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ABSTRACT

The aim of this paper is to present feasibility of application of High Temperature Superconducting (HTS) cables
for Space-Based Solar Power (SBSP) application. SBSP is a promising technology that can deliver an infinite
amount of clean and eco-friendly energy to the Earth. To deliver the harvested solar energy to the power systems
on Earth, efficient energy transmission is critically important. To address the challenges of conventional trans-
mission means, an ideal solution would be using HTS cables. In this research, the design procedure of a Direct
Current (DC) HTS cable considering electromagnetic, thermal, and cost constraints is presented. The study
considered a 2 MW bipolar DC HTS cable in five operational temperatures: 20 K, 30K, 50K, 65K, and 77 K. The
results were showed that the cost and weight of the designed HTS cables were increased by operational tem-
perature increase. However, the cooling cost of HTS cable in higher temperatures, was less than lower tem-
peratures. Also, the total efficiency of the HTS cable and cooling system were increased, when operational

temperatures were changed from 20K to 77 K, from 99.70% to 99.97%, respectively.

1. Introduction

High Temperature Superconducting (HTS) cables offer a wide range
of advantages over their conventional copper-based counterparts, such
as high current carrying capability in compacter and lighter structure
(Yazdani-Asrami et al., 2022a). Direct Current (DC) HTS cables could
transmit electrical energy with negligible loss, making them excellent
choices for high current and low voltage purposes (Morandi, 2015a).
Thus, DC HTS cables have been considered a promising futuristic option
in some industries as reliable transmission/distribution lines, such as in
conventional power grids (Sytnikov et al., 2016; Sadeghi et al., 2021),
novel power grids with renewable energy resources (Kloppel et al.,
2021; Sadeghi et al, 2022), cryo-electric aircraft (Sadeghi and
Yazdani-Asrami, 2022; Yazdani-Asrami et al., 2023; Marchionini et al.,
2017), electric ships (Cheetham et al., 2019), etc. In electric spacecraft
and satellites, cryogenic cooling systems have been already imple-
mented in the last few decades (Vorreiter, 1980). As a result of this,

recently the possibility of implementing superconducting devices in
space applications have been investigated. In this regard, super-
conducting coils and magnets have been used for galactic cosmic ray
shielding (Kervendal et al., 2009; Bergen et al., 2016; Chesny et al.,
2020; Calvelli et al., 2020), also for different types of electromagnetic
thrusters (Ma et al., 2022; Yang et al., 2020; Cassady et al., 2009), and
for magnetic bearing (Matsumura et al., 2016; Jigiang et al., 2012).
Thus, the advantages of HTS cables in terms of mass and loss (including
the required cryogenic cooling system), make electric spacecraft a po-
tential application for DC HTS cables to distribute the required electrical
power for the thrust/propulsion of spacecraft and satellites.

It is estimated that by the end of 2050, the global demand for elec-
trical energy will increase above 300%, reaching to more than 50 billion
MWh (Groll, 2023; Kamani and Ardehali, 2023; Hasanuzzaman et al.,
2017). To meet such a large demand, 2000-7000% more mining and
construction works are required to build renewable power plants such as
solar farms and windfarms and develop other clean energy resources. As
a result of this, it raises concerns about available resources and the
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Nomenclatures
Symbols
K Kelvin
&f Former Thickness (m)
Ty Radius of the Former (m)
Wse width of superconducting tape (m)
a winding angle (radian)
g gap between HTS tapes (m)
R¢ Resistance of the former (Q)
Py Resistivity of the former (Q.m)
Top Operational Temperature (K)
Lc cable length (m)
N, electrical number of HTS tapes
Iop Operational current (A)
I Critical Current (A)
Ng; Geometrical Number of HTS tapes in ith layer
Py perimeter previous layer (m)
m Marginal Factor<1
Sins Insulation thickness (m)
Bse; HTS tape thickness (m)
n safety factor
Ey breakdown voltage of insulation (V/m)
Tins; Insulation outer radius (m)
Vie Operational DC voltage (V)
Q: Total Loss (W)
Qnige loss originated in the superconductor (W/m)
Qur pseudo insulation loss (W/m)
Qc, pseudo-AC loss (W/m)
Qcry Cryostat loss (W/m)
QcL Current Lead Loss (W)
Qs Former Loss (W)
n Index Value
E, Critical Electric Field (V/m)
fr ripple frequency (Hz)
tand Insulation loss factor
Capyys Capacitance of insulation (F)
AU half of full amplitude of voltage ripples at a given
frequency (V)

Peu resistivity of copper current leads (Q2.m)
Peooling cooling power (W)

Dygco Density of ReBCO Tape (kg/m3)

kreBco Thermal conductivity of ReBCO Tape (W/m.K)
Wp, Former Weight (kg)

Wins Insulation Weight (kg)

Wer Coolant Fluid Weight (kg)

Cro Cost of former (EUR)

Lyrs, Length of HTS tape (m)

cburs Base cost of HTS tapes (EE)

chins Base cost of insulation (EX)

cbgy Base cost of shield (EZR)

Cyac Vacuum cost (EUR)

Cterm Termination cost (EUR)

Cnan maintenance cost (EUR)

Cais Discount cost (EUR)

0] Discount Rate

Keore conductivity of cable aluminum/copper cable core
Ira ripple current amplitude

Tamb ambient temperature (K)

Mcooting  mass of cooling system

Crypco Heat Capacity of ReBCO Tape (J/kg.K)
Dy, Former Density (kg/m®)

Whrs, HTS layers weight (kg)

Wihield Shield Weight (kg)

Wior Total Weight of HTS cable (kg)

Chrs,, Cost of HTS tape (EUR)

cbpo base cost of copper former (cby,) (%)
Cins Cost of insulation (EUR)

Cshield Shield Layer Cost (EUR)

Cother Other costs (EUR)

Ceap Cabling cost (EUR)

Clay Laydown cost (EUR)

sy Service year

Ceryo Cryostat cost (EUR)

D¢r Density pf coolant fluid (kg/m>)

AU, maximum allowable voltage drops

environmental impacts of such exponential growth in mining and con-
struction activities. On the other hand, the utilization of renewable en-
ergy resources on Earth is hindered by multiple factors. Firstly, energy
storage technologies must be improved to increase the reliability and
stability of power supplied to end users. Additionally, the initial costs of
setting up renewable power infrastructure are considerably high.
Moreover, some renewable-related technologies still have low Tech-
nology Readiness Level (TRL), and this brings further challenges for the
energy sector (Anon Space Energy Initiative). One of the promising so-
lutions is Space-Based Solar Power (SBSP). As shown in Fig. 1, this
method considers harvesting the infinite solar energy existed in space
and transmitting it wirelessly to the (Anon Space Energy Initiative)
Earth. As shown in this figure, the SBSP consist of multiple solar panels
that harvest the energy of the sun and use RF generators to transmit
them to the Earth.

The implementation of SBSP, as an alternative to the conventional
terrestrial renewable electrical energy production, could potentially
reduce the burden of the increasing need for fossil fuels, water sources,
metals, minerals, and more importantly CO, emissions and other pol-
lutions for generating electric power in existing powerplants on the
Earth (Ren et al., 2023). The SBSP technology has the advantage of
continuous energy generation independent of the daylight hours or the
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weather conditions, that could enhance the safety and reliability of the
power grid by removing the power generation uncertainties (Bidkar,
2012). Also, the consistency and intensity of the solar power in space is
much higher than terrestrial solar farms that results in enhancing the
energy generation per unit area of SBSP, compared to ground-based
solar farms (Li et al., 2017a). It should be mentioned that terrestrial
solar farms require a specific area for their implementation and instal-
lation that is limited by other land uses such as agriculture or urban
developments. On the other hand, the SBSP technology does not have
such limitation since it uses space in orbit, leaving land free for other
purposes. Also, SBSP technology is less susceptible to natural disasters
such as earthquakes, hurricanes, and floods. Finally, solar panels of
SBSP, unlike those in ground applications, are not affected by extreme
temperatures, or degradation from dust/pollution that results in longer
lifetime of solar panels in SBSP technology (Verduci et al., 2022; Gosavi
et al., 2021; Wood and Gilbert, 2022; Jenkins, 2011).

Regarding the challenges of SBSP technology, it is necessary to
mention that the required technology for harvesting solar energy in
space, transmitting it to Earth, and efficiently distributing it, is complex
and costly. Enormous infrastructures and a robust transmission system
are needed to make SBSP operational for green energy purposes in
future. Although it offers a wide range of opportunities to address the
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Fig. 1. A figurative picture of Space-Based Solar Power (SBSP) (Anon Space
Energy Initiative) system.

challenges of conventional renewable energy systems, the economic,
technical, and environmental considerations of such energy sources are
critically important (Anon Space Energy Initiative). Indeed, SBSP is one
of the satellite systems designed to harvest the energy of the sun in the
form of electrical energy, by using solar panels. The collected electrical
energy is then transmitted to Radio Frequency (RF) generators, where it
undergoes conversion into high frequency waves. To ensure the energy
reaches our planet, beams are employed to transmit these waves back to
Earth (Li et al., 2017b). Once the waves reach Earth, they are converted
back into electrical energy before being integrated into the power
network for widespread use. This innovative concept proposes several
significant advantages, making it a compelling prospect for future en-
ergy solutions. In this regard, High Temperature Superconducting (HTS)
cable technology could be used as an efficient and cost-effective solution
in SBSP. Energy from the sun is generated with low voltage and
extremely high current (Jaffe and McSpadden, 2013). If one tends to use
conventional copper-based transmission lines, as a connection between
solar panels and RF generators, the final cost, size, and weight of such
lines as well as their feasibility would be impractical for SBSP. HTS
cables can drastically reduce the size, loss, weight, and cost of distri-
bution lines in SBSP (Powell et al., 2002). Although HTS cables seem to
be an excellent choice, there is a lack of investigation into the design and
modelling of such cables for SBSP application. On the other hand,
currently, researchers are well focused on developing solar cells with
high efficiency by using the technologies like multi-junction solar cells
to increase the power density of the energy harvesting part of the SBSPs.
To further increase of the power density, investigations are carrying out
to reduce the weight and size of the solar cells (Chiu, 2023; De Oliveira
Lorenzi and Neves Micha, 2023; Liu et al., 2024). Regarding solar cells,
flexible solar cells is also getting investigated since they are more
convenient for packaging during launch and can be deployed easily in
space (Liu et al., 2023; Cai et al., 2023; Qian et al., 2023). However, the
implementation of superconducting devices for SBSP application has
remained in very initial conceptual stages. Among the superconducting
devices, HTS cables are critically important to deliver the high curren-
t/low voltage characteristic of the harvested energy to RF generators.
The design of HTS cables have been discussed for power system appli-
cations and for aircraft applications, however; there is a gap in providing
a design procedure for HTS cables considering the SBSP limitations and
requirements.

In this paper, the design procedure of DC HTS cables for SBSP ap-
plications is presented by considering five different operational tem-
peratures of 20 K, 30 K, 50 K, 65 K, and 77 K. In this study, the cost of
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HTS cable and cooling system, its weight, and temperature/AC loss
characteristic are analysed to assess the feasibility of using HTS cables in
SBSP applications. The findings indicate that the cost and weight of the
designed HTS cables increase with higher operational temperatures.
However, the cooling expenses for these cables at higher temperatures
were lower compared to lower temperatures. Additionally, the overall
efficiency of both the HTS cable and cooling system improved as oper-
ational temperatures rose from 20 K to 77 K, increasing from 99.70% to
99.97% respectively.

In this regard, Section 2 of the paper is dedicated to presenting the
design routine of the HTS cable concerning the different layers in the
HTS cable. Section three summarizes the analytical modelling ap-
proaches to characterize the electromagnetic and thermal behaviour of
the cable. Finally, Section 4 of the paper is dedicated to the results of the
design and modelling of the HTS cable. In this section firstly, the HTS
cable is characterized and then, based on different temperatures, the
final design of the cable is presented. At last, the design and efficiency of
the HTS cable are comprised of copper and aluminium cables to show
their inability to be implemented in the SBSP power system. Generally,
after the design and magnetic, electric, and thermal characteristics of
each HTS cable design, the cost and weight of these designs would be
calculated and compared.

2. Design procedure of HTS cable

In this section, the design procedure of a DC HTS cable is presented
based on the design requirements of the SBSP application. A schematic
of a DC HTS cable is shown in Fig. 2, an DC HTS power cable consists of
one or more layers of HTS tapes helically wound on a cylindrical
stranded copper former surrounded by electrical insulation. As for
conventional cables, a further copper layer, referred to the shield layer,
is applied after the insulation to equalize the electric field. To reach the
cryogenic operating temperature of the superconductor the whole HTS
cable’s core (former, HTS layers, insulation, and shield) is immersed in a
double-wall cryostat allowing the flow of cryogenic coolant. After
considering the power, voltage, and the current of DC HTS cable, the
first step for the design of the cable is to calculate the thickness and
radius of the former which is also used as the coolant return path. Then,
there is one of the two poles of the bipolar HTS layers and then insu-
lation. After that, the other pole is located on the insulation, then, there
is a copper shield and cryostat.

In this regard, the thickness §¢ of former layers is 1 mm (about 0.04
in) which provides an acceptable fault limitation capability and mini-
mizes the total weight of formers, based on the results shown in (Sadeghi
and Yazdani-Asrami, 2022; Sato et al., 1997). Then, based on the width
of the selected HTS tape, the radius of the former layer is selected based
on Eq. (1) (Morandi, 2015b):

W, +
Z - sc g
sina X &

r €y
where, 1y is the radius of the former, wj is the width of superconducting
tape, a is the winding angle, and g is is the gap between HTS tapes.
The next step is to calculate the DC resistance of the former, based on
its structural properties and according to Eq. (2) (Sumption et al., 2020):

= p(Ty) Le

T,) = "
m (25/?/ - 5f)

op

Ry( @

where, R¢(Top) and py (Top) are the resistance and resistivity of the former
in operating temperature of Ty, L is cable length, d is the thickness of
the former layer, and ry is the radius of the former layer.

Eq. (3) shows the number of HTS tapes N, in the cable that is
electrically required to carry the operating current of I, in DC HTS
cable, in each pole, while Eq. (4) shows the number of HTS tapes on each
former that is geometrically possible (Kottonau et al., 2019).
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Fig. 2. A schematic of a bipolar DC HTS cableused for SBSP application.

I,
N, = [W:k?}p) 3
B
Ny = (o +g)J ()]

where, N, is the electrical number of HTS tapes, m is the design marginal
factor, I. (Top) is critical current of HTS tapes at operating temperature of
Ty, Py is the perimeter previous layer, and Ng; is the number of tapes
that could be laid on i former. In Eq. (3), it is implicitly assumed, as a
first approximation, that the magnetic field generated on the tapes by
the transport current of the cable does not significantly affect the critical
current, which is viable assumption due to the parallel orientation of the
magnetic field and since in practical applications the magnitude does
not exceed the tens of mT. It should be mentioned that unless, Ng; > N,

another HTS layer must be added to the cable structure.

Based on the opertional voltage of HTS cable, insulation thickness
and its radius could be determined, as shown in Egs. (5) and (6) (Stamm
et al., 2020).

1 >

where, E}, is breakdown voltage of selected insulation, & is thickness of
selected insulation, and 7 is the safety factor which is in the range of
0.2-0.3 (Stamm et al., 2020).

Finally, and after designing all HTS layers of the cable, final radius of
the cable core is calculated and then based on (Bruzek et al., 2014), the
cryostat type is selected. Fig. 3 shows the design flowchart of the DC HTS
cable to be used in SBSP application. As shown in this figure, the HTS

Ve

ins = (1, +65c;) (ew,,(rf,w,.) _

)

= (rf,- + 5sq) + Oins (6)

rinS[

A4

Get the values of voltage. current.
pressure. and temperature

A 4

\ 4

Former radius by

Electrical number of .
: t 1
tapes (Ne) equation(3) 2 equation (1)
> Former design
v v
Geometrical number of Former resistance
tapes (Ng) equation(4) by equation (2)
HTS layer design € l
<>
Is pressure
7 > Cryostat consideration drop(temp SRt
s increase

&
<

acceptable?
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Fig. 3. Design flowchart of DC HTS cable.
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cable design procedure starts with setting the operational electrothermal
conditions, such as voltage, current, and temperature. Then, based on
the previously discussed equations, the required electrical number of
HTS tapes are calculated. Then, number of HTS tapes that are geomet-
rically feasible on the perimeter of the former/previous HTS layer is
calculated. if the total number of HTS tapes become bigger than elec-
trical number of HTS tapes, the design procedure would go forward for
cryostat calculations, unless another superconducting layer should be
added, and the steps should be repeated. Finally, the design procedure
would be finished after calculation related to the cryostats.

3. Modelling procedure

This section is dedicated to modelling procedure of DC HTS cables,
based on their thermal, magnetic, and electrical characteristics.

3.1. Loss calculation in DC HTS cable

As shown in Eq. (7), total loss (Q;) in any DC HTS cable — though
extremely low compared with conventional copper cables — consists of
multiple components. The first component Q. is the loss originated in
the superconductors, which is calculated according to Eq. (8) (Nolan
et al., 2022). It should be mentioned that there are no ideal DC cur-
rent/voltage waveforms without any ripples . Thus, voltage ripples
impose a pseudo dielectric loss Q,zto the cable while current ripples
impose a pseudo-AC loss Qc,. These two ripple-based losses are
calculated as shown in Egs. (9) and (10) (Bruzek et al., 2014; Norris,
1970). There are also losses Q¢ that originate in the current leads, as
shown in Eq. (11) (Glowacki et al., 2020). Finally, the loss generated by
passing the current through the former layer is determined by using Eq.
(12).

0, = Lc(Owige + Qur + Qcy + Qcny) +2(Qcr + Op) @
Onige = Iy ' EL " (T,p) ®
Q.r = 2xfrtandCap,, AU* 9

Hofr Ipale(T,) Ina Irude(Top)
QCR = 7 |:<I§(Tup) - fp In{1- 1('(71)1)) + 112- (TOP)IRA - 4 .
Qc. = Ipp\/1600p,,, (Tums — Top) an
Op = Rylj, (12)

where, I, is operating current, n is index value, E, is critical electric
field, fz is ripple frequency, tané is loss factor of insulation, Cap;, is the
capacitance value of the cable, AU is the half of full amplitude of voltage
ripples at a given frequency, i, is permeability of free space, Ir4 is the
ripple current amplitude, p,,, is resistivity of copper current leads, T is
ambient temperature, and I, is current passing through former.

After getting the total heat load values for DC HTS cables, Eqgs. (13)
and (14) could be used for determination of the required cooling power
and mass of cooling system (Ladner, 2011). It should be noted that Eq.
(13) is valid for temperature range of 5 K to 300 K and Eq. (14) is valid
for the same temperature range and cooling power range of 0.1 W to
10 kW (Ladner, 2011).
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1~1Qlax Tamb - 1-1Q1m Tap

Peooiing =
" 735335 x 100 x T, —9.9354 x 10573, + 3.2995 x 1012,
a3
Megoing = 0.62702 x P35S as

where, Pcooling is the cooling power, and Mc,iing is the mass of cooling
system.

3.2. Temperature calculation of HTS cable

To calculate the temperature of ReBCO tapes, Eq. (15) could be used
in steady-state where heat transfer between HTS layer and coolant fluid
is assumed to be zero (Hahn and Ozisik, 2012; de Sousa et al., 2021).

or

T kgesco OT
Dresco(T) CPMCU(T)E:"MCO(T) 0

FEl —+ O

or as

r
where, Dgepco(T) is the equivalent mass density of HTS tape, Cp,,, (T) is
specific heat capacity of HTS tape, and kgegco(T) is thermal conductivity
of ReBCO. It should be mentioned that, since thermal steady state is
considered, radial conductive/convective heat transfer between
different layers and longitudinal heat conduction are neglected (De
Sousa et al., 2020), in Eq. (15).

3.3. Cost and weight calculation of HTS cable

In this section, weight and cost of different parts of an HTS cable are
calculated. Eq. (16) is used to calculate the weight of former layers based
on their radius (ry), thickness (Jf), and the density of the material used in
the former layer (Dy,) (Sadeghi and Yazdani-Asrami, 2022). Then, Eq.
(17) could be used to calculate the weight of HTS tapes in ith layer of the
cable, where, q; is the twisting angle in the ith layer of HTS cable and Ny ;
is the number of tapes in ith layer (Musso et al., 2022a). The insulation
weight and shield weight of the cooling system is calculated by using
Egs. (18) and (19) (Sadeghi and Yazdani-Asrami, 2022). Afterwards,
based on the final designed value of cryostat layer radius (rc,), the
weight of coolant fluid could be calculated by using Eq. (20), where D¢

(10

is the density of the coolant fluid. Finally, the total weight of the cable is
the summation of weights and the weight of cryostat (W) as shown in
Eq. (21) which is discussed in detail in (Bruzek et al., 2014).

2
Wﬁ, =T LchU |:(rf + (Sf) - (rj’)2:| (16)
2mry,
Whrs;, = —————Lc¢ X Ny i X Dgepco a7)
w,.cos(a;)
Wins =7 LeDing [(Fins + 8ins)” = (rins)” ] 18
Wsh[eld =T LCD.rh [(r.sh + 5.&/1)2 - (r.xh)z ] (19)
Wer =m LcDer [(Vcryo)z — (Pins + 5[ns)2] (20)
Wior = Wio + Whrs,; + Wins + Weryo + Waniera + Wer (21)

After the calculation of weight for different layers of HTS cable, their
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purchasing cost can be calculated. Firstly, Eq. (22) offers the cost of
former layer based on the base cost of copper (cby,) in (%) (Musso et al.,
2022a). Then, the cost of superconducting tapes in HTS cable is calcu-
lated according to Eq. (23), where N; is the number of HTS layers and
cbyrs is the base cost of HTS tapes in (%). Same as the former layer,
insulation cost and shielding cost could be calculated according to Eqs.
(24) and (25) (Lee et al., 2019; Politano et al., 2001). There are also
other costs such as vacuum pump cost, cabling cost, termination cost,
and laying/maintenance cost of HTS cables, that are shown in Eq. (26)
(Musso et al., 2022a; Li et al., 2009). Finally, the total cost of HTS cable
is the summation of the cost minus a discount value, shown in Eq. (27)
(Musso et al., 2022a; Lee et al., 2016; Yuan et al., 2018), where sy is the
service year of the cable, ® and is the discount percentage.

Cp, = Wy, X cby, (22)
Ny,

Curs,; = ZLHTS, X Ny i X cbyurs (23)
pa

Cins = Wins X Cbing @4

Caietd = Wieta X by, (25)

Comer = Crac + Ceab + Crerm + Clay (26)

Ctor = (Cfa + CHTS,‘, + Cin: + Ccryo + Cshicld + Corher)

_ i: LCXszm + Cdis (27)
sy(1+ @) (1+@)”

i

where, Cy, is the cryostat cost, Cnan is the maintenance cost, and Cy;s is
the dismantling cost. It should be mentioned that in this study, also the
cost of the manufacturing of HTS cables is assumed to be as 20-25% of
the cost of the materials used for HTS cable, based on the study pre-
sented in (Morandi et al., 2016).

4. Results and discussions
In this section, firstly, the power system of SBSP where the HTS cable
is implemented, will be explained, then, based on the voltage, current,

and ripple characteristics of this grid, the design of the HTS cable will be
discussed.

DC/DC
converter

12.5 kA

conductor

>
+80 VDC
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4.1. Power grid of the SBSP

Fig. 4 shows the internal electric power system of a SBSP, according
to (Powell et al., 2002), where solar panels receive the energy of the sun
and turn them into DC electric energy. After that, DC/DC converters are
used to reduce the voltage level of harvested sun energy to 80 volts and
increase its current to 12.5 kA. Then, two poles of HTS cables are used to
transmit the power with high current low voltage characteristics. The
low voltage characteristic is preferred to reduce the thickness of elec-
trical insulation (Yazdani-Asrami et al., 2022a), and dielectric loss,
without significantly impacting the cable size. Finally, another DC/DC
converter unit is used to increase the voltage level of electricity and
transmit the power to the RF generators. In this level, electrical power is
converted into microwaves/lasers and beamed to the Earth. In this
structure, and due to the implementation of HTS cables, a cryogenic
cooling system and a coolant tank are required to maintain the super-
conducting state of the HTS cable.

4.2. Design of DC HTS cable for SBSP application

The characteristic of HTS tapes varies considering temperature
changes, therefore, four operating temperatures have been considered
for DC HTS cable design, namely, 20 K, 30 K, 50 K, 65 K and 77 K. These
are the operating temperatures can be reached by employing Liquid
Hydrogen (LHj2), Gaseous Helium (GHe), and Liquid Nitrogen (LN3) as
the most probable cryogenic coolant fluids to cool down the HTS devices
in aerospace application, as stated in (Yazdani Asrami et al., 2022;
Radebaugh, 2004). The logic behind the selection of these temperatures

Table 1
Specifications of HTS tapes used to design the HTS cable for the SBSP application
(Anon Robinson HTS Wire Critical Current Data Base).

Parameter Value Unit
Ic@65K& 0T 338 A
Index value @65 K & 0T 23.43 -
Width 12 mm
Thickness 160 um
Substrate thickness (Hastelloy) 100 pm
Copper stabiliser thickness 50 pm
ReBCO thickness 3 pum
Silver shield thickness 1.6 pum
MgO layer thickness 3.3 um

DC/DC
converter

Normal
conductor

Cryogenic
refrigeration
system

Fig. 4. Internal power system of a SBSP system with DC HTS cable implemented in it.
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is to analyse the impact of different coolant fluids on the final weight and
cost of cable, minimum loss in DC cables, final cost of coolant fluid, and
peak temperature of HTS cable. To minimize the number of supercon-
ductors required, under each operating temperature, an HTS tape
manufactured by THEVA is selected that has an high critical current
even at 77 K temperature (Anon Robinson HTS Wire Critical Current
Data Base). The most important specifications and properties of the
selected HTS tape are tabulated in Table 1. It should be noted that based
on (Bruzek et al., 2014), coaxial structure is the most efficient structure
of DC HTS cable for voltages lower than 20 kV. This cable is highly
compact and common terminations and joints could be used for both
poles. It should be noted that the critical and index value of the HTS tape
is reported in Table 1 at 65 K temperature, however, to design the HTS
cable in other temperatures, critical current values should be adjusted.
The critical current values for temperatures of 20 K, 30 K, 50 K, and
77 Kare 978 A, 832 A, 545 A, and 162 A, respectively. The index values
also at these temperatures are 36.2, 25.5, 23.8, and 21.5, respectively
(Anon Robinson HTS Wire Critical Current Data Base).

Table 2 summarizes different parameters of the HTS cable under
each considered operational temperature. At this stage, three different
fluids have been considered as cryogenic coolant fluids of the HTS cable,
Due to different critical currents at different operational temperatures,
the number of HTS layers increases concerning operational current in-
crease. Based on these changes, the final critical current of the HTS
cable, the final radius of the HTS cable, etc. have been changed. Table 3
shows all the parameters that have been used for weight and cost
calculation of the designed HTS cables.

4.3. Loss and temperature comparison of different cable designs

Fig. 5 displays the maximum value of total losses per unit length in
each designed HTS cable. The lower operational temperature results in
higher critical currents and thus, the magnitude of the total loss would
be lower. The higher losses in HTS cables with operational temperatures
of 50 K to 77 K are mainly due to the higher number of superconducting
layers and reduction of the critical current. For instance, when the
number of superconducting layers increases to 7 for cable with opera-
tional temperature of 50 K, the total loss of the cable would increase by
31% and when the number of layers increases to 9, the total loss would
increase 44%.

This shows how the number of superconducting layers could affect
the maximum heat load injected to the cooling system. Fig. 6 shows how
the calculated losses affect the maximum temperature in designed ca-
bles. Here, the figure is normalized based on the operational tempera-
ture to help the readers in understanding the impact of heat loads at
different temperatures. The lower the operational temperature gets, the

Table 2
Final HTS cable sizing parameters based on different operating temperatures.
Operating temperature 20K 30K 50K 65 K 77 K
Probable coolant fluid LH, GHe GHe LN, LN,
Dcr (%) Yazdani-Asrami et al., 708 178 178 807 807
(2022b)
Number of HTS layers in the positive 2 3 4 6 12
pole
Number of HTS layers in the 2 3 4 6 11
negative pole
Total number of HTS tapes in the 21 32 43 65 131
positive pole
Total number of HTS tapes in the 22 33 44 66 134
negative pole
The radius of the insulation in 21.82  21.98 22.14  22.46 23.42
positive pole (mm)
Radius of the insulation in negative 22.64 2296 2328 2392 2568
pole (mm)
Radius of shield layer 23.64 2396 2428 2492 26.68

4529

Energy Reports 11 (2024) 4523-4536

Table 3
Weight, cost, and magnetic parameters used to model the HTS cable for SBSP
application (Musso et al., 2022b).

Parameter Value Unit
of 1 mm
Sins 0.5 mm
tand 0.001 -
Ding 910 kg
m
Dy, 8960 kg
m
Dy 8960 kg
pcy
cbyo 8.14 EUR
kg
cbyrs 35 %
m
Cbins 10 EUR
m
cbgpy 8.14 Eﬂ
m
Caryo 100 EUR
w
Crac 52 EUR
m
Ceab 3 k.EUR
m
Crerm 60 EUR
m
Clay 20 k.EUR
m
Ciis 20 k.EUR
Cinan 10 k.EUR
sy 50 Yyear
[ 0.1 -
201
18.5937 18.7796
18
16.7812
16
,g i 12.8045 12.9494
; 12
210
—
s 8
&
6
4
2
0 .
20K 30K 50K 65K 77K
Top (K)

Fig. 5. Total loss of designed HTS cables with respect to different temperature.

lower the heat capacity of ReBCO tapes are. Thus, lower heat could
increase their temperature more, compared to higher operating tem-
peratures. As an example of this, the heat load in 20 K is about 31%
lower than the heat load in 77 K while the maximum temperature of the
cable is about 14% higher than cable operating in 77 K temperature. It
should be noted that the results of Figs. 5 and 6, are calculated for 0.1%
of ripple amplitude and at 50 Hz. Fig. 7 illustrates the cooling system
power and mass of DC HTS cables scenarios operating in different
operational temperatures. The required cooling power at room tem-
perature of DC HTS cable in 20 K is about 3.2 kW while this value for
HTS cable of 77 K is about 400 W. Just consider that heat load of DC HTS
cable in 20 K is about 32% lower than heat load of DC HTS cable at 77 K.
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Fig. 7. Required cooling power and cooling system mass of designed HTS ca-
bles with respect to different temperature.

Considering these two values of cooling power and heat load, it could be
conceived that the application of DC HTS cables in 77 K temperature is
more rational in terms of cooling system power. The next item about
cooling system is considering the mass of cooling systems. In this regard,
mass of cooling system at 77 K is about 15 kg while the mass of DC HTS
cable at 20 K (with lower heat load) is about 56 kg, for a 1 meter DC HTS
cable. This means that cooling system mass decreases with the opera-
tional temperature increase. For space applications, DC HTS cables that
operate in higher temperatures are more beneficial in terms of cooling
system mass and required power.

Fig. 8 illustrates the impact of ripple characteristics on the total loss
of the designed HTS cables in 20 K, 30 K, 50 K, 65 K and 77 K, respec-
tively. As seen in this figure, the higher the ripple frequency gets, the
total losses increase. This is also the case for increasing the ripple
amplitude. For instance, in 20 K, when, ripple amplitude is 0.1% for
50 Hz ripple frequency, total loss is about 12.8 W/m while this number
for 10% ripple amplitude and 10 kHz frequency is about 15.8 W/m
(about 23% increase). The loss increase rate versus ripple characteristic
is about 31% in 30 K, about 33% in 50 K, and about 21% in 65 K. This
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high level of losses in high ripple frequencies and amplitudes shows the
importance of designing the power converters so that the maximum heat
load imposed to cooling systems are reduced.

4.4. Cost comparison of different cryostat cable designs

In this section and based on parameters presented in Table 3, cost
and weight of different components of HTS cables are analysed per unit
length and then listed in Table 4. Due to the increase in number of the
superconducting layers with respect to the operational temperature in-
crease, the weight and the cost would be increased. The cost of HTS
cable for 65 K is about 167% higher compared to 20 K and 30 K designs,
this value for 77 K is 303%. This value for weight is also about 167%.
Copper has higher density and lower per unit length price, compared to
HTS tape. As a result of this, the weight of copper former is higher than
HTS tapes weight while the purchasing cost of copper former is about 38
times lower than HTS tapes purchasing cost. Afterwards, minimum ef-
ficiency of the cable is calculated based on the highest total loss which is
in 10% ripple amplitude and 10 kHz ripple frequency. As can be seen
from Table 4, due to the higher number of HTS layers at 65 K, the total
weight of HTS cable is about 144% higher while its cost is about 170%
higher. About HTS cable in 50 K, its weight is 82% higher than 20 K
cable and 25% lower than 65 K cable, these numbers for cost are 94%
and 40%.

4.5. Recommendations for manufacturing SSP-specific superconductors

As seen in previous sections, at higher operating temperatures, the
number of HTS tapes and superconducting layers increases. However,
higher cryogenic temperature is much more practical for space appli-
cations because cryogenic cooling systems get heavier, more expensive,
with base operating temperature reduction. In addition, cryocoolers
need higher power at lower temperatures which would be struggle to
provide it in space missions. The loss generated by HTS tapes is another
problem that should be considered by manufacturers where an HTS tape
with higher engineering current is needed that could end up with lower
losses in HTS tapes and higher efficiency of HTS cable. This is not only
important from cable performance and efficiency point of view, but also
quite critical as higher loss requires higher cooling power. Thus,
providing such higher cooling power would not be easy in space.
Another important fact about the HTS tapes is that they face some
structural fractures during their manufacturing processes. These micro-
fractures could increase the probability of quenches and weak points
that can be quite catastrophic in a space mission. Artificial Intelligence
(AI) techniques could play a vital role by acting as a supervisor during
the whole process of HTS tape manufacturing and manage this process
so that the microfracture number minimized (Yazdani-Asrami et al.,
2023, 2022c; Yazdani-Asrami, 2023).

Finally, it should be mentioned that there is a trade-off between the
cooling cost of the cable and the cost of superconducting tapes that is
used in HTS cable. By the increasing the temperature from 20 K to 77 K,
the cost of superconducting tapes would be approximately 200%
increased while the cost of the cooling system would be 67% reduced.
However, one should remind that the cost of superconducting tapes is in
range of thousands of euros while the range of cooling system is in
millions of euros. This means that by increasing the temperature from
20 K to 77 K, about 2.1 million euros would be saved, without consid-
ering the impact of temperature on energy loss. On the other hand, by
reducing the temperature from 77 K to 20 K, although HTS tapes could
save us about 5.68 thousand of euro, the cooling system would impose
2.15 million euros more to the cost of cooling system. Thus, during the
design of the HTS cable for SBSP applications, these considerations must
be considered.
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Fig. 8. Total loss of designed HTS cables with respect to changes of ripple frequency at different operational temperatures and for different ripples’ amplitudes.

4.6. Comparing to conventional XLPE power cables one with copper core and the other with aluminium core. Eq. (25) is used

to design the conventional cables based on the operational current I,p,
cable length L., conductivity of cable core K.y, maximum allowable
voltage drops AU,, and operating DC voltage of the system Upc. Eq. (26)
is also used to calculate the core weight of conventional cables with

The aim of this section is to compare the weight and energy loss of a
conventional power cable with those of HTS cables, in SBSP applica-
tions. For this purpose, two conventional cables have been considered,
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Table 4

Weights and costs of designed HTS cables with respect to changes of operating temperatures.
Operational temperature 20K 30K 50 K 65K 77 K
Weight & Cost of HTS tapes (kg/m & EUR /m) 2.59 & 436.66 3.92 & 656.87 5.25 & 886.29 7.91 & 1350.11 8.27 & 2686.01
Weight & Cost of former (kg/m & EUR /m) 1.15 & 9.39 1.15 & 9.39 1.15 & 9.39 1.15 & 9.39 1.15 & 9.39
Weight & Cost of insulations (kg/m & EUR /m) 0.125 & 0.09 0.127 & 0.1 0.128 & 0.11 0.131 & 0.12 0.139 & 0.15
Weight & Cost of shielding layer (kg/m & EUR/m) 1.30 & 10.61 1.32 & 10.75 1.34 & 10.89 1.37 & 11.19 1.47 & 11.99
Other costs (EUR) 2311 2311 2311 2311 2311
Manufacturing cost (EUR /m) 114.17 170.06 226.64 342.35 676.85
Cable efficiency (%), no cooling system 99.9992 99.9991 99.9989 99.9988 99.9987
Required cooling power (kW) 5.88 2.61 0.93 0.55 0.39
Cable efficiency (%), with cooling system 99.7052 99.8690 99.9524 99.9715 99.9794
Total weight and total cost per unit length 9.25 & 2.88 10.59 & 2.99 11.94 & 3.44 14.63 & 4.02 22.79 & 5.69

(kg/m & k EUR /m) (no cooling system)

Cost of cooling system (M EUR/m) 2.82 2.02 1.28 1.02 0.671

Table 5
Electro-physical parameters of conventional power cables.

Cable type Copper core Aluminium core
Electrical conductivity (S/m) 5.95 x 107 3.77 x 107

Cable length (m) 10-200 10-200

Density (kg/m>) 8960 2700

respect to the density of core material D.,.. Finally, the Eq. (27) is used
to calculate the core loss in conventional cables (Gonen, 2009).

21,, L.
Score = ——r = 25
K core A Uc UDC ( )
Weore = Scom Le Deore (26)
LI, @
Qeore = KeoreScore

Table 5 tabulates the electrical and physical parameters used to
calculate the weight and loss of conventional power cables in this paper.

Fig. 9 shows the weight of different HTS cables compared to the
weight of conventional power cables, under 12.5 kA nominal current,
80 V DC voltage. The same voltage is assumed for both the super-
conducting and the convention cable, so must have the same power
electronic converters for both the systems. The low voltage value
considered for copper cables as well as HTS cables is based on output
voltage of the power electronic units that convert the solar energy to
electrical energy. It should be considered that increasing the voltage
needs either heavier and more expensive power electronic converters
which will increase both launching cost of the spacecraft as well as the
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Fig. 9. The weight comparison of HTS cables versus conventional cables.
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weight of whole system. As seen in this figure, the maximum weight of
the core of HTS cables is between 1 and 3 tons which is about 96-99%
lighter than the weight of conventional copper and aluminium power
cables. These differences in core weight of HTS cables compared to
conventional ones, could impact the total weight of satellite, amount of
required propulsion needed by satellite, and the total efficiency of the
SBSP system.

To discuss the impact of using conventional power cables on the total
efficiency of the SBSP system, Fig. 10 is presented that shows the total
power loss in conventional and HTS cables with respect to changes in
cable length. The Joule heat loss in conventional cables that is just
related to core loss, is in range of MW values while the total loss of HTS
cable, including all components of loss, is in kW range. For instance, the
loss of HTS cable in 77 K and cable length of 200 m is about 4.7 kW
while the loss of a 20 m copper cable is about 700 kW and for aluminium
cable is about 900 kW. This means that a 200 m HTS cable operating at
77 K (as the heaviest HTS cable with highest loss value), generates about
99% less loss compared to copper counterpart in 10x shorter length. If
one compares the 10 m length for 65 K HTS cable with 10 m conven-
tional cables, would observe that the loss in conventional cables is about
1250x higher than HTS cables at 77 K. The large amount of dissipated
power by conventional cables, could impact the economic and thermal
considerations related to the SBSP projects.

Fig. 10 shows the dissipated power loss of HTS cables and conven-
tional cables at different cable lengths. In Fig. 10(a), the power loss in
HTS cables, without considering the cooling system, is presented. The
77 K HTS cable exhibits the highest power loss, reaching around 4.8 kW
at a length of 200 m, while the values for the 65 K and 50 K HTS cables
are approximately 4.5 kW. Additionally, the 77 K HTS cable has about
35% higher dissipated power than the 20 K and 30 K HTS cables. In
Fig. 10(b), the impact of the cooling system is considered. The dissipated
power for 20 K and 30 K HTS cables increases abruptly due to the higher
power requirement for extracting 1 W heat load out of the cryostat at
20 K/30 K temperatures compared to 65 K or 77 K temperatures. For a
200-meter length of 20 K HTS cable, the efficiency is reduced to
approximately 50%, which is impractical for SBSP applications. How-
ever, even with the cooling system considered for 65 K and 77 K HTS
cables, the efficiency remains well above 98%. It’s important to note, as
shown in Fig. 10(c), that using copper and aluminium cables for lengths
exceeding 40 m is not feasible. This is because at higher lengths, the
power loss surpasses the total power transmitted by the cable.

Fig. 11(a) shows the annual energy loss of the conventional
aluminium and copper cables to transmit the energy harvested by SBSP.
In this manner, the amount of energy loss during one year for copper
cable is about160 TJ and for aluminium cable is about 255 TJ. On the
other hand, Fig. 11(b) shows the annual energy loss of the HTS cables by
neglecting the power required by cooling system. In this case, the 77 K
HTS cable has highest energy loss which is 100x lower than energy loss
by copper cable, while this number for 20 K HTS cable is 150x lower
than copper cable. As shown in Fig. 11(c), by considering the impact of
cooling system on energy loss, 20 K HTS cable would have highest
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Fig. 10. The loss comparison of HTS cables versus conventional power cables.

energy loss which is about 50 TJ. However, in this case, 20 K HTS cable
still outperforms the copper and aluminium cable, in terms of annual
energy loss. In this case, the annual loss of the 20 K HTS cable is still 3x
lower than copper cable. By considering the cooling and HTS cable
energy loss for 77 K temperature, it would be observed that the 77 K
HTS cable has still approximately 50x lower annual loss. As a result of
this, the conventional cables are infeasible for such high current and low
voltage characteristic of the SBSPs.
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It should be noted that a full optimization procedure could be
considered as the next steps for this study, where objective function
could be either minimization of total ownership cost of HTS cable or
maximizing the energy harvested of the SBSP satellite. However, for
such optimization, a system-level analysis is needed that considers the
cost of the power electronic devices and RF generators, as well as the
efficiency of them, like the studies conducted in (Burkart and Kolar,
2017; Domingues-Olavarria et al., 2017; Burkart and Kolar, 2013; Ives
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Fig. 11. The value of energy loss for one-month operation of SBSP, a) conventional power cables, b) HTS cables.

et al., 2023; Paz et al., 2019) for terrestrial applications.
5. Conclusion

This paper has presented an analysis of the design and feasibility of
employing High Temperature Superconducting (HTS) cables for Space
Solar Power Satellite (SBSP) applications. The presented study investi-
gated the performance of DC HTS cables at various operational tem-
peratures (20 K, 30K, 50 K, 65K, and 77 K), focusing on their cost,
weight, and magneto-thermal constraints. Key findings indicate that
higher operational temperatures significantly reduce the loss and cost of
HTS cables, with the 65 K and 77 K designs being notably more ad-
vantageous in terms of efficiency and cost-effectiveness. Moreover, we
demonstrated that employing HTS technology in SBSP could dramati-
cally reduce energy losses compared to conventional copper or
aluminium cables, highlighting the potential for substantial efficiency
improvements in space-based energy transmission systems. For
example, the heat load in 20 K is about 31% lower than the heat load in
77 K while the maximum temperature of the cable is about 14% higher
than cable operating in 77 K temperature. The cost of HTS cable for 77 K
is about 167% higher compared to 20 K and 30 K designs. Due to the
higher number of HTS layers at 77 K, the total weight of HTS cable is
about 144% higher while its cost is about 170% higher than cable in
20 K. The required cooling power for 77 K DC HTS cable is 32% lower
than the HTS cable in 20 K. The mass of cooling system for DC HTS cable
operating at 77 K is 74% lower than DC HTS cable operating in 20 K. For
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HTS cable in 50 K, its weight is 82% higher than 20 K cable and 25%
lower than 77 K cable, these numbers for cost are 94% and 40%. By
considering only weight/cost of HTS cable components, HTS cable in
20 K and 30 K is much more beneficial for solar satellite, however, the
impact of cooling system must be considered. In SBSP, using a copper or
aluminium cable results in 160 TJ to 260 T energy loss per year which is
approximately equal to energy consumption of United Kingdom in 2022.
By using HTS technology in temperature ranges from 20 K to 77 K, the
amount of energy loss would be 0.1 TJ to 0.15 TJ which means more
than thousands of times reduction. This research underlines the critical
role of operational temperature in optimizing HTS cable designs for
SBSP applications, offering insights into their practical implementation
and suggesting a path toward more sustainable and efficient energy
harvesting from space. The next steps of this study would be fault per-
formance analysis of designed HTS cables and optimization of the HTS
cables, based on the different objective functions.
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