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Abstract

Aluminium production needs the most energy-intensive technologies among all the
metal processing sectors. During the process of aluminium profile extrusion, the
whole production line needs bulk electricity, and the mold inside the extrusion
equipment needs robust cold energy for rapid cooling of the metal surface. This
paper presents a new combo-transmission that can simultaneously deliver cold
energy together with electricity to the aluminium profile extrusion line. Thanks to
the superiority of virtually zero loss and compact size, the powerful super-
conducting cable is used to replace the conventional copper cable. The entire
superconducting cable assembly is fully installed into a cryogenic pipeline and
cooled by liquid nitrogen at 77 K. In addition to keeping a favourable cryogenic
environment for the superconducting cable, liquid nitrogen can also provide a large
amount of cold energy for cooling the metal surface. For a typical 100 MN
aluminium extrusion production line, the design and optimization of 10 kA class
superconducting cable with the pipeline cooling system for aluminium production
are presented in detail. The simulation results and comparisons show that the total
energy loss of superconducting transmission is about 46% of conventional copper
cable, and the energy saved in a year can be up to about 240.6 MWh. Moreover, the
net profit increases almost linearly along with the increases of the extrusion speed
when the liquid nitrogen cooling is applied to the 100 MN production line. For the
case of 23% increase in extrusion speed, the net profit can be up to 1.48 M$ in a
year. Overall, the novel design, technical evaluation, and economic analysis of the
combo-transmission system (cold energy + electricity) can provide a promising
solution for future high-dense aluminium production sectors.
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1 | INTRODUCTION

Aluminium is the most abundant metal in the Earth's
crust, and the second most widely used material after
steel. Meanwhile, aluminium production needs the most
energy-intensive technologies among all the metal
processing sectors. A typical aluminium production
requires almost 200 GJ/t (gigajoules per ton)," which is
also equivalent to 4.78 toe/t (tonnes of oil equivalent per
ton),> or 55,600 kWh/t (kilowatt-hour per ton).® The
energy consumption of aluminium production is almost
10 times of that required for steel production. Therefore,
reducing the energy consumption in aluminium produc-
tion, and increasing the energy efficiency of production,
can be the most effective way to achieve low-carbon
productions of major metals.

China is the world's largest producer and consumer of
aluminium. According to the data of the National Bureau of
Statistics (China),* in 2021, the production of alumina,
electrolytic aluminium, and aluminium materials was 77.48,
38.5, and 61.05 million tons, respectively, with a year-on-year
increase of 5%, 4.8% and 7.4%. At present, the annual power
consumption of the whole aluminium industry exceeds 500
billion kWh,> which is absolutely a huge amount and
accounts for about 6.8% of the total power consumption of
the local community. The electricity fee accounts for more
than 40% of the production cost of electrolytic aluminium, so
it is urgent to find new technologies for energy-saving
transformation.

As one of the main processing materials, aluminium
profiles can be divided into two categories: architectural
aluminium profiles, and industrial aluminium profiles.
Aluminium profiles are widely used for building
construction because of their decent decoration, excellent
processability and recyclability. Meanwhile, with the
advantages of one-time extrusion, strong mechanical
properties, good thermal conductivity and high specific
strength, it is also widely used in transportation, light
industry, petroleum, chemical industry, and so forth.
According to the data from China Nonferrous Metals
Industry Association,® the national aluminium output in
2021 was about 20.59 million tons, a year-on-year
increase of 2.3%, including 13.8 million tons of building
aluminium profiles, accounting for 67.02% of the
aluminium profile output, and 6.79 million tons of
industrial aluminium profiles, accounting for 32.98% of
the aluminium profile output.

Extrusion is one of the most used forming processes
for aluminium and its alloys.”® How to ensure the quality
of aluminium profile, shorten the production time, and
improve the service life of die sets are the core issues in
the extrusion process. The increase of temperature may
result in surface defects on the extrudate, for example,

hot cracks or grain coarsening after extrusion.” This
excessive temperature (exit profile) can cause several
aesthetic defects or cracks on the profile surface,
resulting in the scrap of the products or in the reduction
of the service life of the tools."”'* This excessive
temperature also strongly increases with extrusion speed,
which limits the maximum productivity."*

To solve these problems, water cooling, air cooling
and other methods were used to cool die sets in the
past,'>'® but the water cooling die will form coarse grains
at the outer edge of the profile, and weaken the
mechanical performance of the profile.!” The air cooling
die will have great defects on the profile and a large
amount of adhesion materials on the surface.'® Both will
increase the extrusion force of the aluminium extruder
and significantly enlarge the mechanical load of die sets
and machines."®

The liquid nitrogen (LN,) cooling technology for
extrusion dies has become a significant development over
recent years."””° LN, cooling die technology can
effectively solve the problem of the die temperature rise
during extrusion. The modulation system accurately
controls the flow of liquid nitrogen according to the
temperature detected by the infrared thermometer at the
extrusion end of the die, so as to control the flow of liquid
nitrogen at the outlet of the final die. The whole loop
system accurately controls the temperature of the
extrusion die, and realizes the constant-temperature
extrusion. The inert nitrogen formed can effectively cool
down the die, which is able to protect the high-
temperature profile and completely avoids surface
oxidation, so as to improve the surface quality of
aluminium profile and improve the service life of the
die‘21723

In recent years, many scholars have studied the
technology of die cooling using liquid nitrogen. It is a
well-known approach to increase the process speed of
aluminium profile, reduce the temperature of die and
tools, and improve the surface quality of extruded
profile.'"®** presented a general but simple on-line
simulation tool to determine the optimal process condi-
tions for isothermal extrusion.'® tested the effects of
different nitrogen flows on the process load, and the
temperature evolution of the die and profile exit on, for a
complex industrial hollow profile made by AA6060.
Liquid nitrogen die cooling technology can improve the
surface quality of AA6060 aluminium profile and make
the surface smoother, and meanwhile, almost no peak
defects appear on the surface.””*” presented a finite
element method (FEM) to cool down channels, which is
mainly for die plastic injection molding and casting
applications. The capability of nitrogen cooling within a
conformal channel was experimentally and numerically
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assessed, for the extrusion of AA6063 aluminium and
ZM21 magnesium alloys.”® A platform for testing the
liquid nitrogen cooling for multi-die design was pro-
posed.” To provide extruders and die manufacturers
with a numerical tool particularly for the thermal
distributions of dies, a FEM model for the extrusion
process with the liquid nitrogen cooling system was
developed.® A numerical model of AA6060 extrusion
process was carried out to predict and optimize the
nitrogen cooling effect in the die.*" A numerical model is
used to optimize the channel design in terms of the
cooling efficiency, die heat balance, and reduction of
liquid nitrogen consumption.** To efficiently install the
cooling channels as close as possible to the bearing
region, conformal cooling channels manufactured by
selective laser melting (SLM) are implemented in the die
designs.**™**

Based on our best search of the literature, most
studies focus on theoretical analysis, technical simula-
tion, and performance improvement of liquid nitrogen
cooling technology for aluminium profile extrusion.
However, there is no comprehensive techno-economic
study on the liquid nitrogen cooling technology, from the
perspective of the energy efficiency and productivity of
an entire workshop for aluminium profile extrusion.

Meanwhile, due to the significant electricity con-
sumption in the workshops for aluminium profile
extrusion, the electric losses in the power cables cannot
be neglected. Conventional copper power cables with
high-current and low-voltage have huge electric losses,
which also cause the over-heat of power cables, and can
lead to safety issues such as insulation breakdown and
fire hazard. If replacing the conventional copper power
cables with the virtually zero-resistance superconducting
power cables,’®*” the workshops for aluminium profile
extrusion can realize the large-capacity and low-loss
energy distribution, and prevent the safety issues above.
Superconducting power cables have shown great advan-
tages for those high-current low-voltage industrial power
sectors. Nowadays there are numerous prototypes of
superconducting magnetic energy storage devices and
superconducting power cables, with their economic
evaluations.’®*® Concerning the structural design, a
considerable amount of high-current cables have been
demonstrated globally, which include the simply-stacked
conductor (SSC) cable,* twisted stacked-tapes cable
(TSTC) cable,** quasi-isotropic strand (QI-S) cable,*
conductor on round core (CORC) cable,** Roebel
assembled coated conductor (RACC) cable,* and round
strand (RS) cable.*® However, in respect of the wide uses
in actual engineering scenarios, one side-issue is that
superconducting cables need cryogenic working condi-
tions (e.g., liquid nitrogen), and this will also introduce

extra operation costs to build such cryogenic systems in
aluminium workshops.

Fortunately, liquid nitrogen can be used as the
coolant to solve the temperature rising issue and improve
the productivity of the aluminium profile extrusion in
workshops. Accordingly, there should be large-size liquid
nitrogen tanks and pipelines transporting liquid nitrogen
into workshops.

For this particular matter, this article proposes a
novel scheme to transport the liquid nitrogen and
electricity into an aluminium workshop at the same
time. The liquid nitrogen tank can be installed beside
the low-voltage electricity distribution station, and
the superconducting cable can be installed inside the
cryogenic liquid nitrogen pipelines. Overall, this new
scheme can simultaneously transport and supply ‘cold
energy + electricity’ to the devices working for alumin-
ium profile extrusion, which is able to greatly improve
the energy efficiency and productivity of the workshop.

2 | PRINCIPLE AND
TECHNOLOGICAL PROCESS
OF ALUMINIUM PROFILE
EXTRUSION

The production of aluminium extrusion mainly requires
the aluminium extruder, heating furnace, cooling bed,
aging furnace, die furnace, tractor and other equipment.
The production process in Figure 1 includes six phases:
preheating, extrusion, quenching and cutting, straight-
ening and sizing, aging hardening and delivery. The
details are as follows:

(1) Preheating phase. The aluminium rod is put into the
heating furnace for heating. When the temperature
reaches 500°C, after holding for one hour the normal
production can start. During the same time of
heating the aluminium rod, the die is put into the

extrusion
cylinder
heating

|

aluminum ) | extrusion — quenching—» 5%
rod heating q g cutting

die
heating

product,  product _ product _ length

delivery aging framing fixing “—straightening

FIGURE 1 Flowchart of aluminium extrusion production
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die heating furnace for heating, and the extrusion
cylinder is heated by electromagnetic induction, so
that the temperature of the die and the extrusion
cylinder can both reach 500°C.

(2) Extrusion phase. After the heating and temperature
holding processes are completed, the die is put into
the die seat of the extruder, and the cut aluminium
rod is put into the extruder for extrusion.

(3) Quenching and cutting phase. The traction cutting
system includes roller path, tractor, movable cut-off
saw and water quenching device. The extruded
aluminium rod is pulled by the tractor in the traction
cutting system, which will be water-cooled quenched
by the water quenching device on the roller path, and
then sawed with a fixed length.

(4) Straightening and sizing phase. The aluminium
profile is sent to the cooling bed for straightening.
The straightened aluminium profile is transported to
the complete product area to cut to length.

(5) Aging hardening phase. The cut aluminium profile is
loaded into the material frame as required, trans-
ported to the aging area, and aged after entering the
aging furnace. When the ageing temperature reaches
200°C, the aluminium profile will be kept warm for
2h, and then wait to leave the aging furnace.

(6) Delivery phase. The aluminium profile product will
be packaged and shipped.

3 | SYSTEM DESIGN OF A 100 MN
ALUMINIUM EXTRUSION
PRODUCTION LINE WITH LIQUID
NITROGEN COOLING

As shown in Figure 2, the production line mainly has the
heating furnace, extruder, cooling bed, die furnace, aging
furnace and other equipment. The heating furnace and
die furnace are on the one side of the extruder, while the

10 m

extruder, cooling bed, lead-out area and aging furnace
are arranged horizontally. The entire production line is
installed inside a workshop (length 252 m, width 30 m).
The electricity distribution station outside the workshop
is 10 m long and 5 m wide, which can supply a 380V AC
electric power source. The liquid nitrogen tank and
distribution station are 6 m away from the workshop,
which supplies liquid nitrogen via cryogenic pipeline into
the die system. The 3-phase 380V AC electric power is
delivered via the superconducting cable to the produc-
tion line for the aluminium profile extrusion. To properly
use the existing cryogenic environment, the super-
conducting cable is installed inside the liquid nitrogen
pipelines. Overall, this new scheme can transport
and supply liquid nitrogen and electrical power
(cold energy + electricity), via multi-energy cryogenic
pipelines, into the aluminium extrusion workshop.

The working principle of this combo-transmission
system (cold energy + electricity) can be described as
follows:

(1) The liquid nitrogen from the tank, which is driven by
the cryogenic pump, first enters into the 1st gas-
liquid separator installed outside the workshop, and
then enters into the 54 m cryogenic pipeline, and
after that the liquid nitrogen is delivered to the 2nd
gas-liquid separator inside the workshop.

(2) The short copper connector (1 m long) first links the
external terminal (room-temperature) of the current
leads, and then links the internal terminal with the
further high temperature superconducting (HTS)
power cable inside the cryogenic pipeline. The length
of the HTS power cable is the same as the cryogenic
pipeline (both 54 m, the distance between the 1st gas-
liquid separator and the 2nd gas-liquid separator).

(3) At the output of the 2nd gas-liquid separator, the
separated pure liquid nitrogen flows into the liquid
nitrogen valve box through a 6m soft vacuum

252 m
—

4m

4m

1.5m

heating

die 1.2m
furnace

furnace

10 m !lquld ﬂ*ﬂ heating
nitrogen
tank furnace
gas-liquid
2m|— separator 21.5m
zmj -
o HTS cable +
Il 5.8 liquid nitrogen extruder

2m
I m

electricity
5m | distribution
station

—|2m

49 m
2 m

Sm !
—— valve
box

6m

[T |

11.6

69.5m
30m

cooling b aging
bed furnace

60 m

30 m

A

8.4m

10 m

FIGURE 2 Schematic diagram of a 100 MN aluminium extrusion workshop using the combo-transmission system for ‘cold

energy + electricity’
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pipeline. In the real operation, the valve box can use
a certain portion and a certain speed to control the
flow rate of output liquid nitrogen according to the
requirements of customers and aluminium extru-
ders, which can realize the fast cooling of extruders.
(4) The electricity transmitted by the HTS power cable
relays to the room-temperature current leads of the
2nd gas-liquid separator, and further passes through
a short copper connecter to link the production line
of aluminium profile extrusion. This novel process
can achieve high-current high-quality electric power
transmission with overall ultra-low loss.

It should be noted that the input and output
current leads are installed on both two gas-liquid
separators. Due to the temperature difference
between room and liquid nitrogen, heat leak is
inevitable. Furthermore, the process of liquid nitro-
gen being transferred from the tank, through the
cryogenic pipeline then to the production line, also
has heat leak. As the internal coolant is moving inside
the cryogenic pipeline, liquid status should be
guaranteed (i.e., no solidification or gasification). In
general, the solidification temperature starts from
63.2K, and the gasification temperature starts from
77.3K. Then the normal temperature range of the
liquid nitrogen should be kept between 63.2 and
77.3K. For the wuses in the proposed combo-
transmission system, the above-mentioned heat leaks
will cause the liquid nitrogen temperature to increase
and the boiling of liquid nitrogen, and bring safety
issues of high pressure in the cryogenic pipeline.
From the output of valve box to aluminium extruders,
if the rear coolant is mixed with liquid nitrogen and
gaseous nitrogen, the actual operating temperature
will be much higher than 77.3 K. For the extrusion
die, the corresponding cooling power will be certainly
lower than the expected value, which will finally
affect the profile productivity and economic benefits.

Therefore, the combo-transmission system for
‘cold energy + electricity’ should properly use the
functions of two gas-liquid separators to exhaust
the gaseous nitrogen inside the cryogenic pipeline. The
1st gas-liquid separator isolates the gaseous nitrogen
caused by the input heat leak, and only keeps the pure
liquid nitrogen that can go through the cryogenic pipeline
to the 2nd gas-liquid separator; similarly, the 2nd gas-
liquid separator isolates the gaseous nitrogen caused by
the output heat leak, and only keeps the pure liquid
nitrogen that can go through the soft cryogenic pipeline
and then store at the valve box. Thanks to the efforts by
2-stage gas-liquid separations, the virtually zero-loss
transmission by superconducting power cable together

with the cold energy delivery/circulation using pure liquid
nitrogen can be realized, which is able to massively
improve the energy efficiency and productivity of the
aluminium production line.

4 | DESIGN AND OPTIMIZATION
OF HIGH-CURRENT HTS CABLE

The superconducting material used for making the
proposed high-current power cable is a commercial
GdBCO tape manufactured by SuNAM. It has an
average width of 12mm and an average thickness of
0.14 mm. This superconducting tape has a really high
aspect ratio (width/thickness =85.7). As shown in
Figure 3A, inside the 0.14 mm thickness, the super-
conducting tape uses the multi-layer deposition tech-
nology, and the actual thickness of the superconducting
layer is merely 1.3 um. During the real manufacturing
process, the superconducting layer is deposited in
multiple buffer layers (e.g., LaMnOj;, MgO, Y,Os,
Al,03) with thicknesses of 10 nm level, and all of them
overlay on a 100 um hastelloy substrate. Afterwards,
both sides are first covered by 2 um thick Ag, and then
the whole body is encapsulated with 15 um thick Cu. By
measurement, this commercial superconducting tape
has an average critical current of 960 A (self-field at
77 K). Considering the production line of 100 MN
aluminium profile extrusion needs the stable power
supply with current of 8000 A, the cable unit uses the
high-current structure with parallelly stacked super-
conducting tapes.

Compared to conventional coaxial-type supercon-
ducting cables for long-distance power transmission,*’
the parallelly stacked tapes can be one of the most
efficient structures for making short-distance high-
current superconducting power cables, with the advan-
tages of simple processing technology and compact
overall size. However, considering the superconducting
tape has anisotropic characteristics, the magnetic field
generated by parallelly stacked tapes will directly reduce
the overall critical current of the cable unit (the
maximum operating current).

The critical current formula is as follows:

_2p2 2 \“
14 Bpar + Bperp
I, Bpars Bperp =X |1+ B >

1

@

where I, is the initial critical current of the GABCO tape
at 77 K; Bp,r and B, are the parallel and perpendicular
components of the external magnetic field; B, =1.592 T,
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Ag: ~2 pm------
GdBCO: ~1.3 um ----2=
LaMnO;: ~10 nm----#8===
Cu: ~15 pum MgO: ~10 nm -_ oSS

Y,03: ~25 nm---=
AlLO;5: ~80 nm-----=

Hastelloy substrate: ~104 pm-----=

Ag: ~2 pm========

_ (A) Internal structure of the HTS tape

P 40 tapes stacked with varying gaps

Left view

(B) Varying-gap stacked unit = «-

3 stacked units are assembled

\

1

into three-phase HTS cable i
= \
\

“--- Metal filler

\ .
v --- Insulation sheath

Bellows

(C) Three-phase HTS cable

FIGURE 3 Schematic diagrams of a 10kA-class HTS power
cable for the 100 MN aluminium extrusion workshop: (A) internal
structure of the HTS tape, (B) varying-gap stacked unit, and

(C) three-phase HTS cable. HTS, high temperature superconducting.

y=23.383, and a=0.8764 are three anisotropic factors
deduced from experimental data.*®

In this design, further optimizations are carried out
using the self-programmed superconductivity tool based
on the FEM package COMSOL, which is able to balance

the current-carrying capability and the geometry of the
HTS power cable. The field-dependent critical current
modelling is carried out using the ‘magnetic field, mf
package:

V XA =B, )
VXH=J, Q3)
u(M + H) =B. @)

Equation (2) is the definition of magnetic potential: A
is the magnetic potential, and B is the magnetic flux
density. Equation (3) is Ampere's Law: J is the electric
current density, and H is the magnetic field intensity.
Equation (4) is the constitutive relationship: u, is the
overall permeability, and M is the magnetization. By re-
arranging Equations (2)-(4), the model for the magnetic
vector potential A is

Vx(leA)=J. (5)
M

The overall area of a single unit is set as a square with
the side of 1.05 times of the superconducting tape width,
to achieve reasonable compactness. Figure 3B shows the
optimization can take advantage of the whole cross-
section. Due to the maximum critical current of a single
unit being strongly associated with the gaps between
each tape, the end tapes are more crucial to decide the
final critical current. Varying-gap optimization has been
executed with an initial gap (0.2 mm) among adjacent
tapes. The two-step optimizing implementations cover
the Stage-1 optimization which modifies the gaps
between middle HTS tapes (20 tapes in the middle) with
a factor 25%, and then the Stage-2 optimization modifies
the gaps between end HTS tapes (10 + 10 tapes, in both
ends) with an increasing factor 10%. After the two-step
optimizations, the critical current of the cable unit
improves from 9302 to 9650 A by the Stage-1 optimiza-
tion, and further to 9841 A by the Stage-2 optimization.
Parameters of the two-step optimizations are presented
in Table 1.

5 | ENERGY PIPELINE DESIGN
AND PERFORMANCE ANALYSIS

The section above describes the optimization of the high-
current structure with parallelly stacked superconduct-
ing tapes. For use in the 100 MN aluminium profile
extrusion workshop, the rated power and rated current
are 3MW and 7894 A, respectively. The proposed cable
design has a 10kA allowable current capacity, which is
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TABLE 1 Parameters for the optimized single cable unit 12.6 mm
Parameters Value
Number of 12-mm GdBCO tapes 40

Single-unit size (cross-section) 1.26 cm X 1.26 cm

Gap width 0.2-1.8 mm
Operating temperature 77K
Single-tape critical current 960 A
Single-unit critical current 9841 A

higher than the rated current and can properly satisfy the
power supply for the whole production line. Meanwhile,
the cross-section of single cable unit is merely 12.6 mm X
12.6 mm, with the current density up to 62 A/mm>
Comparatively, the typical current density of a conven-
tional copper cable is only 2A/mm? and the cross-
section will be more than 30 times larger if taking the
same current.

Since the HTS cables cannot be massively bent like
copper cables, the question of how to transport and
install the entire cable should be properly considered. To
make a three-phase AC HTS cable unit, the optimized
10kA single cable units and other cryogenic pipeline
structures should be integrated as an assembly. Figure 3C
shows the configuration of the three-phase cable with
detailed cryogenic pipeline structures. First, 3 square
shape cable units are encapsulated with metal fillers
(e.g., aluminium), transforming from square to round
shape. After that, 3 round shape cable units are nested
into the insulation sheath, with each having a 120 degree
phase difference and also a physical position difference.
As shown in Figure 4, the distance between the circle
centre of the insulation sheath and the edge of the cable
units is 1.4V2 mm, and the radius of the insulation sheath
ris is 1472 mm.

During the actual cable productions, the thermal
expansion coefficients of the HTS tape substrate and the
metal/non-metal fillers can be matched to specific
designs with reasonable safety margins. It should be
note that the parallelly stacked HTS cables with these
fixed configurations will loss a certain amount of
flexibility, which are different from those conventional
coaxial cables with good flexibility. However, for this
proposed study on the applications of aluminium
extrusion workshop, the transmission distance of the
HTS cable is very short and the cabling is straight, and
thus extremely good flexibility is not required.

After the insulation sheath (with the three-phase HTS
cable) is embedded into the cryogenic pipeline, the liquid
nitrogen flowing domain is established between the outer
wall of the insulation sheath and the inner wall of the

R14v/2 mm

FIGURE 4 Cross-section of the three-phase HTS power cable
inside the cryogenic pipeline. HTS, high temperature
superconducting.

cryogenic pipeline. The structure of the proposed 3-phase
HTS cable uses the round shape insulation layer, which
can make good insulation between each phase, but also
can integrate these three phases of round cables into a
unit for easy installation and convenient transportation.
Considering the insulation material has low thermal
conductivity, the outermost insulation layer (exposed to
LN,) can be perforated to achieve the spot-slotted
supporting structure. This special structure can ensure
good LN, cooling effect and also strong mechanical
performance.

For the cryogenic pipeline inserted with an additional
HTS power cable, the effective cross-sectional area of the
liquid nitrogen channel can be calculated by

S =7 X Ijpe — T X I, (6)
where rpipe is the inner radius of the cryogenic pipeline,
ris is the outer radius of the insulation sheath.

For this 100 MN aluminium extrusion workshop, the
total consumption of liquid nitrogen in 1 year is about
1431.9 tonnes. Assuming that the workshop is operated
in the ‘all-day’ mode, and then the volumetric flow rate
Qrn: required inside the cryogenic pipeline should be
about 3.75 L/min. For this case, the required flow rate u
of the liquid nitrogen can be determined by

U= 2QLNz _ )
7T X Fhipe — 7T X Fg

Figure 5 shows the relationship between the flow rate
of the liquid nitrogen and the inner radius of the
cryogenic pipeline. From the point of view of engineering
applications, a common flow rate of the liquid nitrogen is
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set as 0.7 m/s, and thus the corresponding inner radius
Fpipe is about 20.5 mm for the cryogenic pipeline. To drive
the liquid nitrogen inside the cryogenic pipeline, a
commercial long-shaft pump (BNCP-30-000) manufac-
tured by Barber-Nichols Company can be used for actual
operations.*’ It has a pump housing and an impeller that
is submerged into the cryogenic liquid nitrogen, which is
separated from the motor by an extended driveshaft.

In addition, the structure of in-cable cryostat is
different from the typical smooth-faced structure of
cylindrical cryostats for superconducting magnets. To
meet the thermal expansion/contraction and flexibility,
both the inner and outer pipes use the corrugated
structure (bellows), as shown in Figure 3C. The inner
and outer corrugated bellows have a certain flexibility
and expansibility, which are favourable for installing the
whole HTS cable from electricity distribution station to
the aluminium extrusion workshop. The space between
the inner and outer pipes is vacuumed below 1072 Pa, to
reduce thermal convection and conduction. The thermal
propagation through cryostat walls from the room
temperature to liquid nitrogen depends on the quantity
of the multi-layer insulation (MLI). A typical MLI
material composed of 25 um alluminized polyester film
and 60 pm glass fibre cloth is wound on the inner bellows
of the cryostat. The number of layers is 25, and the total
thickness is about 2.2 mm. For the 10kA class three-
phase HTS cable in this work, the thicknesses of vacuum
space, and the inner/outer steel wall are set as 5
and 2 mm.

For the energy loss estimation, although the HTS
cable itself does not have any resistive loss (excluding AC
loss), the heat leakage of the current leads from the HTS
cable terminals to the room-temperature environment is
inevitable. If using an optimized heat leakage value of

Flow rate (m/s)

40 41 ) 43 44 45
Pipe diameter (mm)

FIGURE 5 Relationship between the flow rate and inner
radius of the cryogenic pipeline to accommodate the three-phase
HTS cable. HTS, high temperature superconducting.

50 W/KA for each cable terminal,*® the proposed three-
phase HTS cable has a maximum power loss of
23,682.0 W when considering a typical coefficient of
performance (COP) of cryogenic refrigerator of 0.1. By
comparison, a conventional copper cable is normally
with a resistivity of 0.02uQ m and a current density of
2 A/mm?, resulting in a unit loss of 0.08 uW m/mm?. For
a 54m copper cable used in the 100 MN aluminium
profile extrusion workshop with its power demand of
3 MW as usual, the total power loss of the copper cable is
estimated about 51153.1 W. This means that the total
energy loss of superconducting transmission is about 46%
of conventional copper cable, as shown in Figure 6.

Figure 7 presents cross-sectional area comparisons:
the new combo-transmission scheme (cold energy +
electricity) versus the conventional transmission scheme
using the separate electricity transmission (using a
conventional copper cable), and the liquid nitrogen
delivery using an independent cryogenic pipeline. The
high current density in HTS tapes also leads to a very
compact cable for high-dense power supply. The cross-
sectional area of the whole HTS cable, including the
cryogenic pipeline, is merely 2732.6 mm?, which is much
smaller than the size of an equivalent copper power cable
(16,682.7 mm?, copper conductors + insulation/wrapping
materials).

Moreover, the couple of the liquid nitrogen pipeline
and HTS cable make the whole system have electricity
and cold energy delivery to be more compact. There is no
need to build another liquid nitrogen pipeline (5mm
radius, cross-section 615.4 mm?), and new system can
also save space for installing the 16,067.3 mm® copper
cable using another route. More importantly, every year
the new system can save 240.6 MWh power consumption
as there is no resistive loss in the HTS power cable, and
also can prevent the safety issues of the insulation

I HTS cable
I copper cable

FIGURE 6 Opeating loss comparison between the HTS cable
and copper cable. HTS, high temperature superconducting.
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I combo-transmission pipeline
[ liquid nitrogen pipeline
I copper cable

FIGURE 7 Cross-sectional area comparisons among the
copper power cable, standalone liquid nitrogen pipeline and the
proposed combo-transmission system for ‘cold energy + electricity’.

breakdown and fire hazard caused by the over-heat of
conventional copper cables suffering huge conduc-
tion loss.

6 | ECONOMIC ANALYSIS OF A
100 MN ALUMINIUM EXTRUSION
PRODUCTION LINE USING
LIQUID NITROGEN AND
SUPERCONDUCTOR
TECHNOLOGIES

According to recent market research, the average aluminium
profile production of a 100 MN aluminium extrusion
production line is about 9000 tons a year. If the proposed
liquid nitrogen cooling scheme is used in the production
line, the production output can increase by 23% according to
the actual testing data in Stratton.”* Given that a typical
income for extruding the 6063-type profile is $800 per ton,
the increased gross profit Wy is up to 1656 k$ in a year.
Ignoring the labour and maintenance costs, the net profit
Whet can be estimated by

Whet = Weross — C1 — G, (8)
where C, and C, are two types of liquid nitrogen cost
under the conditions of cooling the aluminium profile
die or compensating the heat leakage. It should be noted
that the liquid nitrogen consumption Ky, is about
129.35 kg for producting 6063-type profile per ton, then
the first part of liquid nitrogen cost can be calculated by

C) = CunitKin2(1 + Seo63) X 1073, 9

2 T T

Increase of extrusion speed: 23% |
Increase of net profit: 1.48 M$

051

Increase of net profit per year (M$)

5 10 15 20 25 30
Increase of extrusion speed (%)

FIGURE 8 Relationship between the net profit increased per
year and the increase of extrusion speed

where Cynie is the unit cost for purchasing the liquid
nitrogen, 100$ per ton; Sgues is the proportion of the
increase in extrusion speed.

For the second part of liquid nitrogen cost, it is
mainly from the heat leakage of the cryogenic pipeline.
When the proposed HTS cable is installed into the liquid
nitrogen pipeline, three pairs of cable terminals can
generate about 2368.2W heat leakage during normal
operations. This kind of heat leakage results in a certain
amount of gasification of liquid nitrogen, and the
corresponding liquid nitrogen cost can be calculated by

P heat top

Cy = Cunit X 1073, (10)

unit

where Py, is the heat leakage from the cryogenic
pipeline to the room-temperature environment; f,, is the
actual operating duration in a year; Hy,; is the latent
heat of the liquid nitrogen, 199.5 kJ/kg.

Figure 8 shows the relationship between the net
profit and the increase of extrusion speed. For the 100
MN aluminium extrusion production line, the net profit
increases almost linearly with the increases of the
extrusion speed. For the case of 23% increase in extrusion
speed, the net profit can be up to 1.48 M$ in 1 year.

7 | CONCLUSION

In this article, a new combo-transmission scheme
has been investigated for simultaneously transporting
the liquid-nitrogen-based cold energy and the
superconductor-based electric energy using the same
cryogenic energy pipeline. The technical feasibility and
economic practicality of this new energy pipeline have



CHEN ET AL.

been discussed and verified in a case study of a 100 MN
aluminium extrusion workshop. Based on the state-of-
the-art commercial tapes, a 10kA-class superconducting
power cable has been designed and optimized. The
designed superconducting power cable has extremely
superior performance regarding the compactness (83.6%
smaller than the copper cable), and energy loss (54%
smaller than the copper cable). For the economic
analysis, when the liquid nitrogen cooling scheme is
applied for the 100 MN production line, the production
output can be well expected to increase by 23%, and the
corresponding net profit is 1.48 M$ in a year. To conclude,
the proposed combo-transmission scheme (cold energy +
electricity) using liquid nitrogen and superconductor
technologies has great potential to enhance both the
energy efficiency and production benefit for an actual
aluminium profile extrusion workshop.
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