost charge is evaluated as

cAC = FCR · c99 (51)

where FCR = 0.0965 is the fixed charge rate [40,41] and c99 is
the total capital cost. The fixed charge rate is based on the cost
of money, federal tax rates, depreciation rates, salvage value, and
construction period.

The annual operations and maintenance cost is given as

cO&M = 74.4 ·
(
PE

1200

)0.5
· �O&M (LSA) (52)

where �O&M (LSA) is the cost credit factor that corresponds to the
given level of safety assurance, as shown in Table 10.

The annual scheduled component replacement cost sums up the
expenses of replacing the plasma-facing components such as the

first wall, blanket, reflector and the impurity control system every
3-4 years:

cSCR = (c22.1.1 + c22.1.8) · CRF (X0, L) · F ·
(

1 + �96 (LSA)
)

L
(53)
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Table 13
Accounts 23 through 27.

Number Account title Cost [M$ 1992] Ref. ARIES-AT

23.0 Turbine plant equipment c23.0 = 243.34 ·
(

PET
1,200

)0.83
· �23.0(LSA)

23.1 Turbine generators c23.1 = 0 (TBD)

23.2 Main steam system c23.2 = 0 (TBD)

23.3 Heat rejection systems c23.3 = 0 (TBD)

23.4 Condensing system c23.4 = 0 (TBD)

23.5 Feed heating system c23.5 = 0 (TBD)

23.6 Other turbine plant equipment c23.6 = 0 (TBD)

23.7 Instrumentation and control c23.7 = 0 (TBD)

24.0 Electric plant equipment c24.0 = 127.97 ·
(

PET
1,200

)0.49
· �24.0 (LSA)

24.1 Switchgear c24.1 = 0 (TBD)

24.2 Station service equipment c24.2 = 0 (TBD)

24.3 Switchboards c24.3 = 0 (TBD)

24.4 Protective equipment c24.4 = 0 (TBD)

24.5 Electrical structures and wiring containers c24.5 = 0 (TBD)

24.6 Power and control wiring c24.6 = 0 (TBD)

24.7 Electrical lighting c24.7 = 0 (TBD)

25.0 Miscellaneous plant equipment c25.0 = 61.21 ·
(

PET
1,200

)0.59
· �25.0 (LSA)

25.1 Transportation and lifting equipment c25.1 = 0 (TBD)

25.2 Air and water service systems c25.2 = 0 (TBD)

25.3 Communications equipment c25.3 = 0 (TBD)

25.4 Furnishings and fixtures c25.4 = 0 (TBD)

26.0 Heat rejection system a c26.0 = 62.17 ·
(
PREJ

2,300

)
· �26.0 (LSA)

26.1 Heat rejection system structures c26.1 = 0 (TBD)

26.2 Heat rejection system mechanical equipment c26.2 = 0 (TBD)

26.98 Spare parts allowance c26.98 = 0 (TBD)

26.99 Contingency allowance c26.99 = 0 (TBD)

27.0 Special materials c27.0 =
∑3

i=1
c27.i

27.1 Reactor LM coolant/breeder b c27.1 = (13.68 · f6Li + 4.29) × 10−3 ·mLM · �27.1 (LSA)

27.2 Other c27.2 = 0.44 · �27.2 (LSA)
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27.3 Reactor building cover gas

a PREJ is the rejected power [MW].
b mLM is the mass of the liquid metal [tonne], f6Li = 0.9 as recommended in [39].

n the Eq. (53), c22.1.1 and c22.1.8 are the costs calculated in the
osting accounts that represent the contribution from the plasma-
acing components (Table 12); CRF is the capital recovery factor;
0 = 0.0435 [41] is the effective, tax-adjusted cost of money in con-
tant dollars; L is the interval between the scheduled replacements
f the plasma-facing components; F = 1.272 [41] is the present
orth of the revenue requirements for a unit investment that is
epreciated for tax purposes over a period of 5 years and �96 (LSA)

s the cost credit factor for the project contingency (account 96),
iven in Table 10. The interval between the scheduled replacements
f the plasma-facing components is calculated as:

= Iω�

Îω
(54)

here the term Iω� [MW year/m2] is the neutron fluence life and
ω [MW/m2] is the maximum neutron wall loading at the outboard

id-plane. The neutron fluence life for different blanket options
sed in the ARIES systems code is given in Table 7. For the given

alues of X0 and L, the capital recovery factor is estimated by

RF = X0

1 − (1 + X0)−L (55)
c27.3 = 0.22 · �27.3(LSA)

The annual fuel costs cF and the decontamination and decommis-
sioning allowance cD&D are respectively estimated as

cF = 0.03 · 8760 · PE · pf
(1 + y)Y

(56)

cD&D = �D&D(LSA) (57)

where �D&D(LSA) is the cost credit factor given in Table 10.

8. Results and discussion

8.1. Validation of new ARIES systems code against ARIES-AT
published data

The ARIES systems code was validated against the ARIES-AT
baseline. The physics, engineering and costing parameters for this
model are provided in Ref. [9]. The plasma parameters of the base-
line model are duplicated by the physics module of the new ARIES
systems code. The power core geometry was generated by using

the existing CAD data for the ARIES-AT. Some modifications were
made by updating the TF and PF magnets to more realistic models.
In addition, the power flow was estimated with more attention to
detail than in case of the ARIES-AT. The materials and other relevant
engineering and costing information are obtained from the ARIES
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rogram public database [1]. The level of safety assurance is equal
o unity for the SiC system (i.e., LSA=1).

The direct costs of the ARIES-AT estimated by the ARIES sys-
ems code are compared to the baseline data in the bar chart given
n Fig. 13. The cost outputs from different accounts are shown in
992 dollars in order to match the original report. The numerical
alue of each cost output is provided next to the corresponding
ar, while the relative departures of the costs obtained by the new
ystems code from those provided in Ref. [9] are shown in bold-
ace (green font was used for positive departure, red for negative).
he account 22. “Reactor plant equipment” has the most significant
mpact on the total direct cost and depends on the large number
f parameters, including volumes and materials of all the power
ore elements, areas of the divertor plates, volume of the primary
tructure and the thermal power, as shown in Table 12. In this case,
he ARIES systems code matches the baseline within 0.71%. The
ifference originates from the updated models of the TF and PF
agnets as well as from the more accurate power flow algorithm.

he updated power flow also has an impact on the cost outputs
rom the accounts 21 and 23 through 25 which are all functions
f the gross electric power. In this case, the difference between
he ARIES systems code output and the ARIES-AT baseline varies
rom as low as 1.98% (account 23. “Turbine Plant Equipment”) to
s high as 8.22% (account 25. “Miscellaneous Plant Equipment”).
owever, the account 25 with the cost output of 51.25 M$ has a

elatively low impact on the total direct cost. The most significant
ismatch of 12.39% between the new model and the reference is

vident from the account 27. for “Special materials”. The cost output
f this account is a function of the mass of the liquid metal (PbLi),
hich is used as a coolant for the first wall, blanket, divertor and HT

hield. The new ARIES systems code estimates the mass of the liquid
etal by integration across the volumes of all of the aforemen-

ioned components while a different method/formula may have
een used for the ARIES-AT. The outputs of the costing accounts 20
nd 26 estimated by the new ARIES systems code match exactly
he reference ARIES-AT. In case of the account 20, a simple numer-
cal value is used as an output. The account 26 is a function of the
ejected power, (PREJ = PET − PTH), where PET and PTH are the gross
lectric and thermal power, respectively.

The indirect costs estimated by the ARIES systems code are com-
ared to the ARIES-AT baseline in Fig. 14. The total direct cost is the
utput of the account 90. The difference of 1.11% between the new
odel and the reference is accrued by adding the outputs from the
irect costing accounts 20–27. Since the costing accounts 91–99 are
ll directly proportional to the account 90, as shown in Section 6.2,
he relative difference between the new systems code prediction
nd the published ARIES-AT data remains the same throughout the
ndirect costing accounts.

Fig. 13. Direct costs of ARIES-AT reference [9] estimated by
g and Design 85 (2010) 243–265

The cost of electricity and the comprising costs normalized by
the net electric power output are compared in Table 14. The most
significant component is the capital return, which is directly pro-
portional to the total capital cost given in the account 99. The
relative difference of 1.11% between the prediction of the ARIES sys-
tems code and the baseline data carries over from the comparison
of the indirect costs. The remaining costs, including the opera-
tions and maintenance cost (cO&M), component replacement cost
(cSCR), fuel replacement cost (cF ) and decontamination and decom-
missioning allowance (cD&D) are identical. As a result, the cost of
electricity, which is the sum of the aforementioned accounts differs
between the new model and the reference ARIES-AT by 0.86%.

8.2. Utilization of new ARIES systems code for production and
analysis of large databases of advanced tokamaks

A large database of tokamak power plant models was gener-
ated in order to demonstrate the capability of the ARIES systems
code to visualize and extract meaningful information from a dense
“cloud” of operating points that are spread over an arbitrary para-
metric design space. This database was initiated by scanning the
plasma parameters within desired limits, as shown in Table 15. The
purpose of this scan was to generate a large set of tokamaks that
span the range from ARIES-I to ARIES-AT of the parametric space
and thus provide an insight into the key parameters and trends
that affect the cost of electricity (COE). In Table 15, the differences
between the adjacent numerical values of each scanned parameter
(increments, as shown in the rightmost column) were successively
reduced to their present values in order to capture the gradients of
the significant parameters within the designated windows.

Table 16 illustrates the selective computational process
which lead into a reduction in number of the acceptable plas-
mas/tokamaks with the net electric output of 1000 MW. The
initial scan of the physics parameters was used as an input to the
plasma physics module of the systems algorithm, which generated
16,380,000 different plasmas. These plasmas were subjected to the
physics filters given in the Eq. (16) and thus, their number was
reduced to 2,080,125 viable plasmas available for further process-
ing. Engineering module of the systems code was used in order to
build the remainder of the power plant model for each of these
plasmas, including the power core and the power flow estimation.
At this stage, the engineering filters given in the Eqs. (40)–(43)
were applied, resulting in a number of surviving design points that

was strongly dependent on the limit to peak heat flux on diver-
tor Qdiv lim and varies from 2337 for Qdiv lim = 5 MW/m2 to 6811 for
Qdiv lim = 12 MW/m2. The surviving design points were subjected to
costing algorithms in order to estimate the cost of electricity. On a
single Intel CoreTM 2 Quad processor [42], the total processing time

the new ARIES systems code versus published data.
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Fig. 14. Comparison between indirect costs of ARIES-AT estimated by the new ARIES systems code and published data.

Table 14
Cost of electricity (in 1992 $) and component costs for the ARIES-AT reference estimated by the new ARIES systems code versus published data [9].

Cost normalized by net electric power output New ARIES systems
code [mill/kWh]

ARIES-AT reference
[9] [mill/kWh]

Relative
difference [%]

Capital return cAC/(8760PEpf ) 36.46 36.87 1.11

Operations and maintenance cO&M(1 + y)Y /(8760PEpf ) 6.87 6.87 0.00

Component replacement cSCR(1 + y)Y /(8760PEpf ) 3.51 3.51 0.00

Fuel cost cF (1 + y)Y /(8760PEpf ) 0.03 0.03 0.00

Decontamination and decommissioning allowance cD&D , Eq. (57) 0.25 0.25 0.00

Cost of electricity COE, Eq. (50) 47.12 47.53 0.86

Table 15
Scan of physics parameters used for generating the ARIES-DB-SiCLL database.

Parameter Initial value Final value Increment

Toroidal field at plasma maj. radius BT [T] 5.0 8.0 0.5
Plasma aspect ratio asp = R/a [–] 4.0 4.0 0.0
Normalized beta ˇN [–] 3.0 6.0 0.25
Cylindrical safety factor qcyl [–] −3.2 −4.6 0.2
Triangularity at 95% surface ı [–] 0.6 0.8 0.2
Density profile exponent an [–] 0.472 0.472 0.0
Temperature profile exponent at [–] 0.964 0.964 0.0
Auxiliary power Paux [MW] 37.0 37.0 0.0
Fraction of Greenwald density fGw = n/nGw [–] 0.4 1.1 0.05
Ratio of fusion to auxiliary power Q = Pfus/Paux [–] 20.0 40.0 5.0
Plasma elongation � [–] 1.8 2.2 0.2
Flattop time tflati [s] 1000.0 1000.0 0.0
Flux swing required from central solenoid dfcs [MW/m2] 300.0 300.0 0.0
Ratio of effective particle confinement time to energy confinement time tpote = �∗

p/�E [–] 10.0 10.0 0.0
Plasma internal self-inductance ali [H] 0.5 0.5 0.0
Ejima coefficient for resistive flux consumption ce [–] 0.5 0.5 0.0
Breakdown flux qbrkdown [MW/m2] 10.0 10.0 0.0
Plasma major radius R [–] 4.5 9.0 0.5
Current drive efficiency �CD [–] 0.3 0.3 0.0
Argon impurity fraction fimp [–] 0.001 0.004 0.001
Charge of impurity Zimp [–] 18.0 18.0 0.0
Ratio of plasma density at center to edge drat [–] 0.27 0.27 0.0

Table 16
Number of plasma operating points at different stages of computation.

Operation applied Resulting number of plasmas

Scan of physics parameters 16,380,000
Rejection of non-valid plasma points 2,080,125
Engineering filters Qdiv lim = 12 MW/m2 6811

Qdiv lim = 8 MW/m2 5052

Qdiv lim = 5 MW/m2 2337
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plasma major radius, as described earlier. The region of possibly
attractive plasmas can be found between the contour lines of the
limiting heat flux on divertor between 5 MW/m2 and 8 MW/m2.
ig. 15. Distribution of tokamak operating points in the parametric space defined by
he peak heat flux on divertor and plasma core radiation fraction. Cost of electricity
f each power plant is color-coded. Contour lines correspond to plasma major radius.

er each plasma by the physics module of the algorithm was 0.068 s,
hile the engineering and costing took 3.418 s per design point. By
sing four aforementioned processors equally loaded in a parallel
ode, the total computational time was 653 h or approximately 27

ays.
Fig. 15 depicts a relationship between the peak heat flux on

ivertor, plasma core radiation fraction, plasma major radius and
ost of electricity over a range of major plasma radii. Plasma core
adiation fraction is the ratio between the total radiated power from
he plasma core and the sum of the powers that provide heat to the
lasma,

rad core = Pbrem + Pcycl + Pline
P˛ + Paux (58)

here Pbrem, Pcycl and Pline are the Bremsstrahlung, cyclotron and
ine radiation losses, respectively, P˛ is the power of the alpha
articles and Paux is the auxiliary heating power supplied to the
lasma. Each data point in Fig. 15 represents a different tokamak
ower plant with the corresponding peak heat flux on divertor and
lasma core radiation fraction shown as coordinates in 2D Carte-
ian system of reference. The contour lines connect the tokamaks
ith the same plasma major radii while the COE corresponding to

ach plant is color coded, as defined by the numerical scaling on
he side-bar. The graph reveals the expected direct proportional-
ty between the COE and the plasma major radius, which is rooted
n the fact that the size of the power core scales with the plasma

ajor radius and determines the direct costs. The distribution of
ata points shows that the range of plasma core radiation frac-
ions gains in magnitude by increasing the plasma major radius
hile the opposite trend can be observed for the peak heat flux

n divertor. Both trends are consistent with the observation that
he magnitudes of the plasma heating power P˛ + Paux decrease
ith the plasma major radius while the total radiation from the
lasma core increases. At R = 4.5 m, the plasma heating power
alpha power + auxiliary power) spans from 410 to 570 MW, while
t R = 7.5 m, this range is from 400 to 500 MW. At the same time,
he sum of radiation lossesPbrem + Pcycl + Pline is within 73–225 MW
t the lowest plasma major radius and reaches 200–280 MW at
he highest. A realistic, material driven limit to the peak heat flux
n divertor is considered to be between 5 and 8 MW/m2, which
laces the region of possibly attractive tokamaks at the section of
he graph between R = 5 m and R = 6 m.

Plasma impurities in form of noble gases are typically used in
rder to enhance the radiation from the plasma core, which in
eturn reduces the heat load on divertor and increases the availabil-

ty of smaller and less expensive tokamaks. In the present tokamak

odel, the argon impurity fraction was varied from 0.001 to 0.004,
ith an increment of 0.001, as shown in Table 15. The upper value is

et by the limitations of the current drive model used in the present
Fig. 16. Plasma core radiation fraction and peak heat flux on divertor (color-coded)
as functions of argon impurity fraction and plasma major radius.

algorithm. Fig. 16 shows the dependence of the plasma core radia-
tion fraction on the argon impurity fraction and the plasma major
radius. It is evident that the argon impurities have a strong impact
on increasing the radiation from the plasma core at small values
of R, while this effect diminishes at large plasma major radii. As
shown in Fig. 16, peak heat flux on divertor (color-coded) com-
plements the core radiation fraction and can clearly be alleviated
by adding Ar impurities. At R = 5 m, the peak heat flux on divertor
varies from 7.8 MW/m2 to 13.0 MW/m2 when the Ar impurity frac-
tion is set to 0.001. At the same plasma major radius, the peak heat
flux on divertor drops to 6.55–10.83 MW/m2 when the Ar impurity
fraction is increased to 0.004.

Fig. 17 shows the dependence between the volume average elec-
tron density, volume average electron temperature, limiting heat
flux on divertor and cost of electricity. The data visualization style
is similar to the graph depicted in Fig. 15, except that the plasma
physics parameters are represented in form of 2D coordinates of
each data point and the limiting heat flux on divertor is represented
by contours. Based on the COE distribution, the cost-efficiency of
the plasma increases with the volume average electron density,
which is the expected result and can be explained by the fact that
tokamaks with smaller, less expensive power cores need higher
density plasmas in order to yield the same net electric power as
their larger counterparts. The plasmas with high volume average
temperatures of 30–35 keV congregate in the region of low density
plasmas where high values of COE and low values of peak heat flux
on divertor imply the large plasma major radii. These high temper-
atures can explain the increase of core radiation fraction with the
Fig. 17. Distribution of tokamak operating points in the parametric space of volume
average electron density and volume average electron temperature. Cost of electric-
ity corresponding to each power plant is color-coded. Contour lines represent the
limiting heat flux on divertor.
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Fig. 19. Distribution of fusion power density (part a) and toroidal beta (part b) across
Z. Dragojlovic et al. / Fusion Engin

An additional snapshot of the database is provided by plotting
he distribution of the COE values across the 2D parametric space
hat consists of the plasma major radius R and the toroidal mag-
etic field at plasma major radius BT , as shown in Fig. 18. At each
R,BT ) location the COE varies by 5–8%, depending on the values
f other parameters. The net electric power throughout the toka-
ak database is within ±0.5% from its nominal value of 1000 MW,
hich does not account for this local variation in COE. However, the
ower cycle efficiency spans between 0.5 and 0.59, depending on
he peak neutron wall load and the peak heat flux on the first wall,
s discussed in Section 5.2. This allows for the existence of plas-
as with a range of different fusion powers that yield the same

et electric power at fixed R and BT . For example, at R = 5 m and
T = 5.5 T, the fusion power varies from 1825 to 2210 MW. At this

ocation, several different quantities cause variations in direct costs
nd therefore the COE:

Gross electric power PET∼1160–1316 MW affects the account
21. “Structures and site facilities”, shown in Table 11, and the
accounts 23-26 shown in Table 13.
Average neutron wall load qnwl∼2.46–2.95 MW/m2 affects the HT
shield thickness and therefore its volume and cost, included as a
sub-account 22.1.2 of the account 22. “Reactor plant equipment”,
as shown in Table 12.
Thermal power PTH∼2020–2505 MW affects the accounts 22.2
“Main heat transfer system” and 22.6 “Other reactor plant equip-
ment”, as evident from Table 12.

In Fig. 18, the minimum values of the COE at each (R, BT )
ocation are connected into an optimal surface by a 2nd order
nterpolation. As anticipated, the optimal COE descends with
eduction of the machine size (∼R) and TF magnet strength
BT ) and reaches the overall minimum of 67.98 mill/kWh (2008
ollars) at R = 5 m and BT = 5 T. The ARIES-AT, shown for com-
arison as a single data point, is reasonably close to the
ptimal surface with a COE of 71.96 mill/kWh, plasma major
adius of 5.2 m and the corresponding toroidal magnetic field of
.86 T.

In Fig. 18, the ratio between the line-averaged electron density
nd the Greenwald density limit ne/nGwld lim is depicted by color
oding each individual data point based on the numerical value
f this parameter. In addition, the values of the ne/nGwld lim corre-
ponding to the tokamaks that lie on the optimal COE surface are
nterpolated and projected onto this surface using the same numer-
cal color mapping as for the individual data points. The Greenwald

ensity ratio for the entire database varies from 0.6 to 1.1. For
he tokamaks on the optimal COE surface, the line-averaged elec-
ron density varies between 10% below and 10%percent above the
reenwald limit. At the same time, the plasmas with the highest
OE at each (R,BT ) location have the lowest Greenwald density ratio

ig. 18. Cost of electricity COE as a function of plasma major radius R, toroidal
agnetic field at plasma major radius BT and Greenwald density ratio ne/nGwldlim ,

olor-coded. ARIES-AT data point is provided for comparison.
the most cost-effective tokamaks with different plasma major radii and correspond-
ing toroidal magnetic fields.

of 0.6. This confirms the well established knowledge that highly
efficient plasmas are those close to their density limits [43]. For
comparison, the ARIES-AT plasma has the electron line density of
2.423 × 1020 m−3, while the Greenwald density limit for this case is
2.414 × 1020 m−3. The data in Fig. 18 also suggests that Greenwald
density ratio is insensitive to either the plasma major radius or the
toroidal field at plasma major radius.

In Fig. 19, the distribution of fusion power density (pfusion, part
a) and toroidal beta (ˇ, part b) across the set of tokamaks with the
optimal COE is depicted in the parametric space of R and BT . The
fusion power density (pfusion∼ˇ2B4

T ) is constant along the toroidal
magnetic field and uniformly drops by a factor of 3 with the plasma
major radius. As a consequence, the magnitude of ˇ increases
sharply with reduction in the magnet strength and moderately with
reduction in the machine size, peaking at 10.39% (R = 5 m,BT = 5 T).
For a comparison, the ARIES-AT has a toroidal beta of 9.18. The
ARIES-AT study [9] suggested that high values of ˇ allow for the
utilization of a high bootstrap current fraction, which as a payoff
allows a steady state confinement with lower toroidal magnetic
fields. For the tokamak with the peak ˇ and the lowest overall COE,
the bootstrap current fraction is as high as 0.98, while the ARIES-
AT value is 0.91. The most cost-efficient tokamak with the same
plasma major radius and a toroidal magnetic field of 7.5 T has the
bootstrap current fraction of 0.86.

Table 17 provides a list of the most relevant physics and engi-
neering parameters for five tokamaks with the lowest COE. Even
though the variation in COE across these tokamaks is relatively
small (approximately 1% or 0.66 mill/kWh in 2008 dollars), the vari-
ation of normalized beta is between 4.8 and 6.0, which is quite
significant and allows some flexibility in selection of the optimal
design. The ARIES-AT, for instance, features a normalized beta of

5.45, a value that is about 10% below the Troyon limit. A similar
observation can be made for the Greenwald density ratio, which
varies between 0.95 and 1.1. All of the tokamak designs shown in
Table 17, have values of the heat flux on divertor that are in close
proximity of the present limit of 8 MW/m2.
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Table 17
Most relevant physics and engineering parameters for five selected tokamak designs with lowest cost of electricity. Heat flux to divertor is limited to 8 MW/m2.

Parameter Value

Cost of electricity, COE [mill/kWh (2008)] 66.84 66.91 66.94 67.00 67.48
Plasma major radius, R [m] 5.0 5.0 5.0 5.0 5.0
Toroidal magnetic field at plasma major radius, BT [T] 5.0 5.0 5.0 5.0 5.5
Normalized beta, ˇN [–] 5.8 5.5 6.0 5.3 4.8
Greenwald density fraction, n/nGwld lim [–] 1.0 1.1 0.95 1.1 1.05
Plasma core radiation fraction, frad core [–] 0.32 0.24 0.26 0.31 0.31
Peak heat flux on divertor, qdivmax [MW/m2] 7.53 7.94 7.86 7.62 7.79
Peak radiated heat flux on the first wall, qFW max [MW/m2] 0.36 0.30 0.31 0.36 0.37
Average neutron wall load, qnwl [MW/m2] 2.57 2.55 2.53 2.58 2.59
Plasma current, Ip [MA] 11.93 10.68 11.93 11.27 11.75
Plasma elongation, � [–] 2.2 2.2 2.2 2.2 2.2
Safety factor at 95% surface, q95 [–] 3.4 3.8 3.4 3.6 3.8
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Multiplier on energy confinement scaling, H98 [–] 1.75
Total auxiliary power into the plasma, Paux [MW] 46.90
Bootstrap current fraction, fbs [–] 0.925
Effective charge, Zeff [–] 2.085

. Conclusions

The ARIES systems code is being developed as a general pur-
ose tool for parametric design space analysis and optimization of
dvanced tokamak models. As a foundation of the systems code,
he custom-made toolbox of C++ classes and generic functions was
uilt for a wide scope of possible applications in systems analysis
f power plants. The algorithms presented in this paper, however,
ere developed for tokamaks that are similar in configuration to

he ARIES-AT but allow for a variety of different options, such as
lasma shape and size, blanket options, and type and size of the
agnets. The parametric space approach assumed in this analy-

is derives information from a large database of viable tokamak
ystems instead of using a single optimal solution. This became
ossible due to ever-increasing ubiquity of inexpensive computing
ower, which allows for creation and storage of millions of power
lant models on a desktop-type computer within days. A similar
pproach in the eighties would have required a Cray supercomputer
nd prohibitively expensive data processing/storage arrangements.

Test results presented in Section 8. benchmarked the new ARIES
ystems code against the ARIES-AT as a reference tokamak power
lant and demonstrated several possible ways a rich database of
odels can be exploited. The “cloud” of operating points was visu-

lized in 2D and 3D parametric spaces to reveal the key parameters
hat impact the cost of electricity and their mutual dependence. The
isualization highlighted several well-understood effects, such as
he proportionality of the COE to plasma major radius and toroidal
eld at plasma major radius, tradeoff between the plasma energy
ensity and magnetic energy density (ˇ versus BT ), impact of the
rgon impurities on the plasma core radiation fraction and peak
eat flux on divertor and impact of the electron density on the COE.

n addition to plotting multiple parameters across the “universe”
f tokamaks, several operating points with the lowest COE were
resented with the most relevant physics and engineering param-
ters. This was done in order to “zoom” into a narrower span of
arameters likely to harbor the optimal machines. For these oper-
ting points, the magnitudes of the peak heat flux on divertor were
lose to a limit of 8 MW/m2 which signals possible cost benefits
rom either shifting this constraint to higher values (by searching
or more advanced divertor plate materials) or from alleviating the
ivertor heat flux through enhancing the radiation from the power
ore.

This introductory study lays out a path for an in-depth anal-

sis of the operating parametric space of advanced tokamaks. A
ore detailed physics and engineering assessment will be comple-
ented by a full optimization of the tokamak model and described

n a subsequent publication. This assessment will also include a
omparison of the cost impact of utilizing the two blanket con-

[

1.63 1.85 1.55 1.53
53.22 46.23 53.81 53.85

0.989 0.965 0.894 0.854
1.788 1.875 2.017 2.037

figurations described in Section (the Pb–17Li+SiCf/SiC and DCLL
options). A complementary effort is being accomplished to doc-
ument and update the ARIES cost data base and costing algorithms
to be compatible with past study results and reflect the current
cost databases and costing trends. There is a rich heritage of eco-
nomic studies relating to conceptual fusion power plants, upon
which the ARIES code is based, as evidenced in this paper. However,
the assumptions upon which these estimates are based are now
dated and may be obsolete and inconsistent. This costing update
effort is meant to document the past efforts and offer new costing
models consistent with the evolutionary physics and technology
changes evidenced in the new fusion design concepts. These new
costing models will be included in the new ARIES systems code
to enable more consistent and viable performance and economic
comparisons and trade studies.
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