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In this study, we present a technical and economic assessment of high-current HTS bus bars for primary use in

HTS fusion reactors. Our objective is to verify the technical feasibility of such conductors and, for this purpose, we
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carry out a conceptual design of 66 and 105 kA DC bus bars, e.g. as a potential solution for powering the Eu-
ropean DEMO power plant. We employ commercial HTS tapes and reasonable (as well as conservative) as-
sumptions on cooling configurations and costs. Then, we compute the material, manufacturing and operating

costs of these bus bars, comparing them with conventional (i.e. Al) conductors. Different Al current densities are
considered, showing their impact on the total costs and on their technical feasibility. The cumulative operating
costs over a 30-year period, based on nowadays realistic values for electricity cost and discount rate, are then
briefly compared and discussed. We believe the present work could be of interest in designing the power supply
system of future fusion reactors and other high-current industrial applications.

1. Introduction

The use of high-temperature superconductors (HTS) in power
transmission lines has gained a growing interest above all for their su-
perior efficiency compared to conventional conductors. Therefore,
several recent projects worldwide have demonstrated the successful
application of HTS cables in power grids and substations [1-11].

A few research studies have been focused on the economic assess-
ment of HTS cables, and, in particular, on their competitiveness with
respect to conventional conductors. In general, the results have shown
that operating HTS cables at LN, temperatures is not always convenient
with respect to conventional (i.e. Al or Cu) cables, especially if short line
lengths and critical current densities below 10® kA m~2 are considered
[12,13]. Other authors, besides reducing the operating costs thanks to
reduced power losses, have emphasised that HTS power transmission
lines have the additional advantage of allowing lower voltage levels,
thus bringing economic benefits also to auxiliary devices such as
transformers and power switches [14,15].

In recent years, the improvement in the manufacturing technologies
of HTS wires and tapes has allowed to reach larger critical currents. This
has progressively decreased the HTS material costs (strictly speaking,
their operating cost per unit length, measured in $ kA~ m™!), making
them more and more attractive for replacing conventional conductors
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[16].

Another point to be considered is the application cases that have
been studied in the literature. The works mentioned above, in most of
the cases, refer to HTS conductors for high-voltage and/or AC power
grid applications, usually with small current ratings (e.g., in the order of
few kA). Nevertheless, some industrial applications operate at lower
voltage levels and larger currents, thus they could potentially benefit
from an HTS-based solution. It is the case, for instance, of tokamaks for
plasma and fusion energy research, such as the International Thermo-
nuclear Experimental Reactor (ITER), the Japan Torus (JT)—60, and the
European Demonstration Fusion Power Plant (DEMO). The operating
currents of the superconducting magnets in these projects are in the
range 20-70 kA, depending on the coil type and material, and on the
considered plasma scenario [17-20], and suitable power supplies have
been or are being developed. Recent studies, targeted at reducing the
voltage to ground of the European DEMO toroidal field coils, foresee
possible operating currents of 100 kA and beyond [21]. In ITER,
water-cooled Al bus bars are proposed for connecting the super-
conducting magnets to the corresponding power supply systems [22].

In this study, we focus on high-current bus bars for primary use in
fusion reactors, for which we evaluate the possible use of HTS cables
instead of conventional Al bus bars. The objective of the present study is
twofold. On one side, a preliminary conceptual design of high-current
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Fig. 1. Schematic cross section of a single-phase HTS power cable with warm
dielectric (example case for N = 2).

HTS bus bars is presented, considering two representative values of the
operating current, i.e. 66 and 105 kA. The second objective is to assess
the economic feasibility of the designed HTS bus bars, considering ma-
terial, manufacturing and operating costs, and making use of conser-
vative assumptions.

Our results could be of interest not only for the design of bus bars and
power supply systems for future fusion reactors, but also for other high-
current applications (e.g. in aluminium electrolysis plants [23]), despite
the need of dedicated cryogenic equipment and additional components
might lead to larger investment and/or maintenance costs.

2. Cable design
2.1. HTS bus bars

In the present work, we consider DC HTS power cables with a warm
dielectric, whose schematic view is shown in Fig. 1. Essentially, HTS
tapes are wound in an even number of layers around a flexible stainless
steel former, and are then enveloped by a flexible cryostat, usually made
of corrugated stainless steel pipes with interposed thermal insulation.
Outside of the cryostat, a conventional dielectric and an outer electro-
magnetic shield are present.

The HTS tapes are wound with a certain twist angle ¢ with respect to
the axis of the flexible former, and are arranged in opposite directions
over an even number of layers N. The number of tapes per layer is
computed as:

2z,
n= icosrp (€8}
w

where r, is the outer radius of the flexible former and w the tape width.
Note that, for a large number of layers, a variation of ¢ from layer to
layer is required to ensure a uniform current distribution (see, e.g.,
Ref. [24] for details). For the purpose of the present study, here we do
not deepen further these constructive details. We present only a con-
ceptual design of the HTS bus bars with an overestimated number of
tapes, thus pursuing a conservative analysis also from the economic
point of view.

Neglecting the background magnetic field generated by the second
bus bar of each pair, the HTS tapes are subjected only to a field
component tangential to their wide faces, i.e. the self-field of the multi-
layer conductor:

Ho

B, = Loy
* 2a(r, +Ni) ”

_ Ho
2n(r, + Nt)

1Nl gpe (2)

where jig = 41010~7H m ™! is the magnetic permeability of vacuum, t the
tape thickness, I, the operating current of the cable and I;4p, the average
current in each HTS tape.

For a given value of the magnetic field B; and of the operating
temperature T, there is only one possible value of the HTS tape critical
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current I, sqpe, Which corresponds to a bus bar critical current:
I = nNIt'.mpe (Bw Top) 3

Finally, the intersections of the load lines described by the inverse of
Eq. (2) with the I 1pe(Bs, Top) curves provides the tape critical current for
a given number of layers (see Fig. Al in Appendix for details on the
graphical procedure).

In DC power cables, the heat leak through the thermal insulation is
the only component of the power losses of interest, and its value per unit
length is given by [25]:

2rk
Pi = 55z (Tams = Top) )

Tth.i

where k is the thermal conductivity of the thermal insulation, Tgpy the
ambient temperature and ry, ; and ry, , the outer and the inner radii of the
thermal insulation, respectively. The total power to be considered for
computing the operating costs corresponds to the refrigeration (or
cooling) power [25]:

L T — Top
2 Zamb — Torp 5
T, h %)

PHTS =
where 7 is the cryo-plant efficiency. In Eq. (5), the ratio T%;T” is the
inverse Carnot efficiency, while % represents the coefficient of perfor-
mance of the cryo-plant.

2.2. Al bus bars

Here we consider Al bus bars as conventional conductors. The
required cross section is given by:

I
Ay="2 6
=g (6)
The total electric power losses, in this case, are due to Joule heating
and their value per unit length of the bus bar is given by:

PAI ~ pA]JAllop (7)

where the assumed operating temperature must be specified in order to
evaluate the electrical resistivity pa.

3. Economic analysis
3.1. Infrastructure costs

In the following, we denote with infrastructure costs the sum of the
material and manufacturing costs for the realisation of the considered
bus bars. We neglect all the costs associated with ancillary structures, e.
g. cryo-plant, water-cooling circuit, etc., which depend on many other
system-related choices and cannot be estimated from scratch.

The material cost of HTS cables is given by:

Crirsmar = nN Cprs ®

where Cyrs,ma is the total material cost per unit length and Cyrs the cost
of one HTS tape per unit length and can be eventually related to the
operating conditions (Bs and T,) through:

CHTS

©)

CHTS =

tape

which is measured in $ KA~ m~1.

The material cost of conventional conductors, instead, can be taken
proportional to the weight, i.e.:

Catmar = daAaiCa 10)
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Table 1
66 kA HTS bus bar design based on three possible operating temperatures and
four possible outer radii of the flexible former.

Top = 50 K (He gas cooling)

r, = 25.0 mm o = 40.0 mm r, = 55.0 mm 7o = 70.0 mm

N - 34 54 74 95
N - 8 4 4 2
nN - 272 216 296 190
B T 0.666 0.402 0.401 0.236
Tiape A 242.6 305.6 223.0 347.4
I tape A 315.8 375.9 375.2 435.9
I kA 85.9 81.2 111.1 82.8
Iop/Ic % 76.8 81.3 59.4 79.7
Ty = 65 K (He gas cooling)

r, = 25.0 mm 1, = 40.0 mm r, = 55.0 mm ro = 70.0 mm
N - 34 54 74 95
N - 16 8 6 4
nN - 544 432 444 380
B T 0.631 0.390 0.313 0.234
Tigpe A 121.3 152.8 148.6 173.7
I tape A 154.2 184.1 195.9 216.7
I kA 839 79.5 87.0 82.3
Iop/Ic % 78.7 83.0 75.9 80.2

Top = 77.5 K (LN cooling)

r, = 25.0 mm 1, = 40.0 mm r, = 55.0 mm ro = 70.0 mm

N - 34 54 74 95

N — 42 22 14 10
nN - 1428 1188 1036 950
B T 0.566 0.406 0.304 0.248
Trape A 46.2 55.6 63.7 69.5
I, tape A 57.8 72.1 82.7 92.6
I kA 82.5 85.7 85.7 88.0
Iop/1c % 77.5 77.0 77.0 75.0

Table 2

105 kA HTS bus bar design based on three possible operating temperatures and
four possible outer radii of the flexible former.

T,p = 50 K (He gas cooling)

T, = 25.0 mm o = 40.0 mm T, = 55.0 mm I, = 70.0 mm

N - 34 54 74 95

N - 14 8 6 4
nN - 476 432 444 380
B T 1.000 0.667 0.541 0.404
Tape A 138.7 243.1 236.5 276.3
Iape A 277.3 314.9 338.7 374.2
I kA 132.0 136.0 150.4 142.2
Ip/l. %  79.6 77.2 69.8 73.8

Top = 65 K (He gas cooling)

I, = 25.0 mm o = 40.0 mm T, = 55.0 mm 7o = 70.0 mm

N - 34 54 74 95

N - 30 16 10 8
nN - 1020 864 740 760
B T 0.948 0.639 0.459 0.394
Trape A 102.9 121.5 141.9 138.2
I tape A 130.1 153.8 173.6 183.5
I kA 132.7 132.9 128.5 139.5
Iop/1c % 79.1 79.0 81.7 75.3

Top = 77.5 K (LN cooling)

r, = 25.0 mm ro = 40.0 mm r, = 55.0 mm r, = 70.0 mm

N - 34 54 74 95

N - 76 36 26 18
nN - 2584 1944 1924 1710
B T 0.753 0.534 0.450 0.364
Tape A 25.5 54.0 54.6 61.4
Lape A 47.4 69.8 67.3 76.4
I kA 1225 135.7 129.5 130.6
Ip/l. % 857 77.4 81.1 80.4

where Cajmq is the total material cost per unit length, da; the Al material
density and Cy; the Al cost per unit weight.

Finally, the total infrastructure cost per unit bus bar length is defined
as follows:

Ciint = Cipnar + Cipnge an
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where C; g, refers to the manufacturing costs and i to HTS or AL

3.2. Operating costs

While the infrastructure costs are assumed to incur only at the
beginning of the investment period (i.e., at the year 0), the operating
costs incur every year and the corresponding (negative) cash flow must
be discounted. The discount rate at the year j is given by:

(1+p)!

i 12)
(1+q)

fj:

where p is the inflation rate and g the interest rate. Therefore, the total
operating costs in M years for the HTS and the Al solution are given,
respectively, by:

M M
Churs.opaor = Z Curs.opj = Z §j (eTfP urs + CHTS.mnz,j) (13a)
=1

Jj=1

M M
CAI,()/?J()I = Z CA[.()/),/' = Z gj ETjPAI (13b)
J=1

=1

where e is the electricity price, 7 the total number of hours per year and f
the duty cycle. Note that, while in the case of conventional bus bars the
duty cycle can follow exactly that of the superconducting magnets, it
would be not convenient to warm up the HTS bus bars for short dura-
tions, thus the required room-temperature refrigerating power Pyrs
must be accounted for the whole time except the hours needed for
maintenance. In Eq. (13a), in fact, we have inserted also an additional
maintenance cost of the cryo-plant Cyrsmn, Which adds to the yearly
operating costs and is not considered for conventional bus bars. Since in
fusion reactor the cryo-plant maintenance must anyway take place, we
expect that the bus bars share only a small fraction of the total cryo-plant
maintenance costs.

Note also that we neglect the additional electric power needed to
circulate the coolant (i.e. pumping power). In principle, this quantity is
different between HTS and Al bus bars due to the different thermody-
namic conditions of the employed fluids, and cannot be estimated
without a detailed design of the hydraulic circuit.

4. Results and discussion
4.1. Bus bar design

Hereinafter, we consider two possible bus bar designs, i.e. one with
Iop = 66 kA, which is the foreseen TF coil current for the European DEMO
[18,19] and close to the corresponding value used in ITER [17], and a
second one with I, = 105 kKA.

We take PA1212 second-generation REBCO tapes supplied by
Shanghai Superconductor Technology Co. Ltd., China (see Fig. A2 in
Appendix for the critical current performance), with width w = 4 mm
and thickness t = 0.1 mm [26]. Four different outer radii of the flexible
former are studied, i.e. 25.0, 40.0, 55.0 and 70.0 mm. In addition, we
consider three possible operating temperatures, i.e. 50 and 65 K if He gas
is available in the cryo-plant, and 77.5 K, in the case of LN; cooling.

Following the procedure described above, we obtain a total number
of twelve possible bus bar designs for each I, value. In Tables 1 and 2 we
list the proposed 66 and 105 kA bus bar designs, respectively, where
with B we denote the value of the magnetic field extracted from the
graphical procedure (see Fig. Al in Appendix). The number of layers is
chosen in order to operate the tapes at around 80% of the critical
current.

A larger outer radius of the flexible former allows a cost-effective
solution, because it takes advantage of a reduced self-field, thus a
smaller number of HTS tapes is required. In addition, a smaller N would
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Table 3
66 and 105 KA Al bus bar design, including bus bar weigh per unit length, based on four possible current densities.
Ip = 66 kA
Jar = 0.25 A mm~2 Jar = 0.50 A mm~2 Jar = 1.00 A mm~2 Jar = 2.00 A mm~2
A mm? 264,000 132,000 66,000 33,000
da Aal kgm™? 713 356 178 89
Ip = 105 kA
Jar = 0.25 A mm 2 Jar = 0.50 A mm 2 Ja = 1.00 A mm 2 Jar = 2.00 A mm 2
An mm? 420,000 210,000 105,000 52,500
dai Aal kg m™? 1134 567 284 142
35 T T T T 15.33
» |
30 .-~ 113.14
T, =50 K
N T,
251 ke 110.95 =
= . o
I L. -
. o -® T
= g - g
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Fig. 2. Total room-temperature cooling power required for HTS bus bars, and corresponding yearly operating costs, for different values of r, and T,. Note that we
have subtracted the maintenance costs, according to Eq. (13a), in order to show only the cooling costs.
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Fig. 3. Total electric power losses due to Joule heating of the Al bus bars, and corresponding yearly operating costs, for different values of J4; and I,.

potentially reduce also the manufacturing costs and complexity. On the
other side, the maximum value of r, is limited by the minimum bending
radius of the bus bar, which depends on the properties of the flexible
stainless steel former, as well as on the tolerable bending radius of the
HTS tapes. For conventional conductors with a rectangular cross section,
the minimum bending radius is in the range 3 to 6 times the length of the
longer side.

The 66 and 105 kA Al-based bus bar designs, instead, are reported in
Table 3. In this case, four possible Al current densities Jy4; are considered,
i.e. 0.25,0.50, 1.00 and 2.00 A mm 2. The unit weight is computed with
a material density da; = 2700 kg m~>. We assume a constant electrical
resistivity pa; ~ 3.05¢107% Q m at 60 °C.

4.2. Cooling power

Fig. 2 displays the room-temperature cooling power needed for the
HTS bus bars, according to Eq. (5), for different values of r, and T,p. We
use a 20 mm-thick thermal insulation, starting at the radius rg; =7, + 5
mm. This guarantees a sufficiently large gap for hosting the HTS tapes
for both considered operating currents (i.e. 66 and 105 kA), thus making
the calculation of Pyrs independent from I,,. We also assume k = 0.0002
W m ! K ! and 5 ~ 0.20 [25]. The total room-temperature cooling
power falls in the range 7-32 W m™! and has no significant impact on
the overall economic feasibility. In practice, the choice of the optimal
HTS design can be taken independently from the value of the required
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Fig. 4. Cumulative discounted cash flow, over a period of 30 years, for the 66 kA HTS bus bar (left), compared with the solution employing a conventional
conductor (right).
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Fig. 5. Cumulative discounted cash flow, over a period of 30 years, for the 105 kA HTS bus bar (left), compared with the solution employing a conventional

conductor (right).

cooling power, based on the sole optimisation of the infrastructure costs
(as defined above). In general, cooling with He gas supports larger
current densities [27], i.e. a smaller T, allows to reduce the required
total number of HTS tapes, at the price of a slightly larger cooling power.

As shown in Fig. 3, the electric power losses due to Joule heating of
the Al bus bars is two orders of magnitude larger than Pyys and goes
from 503 (for Jy = 0.25 A mm 2) to 4026 W m ™! (for Jy = 2.00 A
mm ™ 2). As will be clear from the cost analysis discussed later, there is a
trade-off between a large current density, which allows reduced bus bar
dimensions and weights, and a small cooling power, which directly af-
fects the operating costs.

4.3. Cost estimation

For the estimation of the material costs, we assume Cyrs = 30.00 $
m~! in Eq. (8) [16] and Ca = 3.00 $ kg™ in Eq. (10). For the
manufacturing costs, following a conservative approach, we assume that
the HTS bus bars require four times the manufacturing costs per unit
length of the Al bus bars, i.e. Crrsmg = 2000.00 $ m~ ! and Capmp =
500.00 $ m .

The operating costs have been already shown in Figs. 2 and 3 above,
where we have assumed an electricity price e = 0.05 $ kWh™1. The
employed duty cycle is 70% (i.e. 6132 h year ') for Al and 95% (i.e.
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magnetic field [T

Fig. Al. Graphical procedure for the determination of the HTS tape critical
current according to Eq. (2). Example case for the tapes considered in Fig. A2,
with ry = 25.0 mm, N = 8 and T, = 50 K. The intersection of the two curves
gives I jqpe ~ 315.8 A and, from Eq. (3), I, =~ 85.9 kA.

8322 h yearfl) for HTS bus bars, and we have assumed Cyrs,mn: = 10 $
m ! year ! as an order-of-magnitude estimation.

As mentioned above, each yearly operating cost is discounted ac-
cording to Eq. (12), assuming an inflation rate p = 1% and a discount
rate ¢ = 4% equal to the weighted average cost of capital [28]. Figs. 4
and 5 display the cumulative discounted cash flows over a period of 30
years, for the 66 and 105 kA bus bars, respectively.

We must specify that an Al bus bar with an extremely low current
density, e.g. Ja; = 0.25 A mm ™2 as considered in this work, represents
always the most favourable solution from the economic point of view.
However, its technical feasibility can be questioned, especially if
considering the corresponding large unit weight (see Table 3).

As expected, we observe that, in general, a larger outer radius of the
flexible former and a lower operating temperature make the HTS solu-
tion competitive with respect to Al bus bars. Considering a reasonable Al
current density of 1.00 A mm™2 for the 66 kA bus bar, an HTS design
operated at 50 K is always more convenient, while only a large r, would
allow a cost-effective operation at 65 K. If considering the same refer-
ence Al current density for the 105 kA bus bar, instead, no cost-effective
HTS operations at 65 K are possible, but a 50 K He gas cooling would be

600
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required.

From Figs. 4 and 5, we note also that an LNy cooling (i.e. operating
the HTS bus bar at 77.5 K) is never convenient for the considered values
of r,. Only if a very large outer radius of the flexible former is employed,
e.g. in the range r, > 100 mm, could bring slight economic benefits, but
at the price of larger minimum bending radii and thus a more complex
logistics and integration.

Note that in the example case of the 68 kA DC bus bar for ITER, the
proposed Al current density of 2.00 A mm 2 makes an alternative HTS
design absolutely convenient from the economic point of view, even
with an operating temperature of 65 K.

5. Conclusions

Is it convenient, from a technical and economic point of view, to
substitute conventional power conductors with HTS bus bars? In the past
decades, this question has had, almost always, a negative answer due to
the excessive cost of HTS tapes. In a few exceptional cases, conventional
cables have been replaced with HTS ones, but almost exclusively in
order to solve technical issues and challenges, rather than for an eco-
nomic convenience.

However, in the last few years the quick reduction in HTS material
costs has changed this scenario and may support the use of HTS cables
where they were prohibitively expensive before. In this study, we have
taken high-current DC bus bars as reference case for a comparison be-
tween Al and HTS technologies.

Our feasibility study indicates that the optimal configuration of HTS
and Al bus bars require a compromise amongst several quantities:

e larger outer radii of the flexible former allow to reduce the number of
layers, thus reducing HTS costs and manufacturing complexity, at
the price of larger minimum bending radii, which must be evaluated
case by case;

e lower operating temperatures increase the critical current of HTS

tapes, thus reducing the HTS material cost because of a smaller

required number of tapes;

larger Al current densities allow to reduce the unit weight of the

cables, at the price of larger electric power losses due to Joule

heating.

With reasonable assumptions and focusing on the ranges 50-77.5 K
for T, and 25.0-70.0 mm for r,, we have shown that several

500

400

300

200

tape critical current [A]

100

o
o
N

3

magnetic field [T

4 5 6 7

Fig. A2. Critical current of the PA1212 second-generation REBCO tapes (Shanghai Superconductor Technology Co. Ltd., China) as function of the magnetic field

parallel to the broad face of the tapes, in the temperature range 35-80 K [26].
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configurations make the HTS solution more cost-efficient than the cor-
responding Al bus bars. This result is even more important if we consider
that very small Al current densities (i.e. J4; = 0.25 and 0.50 A mm~? in
Figs. 4 and 5) are not realistic options for a technical point of view, for
manufacturing, integration as well as logistics reasons. The trend of
price increase in raw materials, furthermore, could represent an addi-
tional disadvantage of conventional bus bars.

If lower He gas temperatures would be available (e.g. 20 or 40 K), the
situation greatly improves in favour of HTS bus bars, which can be
realised with smaller cross-sections. Such a value of T,, would be not
difficult to derive in fusion reactors, where several (e.g. warm return)
cryo-lines from the superconducting magnets are generally available.

From our feasibility study, even using several conservative assump-
tions, it is evident that HTS power cables have a great potential from the
economic point of view. A realistic reduction in the material cost (from
the assumed 30 $ m’l) in the coming years [16], makes the HTS solution
the most convenient way of powering future fusion reactors.
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