>
o
p -
)
=
LLl
-
o
<

RESEARCH ARTICLE | APRIL 24 2023
A multifunctional highway system incorporating
superconductor levitated vehicles and liquefied hydrogen @

O. Vakaliuk & @ ; Shaowei Song @ ; U. Floegel-Delor; F. Werfel; Kornelius Nielsch @ ; Zhifeng Ren & ©

’ '.) Check for updates ‘

APL Energy 1, 016107 (2023)
https://doi.org/10.1063/5.0139834

@ B

View Export
Online  Citation

Journal of Renewable
and Sustainable Energy

Special Topic:

Smart Hybrid Renewable Energy Harvesting
Systems: An loT-Based Approach

Guest Editors: Abdu Saif, Manoj Kumar and Sachin Kumar Gupta

Submit Today!

IP
Publishing

ZLi€0:LL ¥202 AeN L0


https://pubs.aip.org/aip/ape/article/1/1/016107/2884934/A-multifunctional-highway-system-incorporating
https://pubs.aip.org/aip/ape/article/1/1/016107/2884934/A-multifunctional-highway-system-incorporating?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0002-0813-1078
javascript:;
https://orcid.org/0000-0002-4774-4889
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0003-2271-7726
javascript:;
https://orcid.org/0000-0001-8233-3332
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0139834&domain=pdf&date_stamp=2023-04-24
https://doi.org/10.1063/5.0139834
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2396786&setID=592934&channelID=0&CID=879704&banID=521879239&PID=0&textadID=0&tc=1&scheduleID=2315314&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fape%22%5D&mt=1715079792541192&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fape%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0139834%2F17010599%2F016107_1_5.0139834.pdf&hc=d1afddcbdd0c8ba167cb3802835bcbb423d63394&location=

APL Energy ARTICLE

scitation.org/journal/ape

A multifunctional highway system incorporating
superconductor levitated vehicles and liquefied

hydrogen

Cite as: APL Energy 1, 016107 (2023); doi: 10.1063/5.0139834 @ Iﬁ @
Submitted: 23 December 2022 + Accepted: 13 March 2023

Published Online: 24 April 2023

0. Vakaliuk'? "2/ Shaowei Song,’

U. Floegel-Delor,' F. Werfel,' Kornelius Nielsch,’

and Zhifeng Ren”?

AFFILIATIONS

T Adelwitz Technologiezentrum GmbH (ATZ), Naundorfer Str. 29, D-04860 Torgau, Germany
2Department of Physics and Texas Center for Superconductivity at the University of Houston (TcSUH), University of Houston,

Houston, Texas 77204, USA

*Leibniz Institute for Solid State and Materials Research, Dresden, Germany

2 Authors to whom correspondence should be addressed: vakaliuk@atz-gmbh.com and zren@uh.edu

ABSTRACT

Magnetic levitation for the transport of people and goods using bulk superconductors and electrical power transmission using superconduc-
tors have both been demonstrated, but neither has been developed for daily use due to technological deficiencies and high costs. We envision
combining the transport of people and goods and energy transmission and storage in a single system. Such a system, built on existing highway
infrastructure, incorporates a superconductor guideway, allowing for simultaneous levitation of vehicles with magnetized undercarriages for
rapid transport without schedule limitations and lossless transmission and storage of electricity. Incorporating liquefied hydrogen additionally
allows for simultaneous cooling of the superconductor guideway and sustainable energy transport and storage. Here, we report the successful
demonstration of the primary technical prerequisite, levitating a magnet above a superconductor guideway.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0139834

INTRODUCTION

A magnetic levitating (maglev) train can employ a bulk super-
conductor stably levitated above a permanent magnet guideway and
propelled using a linear motor due to the flux-pinning phenomenon
of type-II superconductivity, as has been successfully demonstrated
for transportation of people and goods.' * However, we have not yet
seen long-distance superconducting maglev trains since they would
need many high-cost” permanent magnets to serve only two func-
tions: high-speed mass transit and freight transport. Meanwhile,
using superconducting cables to transmit and store electrical power
without loss over long distances,® a significant advantage over cur-
rent transmission cables that lose some power due to resistance, has
also been demonstrated. Long-distance applications of supercon-
ducting power transmission cables, such as a recently announced
12-km system in Munich,” remain few mainly due to the technolog-
ical deficiencies and high cost of the cables, which also serve only
two functions, transmitting and storing electrical power. Finally,

hydrogen (H,) is a promising energy source to replace fossil fuels,
and liquefied H, (LH,) pipelines would be the best choice for trans-
port and storage since hydrogen is the lightest element and the high
pressure required to transport gaseous H, would pose a significant
challenge. However, a system of LH; pipelines would need extremely
reliable, high-cost thermal insulation to maintain the LH; at 20 K,
below its condensation temperature, and it would not be economi-
cally feasible to build such an expensive system to serve only the two
functions of LH, transport and storage.

To overcome the unrealistically high cost of any system that
serves only limited functions, we envision a “super” system that
combines multiple functions: lossless electrical power transmission
and storage; transport and storage of LH, and liquefied nitrogen
(LN3); and high-speed levitated transport of people and goods over
long distances. In this super system, vehicles with permanent mag-
nets (or electromagnets) will be levitated above a superconductor
guideway (“SClev”) that is also transmitting and storing electrical
power. The LH, transported and stored in the system is ideal for
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cooling the superconducting cables.® We envision that relatively
low-cost LN, and a vacuum layer will be used to thermally insu-
late the LH,. With such a super system, continental passenger air
travel and airborne freight transport may become obsolete when
appropriately adapted personal vehicles, buses, and trucks can oper-
ate at 500-800 km h™", or even at 1000 km h™' when the system
is further built inside a partially evacuated tube. No land acquisi-
tion may be needed to construct the super system since it can be
built on existing highway infrastructure to provide easy access to
vehicles adapted for use on both standard and super system roads,
as shown in Fig. 1. In contrast to current long-distance, high-speed
mass transit, and freight transport systems, the super system pro-
vides substantial flexibility since the individuals are not dependent
on train schedules and goods do not have to be loaded or unloaded at
specific points. Transport vehicles adapted to use the SClev will need
a dual power system, including an internal combustion engine or
electricity- or fuel-cell-powered motor for local operation not on the
SClev, as well as a linear motor for operation on the SClev system. All
vehicles, including commercial trucks, autonomous vehicles, per-
sonal vehicles, etc., will be designed to travel on the super system
regardless of the vehicle’s length, weight, and speed. Alternatively,
the super system can also be built with the levitated magnetic plat-
forms on which all vehicles can drive on and off so that they do not
need any special magnetic features built in. The cost of each of the
super system’s many functions is only a fraction of the total, and
costs to maintain and operate its levitated components are mini-
mal due to lack of friction, making the system economically feasible
overall. On the other hand, in contrast to the flux-pinning levi-
tation of a bulk superconductor above a permanent magnet that
has been well demonstrated in previously reported superconducting
maglev systems, SClev transport in the super system relies on levi-
tating permanent magnets (electromagnets) above a superconductor
guideway since the latter is also transmitting and storing electrical

FIG. 1. Schematic illustration of the super system for energy transport and storage
and SClev transport of people and goods. Superconductors are incorporated into
existing highway infrastructure to levitate vehicles with magnetized undercarriages
entering from or exiting to residential, business, industrial, and recreational areas
while also transmitting and storing electrical power. LH, and LN, transported and
stored in the system cool the superconducting cables, and the LN, and vacuum
layers thermally insulate the LH,.
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power, and this has not yet been demonstrated. Such a super sys-
tem will drastically reduce the carbon emission due to much less
energy consumed for operation of the system and significant elimi-
nation of the intracontinental airplanes. Here, we address whether
this configuration is adequate for SClev transport by successfully
building and demonstrating a desktop superconducting guideway
that is comprised of bulk yttrium barium copper oxide (YBCO)
superconductors and that allows a permanent magnet to levitate and
move. We use LN; as the coolant for experimental ease and to model
the LH, that will be used in future studies and the actual super
system, while evaluating handling and cost factors. When LH; is
used, the levitating force of the YBCO guideway will be significantly
larger. Additionally, the choice of superconductors for the super
system will not be limited to YBCO, which is now commercially
available in bulk and superconducting tape forms; other supercon-
ducting compounds, such as those in the bismuth (BSCCO) and
mercury (HBCCO) families, will be highly promising candidates
when their mass production is realized. Unconventional supercon-
ducting materials, like magnesium diboride (MgB,), etc. may also
be considered in the future. We discuss the critical links between
the functionality of flux-pinning levitation, cryogenic cooling, and
magnetization to design, manufacture, and test the concept of the
super system for lossless electrical power transmission and storage,
LH,/LN; transport and storage, and high-speed SClev transport of
people and goods over long distances.

RESULTS AND DISCUSSION

We built a superconducting guideway to demonstrate the lev-
itation of a magnetic vehicle, a technical prerequisite for our pro-
posed super system. Figure 2(a) shows a photograph of the major
components of the experiment: (1) the superconducting guideway
(SCG), (2) the permanent magnet magnetizer (PMM, about 3 kg),
and (3) the levitating and moving magnetic vehicle.

Superconducting guideway

Figure 2(b) shows a computer-aided design (CAD) model of the
SCG, which contains a linear array of nine YBCO bars. Each YBCO
bar is one-half of a standard three-seed YBCO bulk sample”'’ and
measures 82 x 16 x 12 mm°. Before being mounted into the SCG,
a typical YBCO bar was characterized via Hall mapping following
field cooling (FC) magnetization with an applied field of B = 1.4 T
at 77 K, and the results are shown in Fig. S1. To cool the YBCO
array to below its Tc and maintain this temperature, the array is ther-
mally attached to a rectangular aluminum tube that can store up to
250 ml LN,. To prevent warming to above its T, the YBCO array
is wrapped with multi-layered insulation and, along with the LN,
tube, is housed in a vacuum casing that consists of an outer rectan-
gular aluminum tube that is 800 mm long with equal side widths of
60 mm.

After evacuation to below 5 x 10~ mbar, the SCG was cooled
with LN via periodic pouring into its LN,-filling tubes [denoted as
1 in Fig. 2(b)]. It took 20 min and 1.51 of LN, to reach thermal equi-
librium at 77 K. Without LN, refilling, the moderate thermal loss of
2.5 W allows this temperature to be maintained for 3-4 h. Levita-
tion of the PMM and the magnetic vehicle above the cooled SCG is
shown in Figs. 2(c) and 2(d), respectively (details provided below in
the “Levitation demonstration” section).
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FIG. 2. Demonstration of levitation of a magnetic vehicle above a superconducting
guideway. (a) Major components of the levitation experiment: (1) superconduct-
ing guideway (SCQG); (2) permanent magnet magnetizer (PMM); and (3) levitating
vehicle. The red components are spacers used in the field cooling magnetiza-
tion of the SCG. (b) CAD model of the superconducting guideway: (1) LN,-filling
tubes; (2) outer vacuum casing; (3) YBCO bars; (4) inner LN, tube; and (5) vac-
uum valve. Levitation of (c) the PMM (about 3 kg) and (d) the magnet vehicle
above the SCG. The inset to (d) shows the gap of about 3 mm. Multimedia views:
(c) https://doi.org/10.1063/5.0139834.1; (d) https://doi.org/10.1063/5.0139834.2

Permanent magnet magnetizer and vehicle

The permanent magnet magnetizer (PMM), denoted as 2 in
Fig. 2(a), is 780 mm long and consists of a series of double repulsive
arrays of NdFeB (N45) blocks separated by an iron plate collector
and housed in a rectangular aluminum tube with a wall thickness of
1.5 mm. Each NdFeB block measures 20 x 20 x 10 mm?, whereas
the iron plate collector has a width of 2 mm and serves to turn,

scitation.org/journal/ape

amplify, and homogenize the magnetic flux density, as schematically
illustrated in Fig. 3(a).

The PMM surface was characterized via Hall mapping.
Figure 3(b) shows its magnetic flux density B,(x) at z = 1.5 mm,
where z denotes the distance between the upper surface of the
NdFeB magnet and the Hall probe. The measured B,(x) exhibits a
homogeneous triangular profile with a peak (°B,) of about 648 mT.
PB,(y) was also measured along the PMM at different z distances, as
depicted in Fig. 3(c). The mean value of PB,(y) at each measured z
distance was then calculated and the results are shown in Fig. 3(d).
The obtained PB,(y) data show that the PMM has a nearly constant
magnetic flux density with a minor PB,(y) deviation of less than 3%,
thereby suggesting that it will be effective in magnetizing the SCG.

The vehicle, denoted as 3 in Fig. 2(a), has the same magnetic
structure as the PMM, but is only 70 mm long.

SCG magnetization and field distribution
measurements

To activate the SCG, field cooling (FC) magnetization is applied
as follows: using spacers as shown in Fig. 2(a), the PMM is placed
3-6 mm above the SCG, which is subsequently cooled down to
77 K. When thermal equilibrium is achieved in the SCG, a trapped
magnetic flux density By (hereafter Br indicates the |B,| compo-
nent of vector B) is retained throughout the entire YBCO array
after removal of the PMM due to the trapped flux and resultant
induced superconducting current. Figure 4(a) shows that, after FC
at 3 mm, Br exhibits a triangular profile along the x-axis and reaches
maximum at PBr(x) = 86 mT. The slight Br(x) asymmetry observed
is related to the steeper trapped field gradient in the vicinity of
the seed surface cut. Br(y) was measured after FC at 3 and 6 mm
and the results are displayed in Fig. 4(b), which shows a series of
maxima and minima. It is also evident that the By value decreases
with increasing FC distance, with a corresponding decrease in the
Br(y) variation between maxima and minima. This observation is
consistent with that of Deng et al.,'' who found that FC distance
can play a functional role in changing the shape and magnitude of
the Br distribution in trapped field applications. They also pointed
out that a multi-seed YBCO bulk sample exhibits superior levita-
tion performance compared to a corresponding array of single-grain
YBCO bulk samples due to the additionally induced supercurrent in
intergrain coupling.

To study the field distribution in more detail, we repeated the
77 K FC magnetization at 3 mm and Fig. 4(c) shows Br(y) for
150 mm <y < 550 mm at 2 mm intervals. This Br(y) behavior mim-
ics the macro-scale structure of at least three YBCO bars within the
measurement range. For instance, the three maxima in the 150 mm
<y < 240 mm range [Br(mT), y(mm)] = [(111, 178); (115, 204);
(116, 232)], shown in magnified detail in Fig. 4(d), are consistent
with the actual seed locations of a YBCO bar, as shown schemati-
cally in the inset to Fig. 4(d). The first and fourth minima [(86, 160)
and (90, 240), respectively] delineate one three-seed YBCO bar in
the array, whereas the second and third minima [(91, 186) and (96,
212), respectively] correspond to the locations of its grain bound-
aries, which are 26 mm apart.® These maxima and minima can be
easily eliminated by using two or more layers of YBCO bars with
each layer shifted a certain distance so that the maxima and minima
are overlapped to homogenize the flux density.
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distances. (d) Mean values of PB;(z).
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Levitation demonstration

Following the FC magnetization procedure, the red spacers
[Fig. 2(a)] were removed from between the PMM and the SCG, and
the PMM, weighing about 3 kg, clearly levitated above the SCG, as
shown in Fig. 2(c), and moved freely in both directions along the
guideway, as shown in Fig. 2(c) (Multimedia view). We then gently
removed the PMM from its location above the SCG in the longi-
tudinal direction and placed the permanent magnetic vehicle above
the SCG, where it is levitated, as shown in Fig. 2(d), and moved in
both directions along the guideway, as shown in Fig. 2(c) (Multime-
dia view). We noticed that the vehicle does not move as freely as the
PMM due to its small mass and the inhomogeneity of the trapped
flux in the SCG.

We performed several magnetizations at FC distances in the
1-10 mm range. We noticed that at distances of 3-4 mm, the vehicle
stably levitates and can move along the guideway after being gen-
tly pushed [see Fig. 2(c) (Multimedia view)]. At greater distances,
however, the levitation becomes unstable, especially in the lateral
direction, due to the simple arrangement of the magnets inside the
vehicle and the narrowness of the SCG. In the actual super system
application, the components will need to be engineered to avoid
such instability. We also saw that the vehicle’s movement along the
SCG is negatively affected by the inhomogeneous Br(y) resulting
from the grain boundaries in the YBCO bars and the joint gaps
between them. This effect could be eliminated by using multilayered
superconducting tapes with ultra-fine grains, which are discussed
below.

To improve the longitudinal Br(y) homogeneity, supercon-
ducting joints could be applied to eliminate the critical current
or magnetic flux loss resulting from the joint gap.'”"” Various
reliable joining techniques for YBCO bulk and films, including
effective welding agents, have been successfully demonstrated."*™'
A YBCO-Ag composite and single-crystal YBCO serving as weld-
ing agents were found to maintain superconducting performance
comparable to that prior to applying the joints. Additionally, high-
temperature superconducting (HTS) tapes could be used in place of,
or combination with, the YBCO bulk array. The record trapped field
of a small (~30 mm) stack of tapes'”'® using FC magnetization is
comparable to that of a bulk HTS double stack."” ' For example,
Sass et al.”” built a stacked block using 500 tape layers and com-
pared its levitation force with that of a three-seed bulk sample. They
found that although both superconductors have comparable dimen-
sions and the same magnetization condition, the levitation force of
the tapes was only 44% of that achieved by the bulk sample. Thus,
the use of stacked tapes must be carefully designed in terms of the
levitation performance required over long distances for our pro-
posed super system combining energy transport and storage with
SClev transport of people and goods, as well as the system’s material
and operational costs. Considering that the actual super system will
incorporate thousands of kilometers of superconducting guideway,
superconducting joining techniques play a critical role in produc-
ing the long lengths of superconducting bulk and tape needed. A
good superconducting joint allows for negligible contact resistance
and the absence of critical current loss. REBCO (RE = rare earth)
coated conductors over 1000 m in length have been commercially
developed, while REBCO ceramic layers ~5 ym thick and with the
critical current of 1300-1500 A/cm have been achieved.”’ Therefore,

scitation.org/journal/ape

the superconducting tape would be a feasible solution for produc-
ing long, continuous guideways for SClev. If high-quality, uniform
superconducting tapes with adequate levitation force were incor-
porated into the system at 20 K, vehicles would be able to move
considerably more freely for much longer distances, reducing oper-
ation costs dramatically and offering a significant advantage over
the current high-speed trains that require frequent and expensive
maintenance, impose schedule limitations on passengers, etc.”

SUPPLEMENTARY MATERIAL

See the supplementary material for trapped magnetic flux
density distribution in a YBCO bar after FC.
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