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Input of the transport current into the HTS cable cryostat always causes additional
heat leak through the current leads. Before, it was proposed to use a Peltier element as
a heat pump installed in conventional current lead in order to solve this problem. At
present, the Peltier current leads (PCLs) are used in the 500 m and 1000 m DC
superconducting power transmission systems in Ishikari. The optimization of the PCLs
is necessary for wide distribution of this technology in the HTS DC superconducting
applications. At the current research stage, PCLs are equipped with water-cooled jacket
to decrease the temperature of the hot terminal of the Peltier elements (see Fig. 2-1).
The amount of the heat incoming into the cold area through PCLs was measured by the
amount of the evaporated nitrogen gas. In order to minimize heat leak from other
sources, lower liquid nitrogen (LN2) tank used for the measurements is surrounded by
copper heat screen being in heat contact with second (upper) LNz tank, as shown in Fig.
2-2. Therefore, the heat flow into the lower tank was only from the heat flow through
the current leads and resistive losses in the PCLs.

The correspondence between the evaporated gas flow rate and the heat leak from the
PCL was measured after the preliminary calibration of the device. As can be seen from
Fig. 2-2, outlet pipe from lower tank goes through the upper tank to be cooled to prevent
heat leak though pipe material. However, the temperature difference between tanks
should be taken into account in order to avoid the vapor condensation in the pipe. For
this reason, the pressure in the upper tank was maintained to be higher. During the
experiment, the pressure in the tanks reached 0.3 bar due to the high flowmeters'
resistance. The experiment was carried out at the current varied stepwise from 0 A to
175 Ain increments of 25 A. The time dependence of the standard gas flow rate is shown
in Fig 2-3. After each current increase, it was necessary to wait enough time until the
system has reached steady state. Fig. 2-4 shows the dependences of the total heat leak
and the specific heat leak per 1 kA on the transport current. One can see the minimum
on the last-mentioned curve at about 110 A that corresponds to the optimal mode of
operation of the PCL. Optimal specific heat leak is about 33 W/kKA. This value is
significantly lower than 50 W/kA that is typical for conventional copper current leads. It

should be noted that the decrease in transport current causes a marked increase in the
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specific heat leak whereas the increase in the current has little effect on the leak.

Therefore, the working range of the PCL is quite wide and is approximately 90-150 A.

The proposed method of measurement is valid for the testing of all types of PCLs for
HTS devices. It will be used in the future research to study the behavior of PCLs at

different working conditions.

Atmosphere [o]
Water

[ ]

TH ™~
BiTe
T
Vacuum
Cu lead
Ty

[ ]
HTS cable Cu lead
é § Liquid
nitri?:gen

Fig. 2-1. Sketch of the Peltier current
lead (PCL). Top (hot) part of the PCL is
cooled by the flowing water.

—— Nitrogen flow
— — Standart nitrogen flow rate

standart nitrogen flow rate [L/min]

0
0 5000 10000 15000 20000 25000 30000

Time [s]

Fig. 2-3. Time dependences of the
standard nitrogen gas flow rate and the
voltage at the n-type Peltier element.
Transport current was changed stepwise
from 0 Ato 175.

630

Fig. 2-2. The layout of the experimental
device. 1 - heat isolating holders for holding
the two LNz tanks in vacuum; 2 - flexible
outlet pipes; 3 - upper tank for cooling down
the heat screen (4) surrounding lower tank
(5); 6 - PCL; 7 - copper block and heater
connected to the PCL and lower LN2 tank.
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Fig. 2-4. Total heat leak and specific heat

leak as a functions of the transport current.
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2.2.1 Introduction

A DC HTS power cable is the promising high current application for the power
transmission. AC losses are absent in the DC cable and the heat load arises from the
ambient heat absorption and the Joule losses when the superconductor is in the
resistive state at the current near critical. The cooling down of the cable is performed by
the liquid nitrogen (LN2) pumping through the long cable cryostat. LN2 is under

pressure and the heat losses increase the temperature of LN2 according to the heat

capacity |2 =2 & (Chapter 6 of [1].)

The LN2 temperature and the cable temperature are different along the cable. In the
input area the temperatures are lower than the temperatures in the output area. For
the Ishikari project [2] the natural difference is about 1-3 K. The critical current density
1s highly sensitive on the temperature and the heat losses increase in the area where
the temperature is higher. For the long cable the Joule losses per 1 meter of length in
the hot area are higher than average Joule losses fixed by the criterion of critical
current detecting (usually electrical field = 10"° V/cm). The last experiment on the
500 m cable in Ishikari demonstrated the increasing of the temperature of LN2 at the
outlet up to 1 K in case of the zero transport current. For the longer cable, the ambient

heat losses will be higher and the temperature difference also will be larger. The heat

_15_

o




——

resulting from the Joule losses increases the temperature of the long length cable more

and the Joule losses 1n the end of the cable is maximal.

2.2.2 The method of calculation

Fig. 2-5 shows the cross section of the inner part of the cryostat with the HTS cable.
The size of the cryostat for analysis is taken like in the Ishikari project [2] and the
CASER project [3]. The pressure of LN2 inside cryostat is about 2-3 bar. The
temperature of evaporation of LN2 under this pressure is about 83-87 K [4] and the
temperature of input LN2 is about 70-77 K.

For the calculation the ambient heat losses were taken into account. The values of
initial temperature of LNZ2, , and final temperature, , are given as initial
conditions. These values can be found more easily by direct measurement. The
difference A = - in the calculation was prescribed to be 1, 5, and 10
K.

The efficiency of cooling down the cable with Joule losses is proportional to the LN2
pumping rate. Pumping rate for the calculation was assumed to be 30 I/min. According
to the geometry of the cable shown in the Fig. 2-5, the velocity of the liquid nitrogen
flowing along the cryostat is > =0.35 m/sec.

For calculation of the Joule losses in the HTS cable let’s split the cable for N parts of

equal size with index 7= 1..Nand with length =-——. Let’s trace the portion of LLN2
flowing through the cross section along the cable from inlet to outlet. The volume
of each portion is , =— . When this portion of LN2 comes into the next

segment of the cable the temperature of this segment increases from two sources. One is
the ambient heat losses. The temperature of LN2 in every segment increases by the
same value A =( - Y . The other is the Joule heat losses. The
power of Joule heat losses per unit length is current multiply by electrical field of rth
segment, = - . Current is the same along the cable. It is the transport current 7
maintaining by the current source. The electrical field depends on the local critical
current of the cable ( ) which depends on the local temperature of 7th segment

The voltage-current dependence of -th segment is power dependence with power index

n as follows
= o (ﬁ) , (2-1)

where =107% V/cm is electrical field criterion of critical current.
The critical current of the cable ( ) vs. temperature was calculated from known

dependence of the critical current density taken from [5] and given amount of
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superconducting tapes (35 tapes) with known specified critical current of 190 Aunder 77
K. The dependence of critical current of the cable vs. temperature in the range 70-80 K
1s shown in the Fig. 2-6.

The Joule heat acts on the portion of LN2 near rth segment of the cable during time

=~ ,- The increasing of the temperature of the portion of LN2 is A =

, Where > = 800kg~m? is the density of LN2. After time  this portion of
2

>
LN2 will be near next segment of the cable. Than we can write the temperature of the
next segment of the cable if we know the temperature of previous segment as

= +A +A . (2-2)

Now, it is possible to calculate the temperature of all segments of the cable because we
know the initial temperature of LN2. The sequential calculation with (2-2) gives
the temperature distribution along the cable. The example of this dependence is shown
in Fig. 2-7. Voltage at the ends of the cable is the result of summation of from
expressions (2-1) multiplied on the length of each segment . The example of this
dependence is shown on Fig. 2-8.

The value of N (the number of segments) was 50. This is enough to provide the

accuracy of calculation about 0.1%.

Cable D; = 42mm

LN2 tube D, = 60mm e
‘ 70 75 TK 80

Fig. 2-5. Cross section of the inner part of Fig. 2-6. The dependence of critical current
the cable. The diameter of the cable is 42 of the cable made of 35 tapes of Bi2223.
mm, the diameter of the area with liquid This dependence was recalculated from

nitrogen is 60 mm. the experimental data from [5].
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temperature along the 500 voltage along the 500 m DC heat losses along the
m cable for different cable for different n-values. cable for different n-values.

n-values.

2.2.3 Result of calculation

Transport current values is calculated, when the voltage drop at the ends of the 500 m
cable becomes = - 9 =0.05 . The Fig. 2-7~2-9 contain the data for the cables
with n-valuesequal 10, 15 and 20.

The result of calculations of the temperature along the cable is presented in the Fig.
2-7. The deviation of the temperature distribution from the linear dependence of the
ambient heat losses is visible, and it is maximal at the outlet. Fig. 2-8 contains the
dependence of the voltage drop between the initial point of the cable and the point
located at the distance x from the initial point. The critical current corresponds to the
total voltage 0.05 V. The derivative of the dependence of voltage vs. coordinate
(electrical field gradient, V/m) is higher at the end of the cable. Fig. 2-9 presents the DC
heat losses along the cable.

It is possible to see that the maximal heat losses appear at the end of the cable and for
applied conditions it is about 2 times higher than average heat losses. This phenomenon

should be taken into account for calculation of the current carrying capacity.

Table 2-1. The value of electrical field (mV/m) at the initial / end point of the cable. The

average electrical field is always 100 uV/m.

w W A =)

nrvalue K A K A T T -100% ,mV
10 65 1 12750 62.85 151.3 241 12400 2.7 36.06
10 70 1 9770 61.36 149.4 243 9490 2.9 35.37
10 75 1 7215 59.97 150.6 2.51 6990 3.1 34.59
10 77 1 6312 59.35 151.8 2.56 6120 3.04 35.07

— 18 —
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10 65 5 11180 16.89 315.1 18.66 10210 8.7 17.93

10 70 5 8400 13.54 346.4 25.58 7580 9.8 16.33
10 5 5 6020 9.807 370.6 37.79 5375 10.7 14.68
10 65 10 8915 1.756 573.7 326.7 7670 14 9.773
10 70 10 6410 0.9068 631.7 696.6 5440 15 8.73
15 65 1 12750 49.83 184.1 3.69 12440 2.4 3119
15 70 1 9780 48.80 185.2 3.8 9520 2.7 30.44
15 75 1 7215 46.44 183.5 3.95 7010 2.8 29.50
15 7 1 6312 45.73 186.0 4.07 6125 2.96 29.20
15 65 5 11060 5.904 455.7 7718 10240 7.4 12.98
15 70 5 8275 3.980 490.6 123.3 7600 8.2 11.76
15 75 5 5917 2.371 530.3 223.7 5388 8.9 10.58
15 65 10 8635 0.1441 790.7 5487 7670 11 6.994
15 70 10 6175 0.04931 848.4 17205 5440 12 6.376
20 65 1 12750 39.51 222.3 5.63 12470 2.2 27.24
20 70 1 9780 38.42 225.7 5.87 9545 2.4 26.71
20 75 1 7215 35.97 223.2 6.21 7030 2.6 25.97
20 77 1 6312 35.23 227.8 6.47 6140 2.7 25.49
20 65 5 10960 1.917 594.3 310 10260 6.4 10.27
20 70 5 8185 1.092 636.4 582.8 7610 7.03 9.27
20 5 5 5839 0.5223 677.3 1297 5392 77 8.344
20 65 10 8450 0.01056 943.4 89337 7680 9.1 5.807
20 70 10 6025 0.002382 987.4 414526 5445 9.6 5.367

The influence of the temperatures at the inlet and the outlet on current carrying
capacity of the cable is presented in the Table 2-1. The average electrical field was o =
107% V/cm for all cases. First column of the table is the n-value of the cable. g is the

current of the cable under 77 K with criterion = 107% V/cm. For all cases the value of
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the initial critical current is ¢ =190 A-35 tapes = 6650 A The change of the critical

current vs. temperature occurs according to the Fig. 2-6. The nominal current is

the calculated current when the ambient temperature changes from up to

The electrical field at the begin and the end of the cable is shown on column and
, accordingly. The value of is lower than o= 10"% V/cm and 1s always

higher than . The specific heat loss per 1 m is . and this value is higher

than the same corresponding to the average electrical field . To obtain the electrical

field everywhere (especially at the end of the cable) less than , it is necessary to

reduce the transport current to . Under this current the voltage drop at the ends of
the cable will be and the electrical field at the end of the cable will be =
1078 v/cm.

2.2.4 Discussion

The performed calculations show that the critical current with criterion of average
electrical field o=10"% V/m produces the local electrical field near the end of the
cable several times higher than the average one. As one can see at the column of
Table 2-1 this difference can reach up to 10 times. During the work with DC
superconducting cable it is possible to use the next strategies:

1. If it is not critical the 10 times increasing of the local heat losses in the cable
compare with nominal DC heat losses corresponding the electrical field =
10™* V/m, for the short time measuring of the critical current, it is possible to
increase the current up to average electrical field 10™* V/m (for 500 m cable it is
equal to 0.05 V). After measuring the critical current the working current should
be decreased to safe value (column in the Table 2-1) when the electrical field
is less than o= 10"* V/m in every part of the cable.

2. In the case if the electrical field should not be higher than o =10"* V/m in the
every part of the cable the current should not be higher than and the total
voltage should not be higher than the value shown in the column . This
current is about 10 % lower than nominal current when the average electrical
field is o= 10"* V/m. The safe voltage on the cable is several times less than
0.05V obtained by 10™* V/m criterion.

Because the increasing of the voltage occurs near the end of the cable with higher
temperature it is possible to use the local cooler of the LN2 at the last part of the cable.
For example in the point when graphs in the Fig. 2-9 cross each other. This method can

increase the current carrying capacity up to
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2.2.5 Conclusion

The cooling down of the cable by flowing of LN2 without evaporation leads to the
increasing of the temperature along the cable. Conventional criterion of critical current
with average electrical field  =107® V/cm does not provide the same value of the
electrical field along the cable because the local critical current is different along the
cable. Near the outlet of LN2 the temperature of the superconductor is maximal and the
critical current is minimal. The calculations demonstrate that the local heat losses for
the cable with n-value about 20 for 500 m cable will be several times higher than
nominal. From the cable safety point of view the risk of overheating and damaging of
the cable exists. For the cable longer than discussed the risk much increases. It means
that for the long cables it is necessary to control the local voltage of the part of the cable

and the local temperature especially near outlet of LN2 in the cable cryostat.
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2.3.1 Introduction

The residual current distribution in the high temperature superconducting (HTS)
tapes effects the operation of power cables, superconducting magnets and other devices
built using these tapes. This effect is crucial for restarting procedure of the devices after
either emergency or scheduled shutdown or after the short circuit. Furthermore,
current distribution along and across the HTS tape provides us with the information
about the quality of the tape performance. In present paper we examine 2D residual
current density distribution in different BSCCO and YBCO tapes by means of 3D Hall
probe system after the emergency shutdown of the 100 A direct current. After the
experimental measuring of the self-magnetic field near the tape inducted by residual
current, the inverse problem solver aim at calculation of current density distribution
throughout the tape is applied. The results of calculation show the strong asymmetry
and vortex- like structure of 2D residual current flow in BSCCO tape while the current
flow in YBCO tapes has a tendency to the symmetry about the center of the HTS tape.
The significant difference in shape and amplitude of the residual current density

profiles is observed as well.

2.3.2 Scheme of the experiment

The experimental device consists of an open cryostat in which different devices are
mounted: 3D Hall probe scanning system, 2 stepping motors, and HTS tape fixed on a
FRP (fiber reinforced plastic) plate. See the scheme in Fig. 2-10. We use three different
tapes, one BSCCO tape and two coated YBCO tapes made by three different companies.
Table 2-2 describes the characteristics of each HTS tape including their sizes,

architecture, fabrication processing and critical currents.
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Fig. 2-10. The scheme of the experimental lay-out.

Table 2-2 Characteristics of HTS tapes

BSCCO YBCO YBCO

HTS tape (Sumitomo)
(AMSC) (Fujikura)
Critical Current @77K 200 A 300 A 572 A
Width 4.5mm 12mm 10mm
Thickness 0.35mm 0.2mm 0.Imm
Processing Powder in TFA-MOD PLD
Tube

BSCCO
Superconductor’s filaments in YB,C50, G¢BC,0 layer,

Cu/Ag layer,

The 3D Hall probe system consists of 3 Hall probe sensors with 0.05 x 0.05 mm?2 active
areas. It moves across the tape in Y direction (tape’s width) and in X direction (tape’s
length) at 0.3 mm altitude from the tape surface. The distance between sensors is 0.25

mm and its altitude shift was taken into account in data plotting. The Hall probe
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current is set to be 10 mA for each Hall probe and the data sampling time is one second.
The motor steps are controlled by Labview environment synchronously with the data
acquisition system. Each increment in both X and Y directions is controlled by stepping
motor system.

Transport DC current of 100 A was applied to each HTS tape during 20 minutes. After
20 minutes we switch off the DC current in 0.15 ms and then start scanning three
components (Bx, By and Bz) of self-magnetic field of each HTS tape along the Y
direction with 0.1 mm step as shown in Fig. 2-11. Afterwards we change the
longitudinal location (X coordinate) of 3D-Hall probe system by 0.1 mm and repeat
scanning in Y direction again. Total scanning distance along the X direction is almost 1
cm for each HTS tape. We get 3D self-magnetic field map shown in Fig. 2-12~2-14.
During the experiment we keep the HTS tape and the Hall probe sensors in liquid

nitrogen continuously by refilling the open cryostat.

Bz (mT)
PN -— Bx(mT)

2 ’ \‘ — =By (mT)
1 Y

ol / e wHEEE O
/7 \ -
_1 \'\ ’ \ b P -"/
) &
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3 : | i i -

: :
0 1 2 3 4 5 6 7
Y [mm]

Fig. 2-11. Three components of the residual magnetic field (BSCCO tape).
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Fig. 2-14. Bz components of the 3D self-magnetic field map (Fujikura tape).
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profile in the method of least squares. This combination of two methods provides us
with faster, more detailed and accurate analyze of current density distribution.
Moreover, it allows the control of the multiple solution problems. This combined method
we use for the calculation of 2D current density distribution in different HTS tapes.

We used the inverse problem technique discussed above to calculate 2D residual
current density map for each HTS tape. We show the residual current distribution in
the HTS tapes using a map of (&, J) current vectors with amplitude proportional to the

residual current, as in Figs. 2-16~2-18.

2.3.4 Calculation results
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Fig. 2-16. Two-dimensional residual current density profiles in BSCCO tape.
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Fig. 2-17. Two-dimensional residual current density profiles in AMSC tape.
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Fig. 2-18. Two-dimensional residual current density profiles in Fujikura tape.

2.3.5 Conclusion

Three components of self-magnetic field and corresponding 2D residual current density
profiles for three types of HTS tapes are demonstrated in this paper.

For the BSCCO tape, the inhomogeneity of the current density profiles and the self-
magnetic field profiles would show the performance of the HTS tape. We observe the
fact that the 3D magnetic field scans are not the same along the tape (See Fig. 2-12). In
fact, B amplitude changes in 1 cm part of the BSCCO tape. That predicts an
inhomogeneity of current distribution in this tape, which was operated under transport
current equal to half the critical one before current switch off.

In Fig.2-16 the 2D residual current density distribution shows a high density of
superconducting filaments at the center and two directions of the current. One direction
1s via the tape’s edges and the second direction via the tape’s center. The residual
current density at the edges is not symmetric that proves that the density of the
superconductor filaments is not equal. Therefore one BSCCO edge has higher number of
superconductor filaments density. This fact can indicate a defection of the BSCCO tape
observed in the 2D residual current density distribution. On the other hand, the
residual current flow at the center is not parallel to the tape’s length direction. The
superconductor filaments inside the BSCCO tape might be then not parallel to the
BSCCO longitudinal direction due to fabrication procedure. We can observe in Fig. 2-16
a vortex-like structure inside the BSCCO tape.

For the YBCO tapes, the 3D self-magnetic field scans are almost the same along the
tape longitudinal direction, indicating a high homogeneity. We show in Figs. 2-13 and
2-14 the By components of the AMSC tape self-magnetic field and the B components of

_29_

o




Fujikura tape self- magnetic field.

In the 2D residual current density profiles shown in Figs. 2-17 and 2-18 we observe
also two directions of the current via tape’s edges and center. For the AMSC tape, the
residual current density at the edges is almost symmetric along the X direction and
penetrates to the tape’s center (see Fig. 2-17). However for Fujikura tape, the residual
current density profiles are not symmetric along edges (see Fig. 2-18). Residual current
shows lower penetration to the Fujikura tape’s center comparing to the wider AMSC
tape. The critical current of Fujikura tape is more than five times higher than the
transport current, before switch off, comparing to the critical current of AMSC tape,
which is three times higher than the transport current (See Table. 2-2).

To study current density homogeneity we calculated the residual current density for
each BSCCO and YBCO tapes corresponding to each longitudinal position. We can
conclude that the homogeneity of the HTS tapes may depend on the magnitude of the

applied current, processes of manufacturing, critical current and tape’s width.
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3.1.2 H—~ YA 7 EB

Industrial application of HTS cables for power transmission is largely constrained by
the imperfection of the cryogenic pumps which are expensive apparatuses providing
additional heat load. The density of cryogen changes from point to point because it
naturally heats up while flows through the cryogenic channel accumulating heat load.
Therefore, a low hydraulic resistance and sufficient level difference will lead to a
natural circulation. Ideally, HTS power transmission line may not contain a cryogenic
pump. This approach can reduce the cost of the system making it more simple and
stable. The feasibility of the given approach was confirmed theoretically for various
system configurations. Experimental verification were carried out using 200-meter DC

HTS facility at Chubu University (see Fig. 3-8) during 34, 4th, and 6th cooling tests.

(TP22)

(TPs2)

Fig. 3-8 Sketch of the 200 m DC HTS cable facility at Chubu University. Only terminal
units, cryogenic pipes, differential gauge (AP), selected thermometers (TP) and heaters
(HT) are shown in the picture. Level difference is 2.58 m.

Three series of experiments were performed. First, the experimentally obtained
pressure drop versus effective temperature difference behavior at flow rate of about 8
L/min obviously show the presence of thermosiphon effect which is in the qualitative

agreement with the theory. Second, before the 4th cooling test the facility was upgraded

with the installation of a new differential gauge to improve accuracy of the
measurements. The quantitative agreement between the experimental data and the
theory was noticed at flow rate of about 6 L/min. It was very important that the overall
pressure drop between terminals vanished at a certain artificial heat load. Third, final
measurements were performed during 6th cooling test in 2014. The experiments began

with the liquid nitrogen flow rate of about 11 L/min. After a short-time preheating of
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the liquid nitrogen, cryogenic pump was turned off. Decaying positive oscillations of the
flow rate were observed. In the longest experiment, the steady state at 2 L/min was
achieved after about 40 min. The experiment lasted more than 6 hours without
accidents, and then the cryogenic pump was started again. The maximum outlet
temperature was 80.3 K. Although the liquid nitrogen level difference was rather small,
the effect was strong enough to keep HTS cable temperature at an acceptable level.

Brief information about the experiments is summarized in Table 3-1.

Table 3-1. Brief information about experiments

Cooling test | Flow conditions Results Publication
3rd 7.9 L/min Effect was observed Y. Ivanov et al. Observation of the
(forced circulation) qualitatively thermosiphon effect in the circulation

of liquid nitrogen in HTS cable cooling

system. // Phys. Procedia, vol. 27,2012,

pp. 368-371
4th 5.9 L/min Effect was observed Y. Ivanov et al. Thermosiphon effect
(forced circulation) quantitatively; zero pressure during cooling test of a 200 m DC HTS
drop was achieved cable facility. / IEEE Trans. Appl.

Supercond. 2016 (accepted)

6th 2.0 L/min Pure natural circulation was Y. Ivanov et al. Thermosiphon effect
(natural circulation) | observed during cooling testof a 200 m DC HTS
cable facility. // IEEE Trans. Appl.

Supercond. 2016 (accepted)

3.2 HEEWMOEROIZS O IC X BRH L REL

At present, it is clearly seen a shift from the AC superconducting cables to the
possessing higher usability and efficiency DC ones. Ideally, in DC HTS cable there are
no hysteresis and other losses native to AC, which significantly reduce the efficiency of
the power transmission line and complicate the design of HTS tapes and cables.
However, the current fluctuations as because of the harmonics generated by AC/DC
converters (rectifiers), and because of change in the load operating modes are

superimposed on DC. These fluctuations produce AC loss. The spectrum of the ripple
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current depends on the type of rectifier. When discussing AC cables made of many HTS
tapes, significant attention is paid to the current imbalance. The analysis is carried out
by taking into account self- and mutual inductances. In the case of DC cables, the
resistances define the current distribution. Each end of the tape is connected to the
output terminal or to the connecting bus. It is technically feasible to make the
resistance of these solder joints sufficiently low. Furthermore, manufacturer-supplied
HTS tapes have randomly distributed splices. Although the splices’ resistances are very
low, but against the background of zero resistance of HTS they define the individual
currents in the tapes. The current through the tape with splice becomes non-vanishing
only when the current through the parallel tape without splice approaches the critical
value and the tape becomes resistive. Obviously the longer the tape (cable), the stronger
the influence of the resistive state, and current imbalance will be suppressed. In the
presence of this nonlinearity ripple current causes the occurrence of additional higher
harmonics. Therefore, AC losses in the DC HTS power cable are distributed in a

complicated manner. A clear picture of the current imbalance is given in Fig. 3-9.

Ie

0.06
0.05 {- - = Fqualcuments  Feeeedereeeaeeeannes FIRY AR
=== |mbalanced currents H
0.751c —_—
E 0
. S 0044t b
| : t : ]
R T B O SR RIS . NN PR
-'-E-" : § /™~ maximuni slope -E
2 : : 3
E = Iy (no splices) 002 L]
H H — I3 (1 splice) janf
0251 gftmemenee Pl — I3 (2 splices) |-
f : — 1,(3 splices) : '
: 0,01 {emeemmsnemnndonneenneny o P
0 0 H
0 - 21, 4l 0 Ie 2, 3le 4l
Total current (tape L) Total current (tape Ic)
Fig. 3-9 Direct current imbalance in Fig. 3-10 Hysteresis loss obtained by
four HTS tapes. different approximations.

Total hysteresis loss per unit length of the DC cable made of N tapes can be obtained
by summing all of the tape losses at all corresponding frequencies. Amplitudes of the
harmonics at the output of the rectifier should be corrected to take into account the
non-linearity of the cable “transfer characteristics”. Fig. 3-10 shows the AC loss in the

same four-tape cable in the approximations of equal and imbalanced currents in the
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worst case of 6-pulse rectification. Rated frequency is 60 Hz. Calculations using
imbalanced currents model reveal pronounced peak of AC loss at about 0.5-0.6 {cable 1)
and weak peaks at the lower currents. If we consider similar 450 m 2.5 kA DC cable
made of 20+20 HTS tapes with 0-3 splices each, the hysteresis loss at operating current

is about 0.30 mW/m, but at lower current of 2 kA it is 0.45 mW/m.

3.3 Wi 2 EHFDERAERNE
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REZEENBZARICHEL 5252 030D, X, ML OB o EREHbED
FHExEERT 578 MLI Ofi THIEEZAE L, BRAZROREEZITV, #EREFMT 52
Sk, kv RWMLI Ot THEERG Lz, TOREHERETIcAF ey =2 A
WrEARCLE O ML fE T H{EZRE LTen, A7 ey =7 NAT A MEE HWTZER A&
DFGT Ak TIENE “A~DOAFTO0.73W/m (G712 Y =7 b ORrEEE 3RO -
DITE LI/ DZRKOWNELZFF-> TS, H1ESHR) LWVIORREHTND,

—@— SUS Pipe

—— Al Pipe ——y=4.24+657x R=0.997
—&— Al Pipe + Al foil [y =297 +43.8x R=0.992
—&— Al Pipe + MLI (10 sheets) F——y=220+9.17x R=0.981
—¥— SUS Pipe + MLI (10 sheets) -——y - 175+599x R=0.985
—— SUS Pipe + MLI (20 sheets) ——y=0.81+2.9x R=0976

Heat Leakage Q[W/m]

0.1 I I I I
1x10*  1x10®  1x10%  1x10"  1x10°  1x10'
Vacuum Pressure P [Pa]

¥ 3-11 MLI Ofi T., BLEMEH BrEAEZE O E 22T 5 BUR AR O KA

3.4 “AF BRI —F (PCL) OFMEFME

BRI EE L AT A LA L~ LGS N 5 o -8B ST A 72010 14, &
B A ORI BB & 70 D, WS EFREE T, BRIEESUIE a2, HmH -
PREFIC KRB S S A T D % F PR S 5 g O i HAIZhSRITE R 0.1 LA T LKW T
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RHBL IR RFE S AT SO T A MEITIEL S O EE 2 Ff OB B OB T RN LB & 72 5,

FRERTE v A 7 L OUAREIC L, SRR & ARRBR 4 BV CEMR AT kT 2850
Haye LT BV —K] b5, @i, ZOSSIIIENIn 2E2/NSLTH0ICER
B/ VWRER GRESRE) 2AVWbh D, L, EXRNR REEIT BRI
HLERERLEDT, RERBREARKL/-TLEY, T T, BAEHRO—FETH UL
F e RAEFA L BB = R X — 2 S~ R A H TR 2 2 7~ T = iR Y
— R (PCL) %#BiA% L7z, PCL OMEREFHIIZIZA AX DAL ROT A MR F 2 BH% - 1
"L, BREEEE Y AT LD S48 PCL OMREZFHME L7z, 7 A b
R FORREX Z K 3-12 1273, PCLIZIE~ LT =& LT A~ A=T WL LAY M
B2 PEERBHNLN TS,

TAIRUTE HWTHEBIE S ORER X OREZE, BEEBELZHE L, BURAED
B KA TE, ERE TR L L7 (PCL1A®HTZY O) RABGEZ KDz, —*tHIc D
BYR AR L LT, RERMES ¢ — BRMEm AR L, 50 A fHEICHU/IMEZ R LTcd &
BIMAHAKIED LAEARITEAR L TS AR S - 7z, B L BUR AR D KR )
O, VAT AGEHE L THREZREIRMEE D & EORBREIIHT D KA H72 ) OBMR A&
RO, WELZEEOBRY — FIZoW T, REEFIE 100-140A, BUR A BT
30W/kA Tho7c (1 EX 1-4 B2, IHIZ, ZUHOFRERIZESW T PCL OFf:%
FEMTROIZ M L, B R OF R E2 < b 2B x eI 53R & L7z,

Mass flow meter 3

- % —_—
\' Vacuum pump

3-12 PCL OMRERHAGEERIZ AN 2T A b F ORI & I 7E b - O B X

3.5 EEWMbE B L-EREEAORE R BTN
RS EIEER 7 — 7 VO EROR EE B L T —7 WEEIZ OV T O R
FTewtroT-, REMRBELZGDIZOITHBREr — T NI LEESE L 7> TV D0, — %)
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(ZRE BT IESS & & bIZDTD ZLBRMoN TR Y ZEERDEEITITET 58
HRIC XL 2BROREE ST D, £ 2T, FTENERIH T 2 BERORE LR L OWEE
TN X DA R~ BARRIZIE, PATECE LZBE T 2 8RR OX v v 7O RE &

BB, BBOLNC L 58, BB 5 BB MORES 2 WT, R
B2 B3- 13 R T, Bl &d) R U Ch 525, BRERIED Ok 3

J& B OERIZBWTLAELL Eicm B35 Z ENRRE SN,

ZOMDEMHFIZHONTH, WTNHHAEOERIZB W TH OB ORELZFTHIET L9
IR CEREZRE H D VIIERDOME 2252 20, BRERNH ETDHZ L%
R L7,

b)

a)

¥ 3-13 )& L 728k 7 16 O s B

F 72, X3-140 X 9 ITHRENER 2 86 0 < \ZECE L T H SRS OERBIL 2 1300 |
SUERA~D BT, Z O, WY MR CREIEARZEET 22 Lk | R
BIMDM ENALIND Z ENbho Tz,

(a)

4 3-14 BBEMERORBEORT (a) 2J@REEER (o) FREEMAE OB E F]

3.6 EEIBERI L OEFENTR T — 7B O B0 RS

RBARE S —T )V AT DOV AT KNFRFHO 721X, IBTERE S BRI O B
FMOFFEAEREN LETH D, £ T, F—F 2 A0k &k Nkt ORS00
HELEE 2 B L. SFANIC DWW CEENBER, & 2 VWITE B B o185 55 10l E
ZAT > 72, £ 72 Biot Savart {EHIOWRIBEZ M 72D OB Y 7 b7 = T BT Z 36 2720,
Thae W ffir 2B 27>,

X 3-15 [ZIBEFL 7 7 7 7 AV Z2R A, mERERO L X3, ok RT T 7 A
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NOEWAE LTd & RN A 3 2720 1A/s TR IZERE ST 7256 Gl &)
LA o7z, e LTIK 8-16 IZZ N E IV ORRM S CRIE U 7 M5 O RER K A7k
ot MEEIRAIE L SR TIE YBCO MM & A E 713720 E o BSCCO 134
IR\ L xR LT,

1000 . !
[ —
GO0
< .
QR S S— I I
200 |- e Ovsrcurntl
g pulze applied &

(t-20) [ms]

X 3-15 LV AW

10 200 10 200
YBCO (AMSC)
BECCC i
’ T 160 8 : 160
T
YROO (AMSC) o .
= 1 2 = 120 = 6 : — ‘:;“ﬁ-"——‘: 120
- t | —
E “ 4 '; E y (Ciarrs ""I ,;
= 80 A 80
! -
2 : 40 2 0
[
[
0 : i 0 t— L 0
0 20 40 60 80 100 120 0 20 40 60 0 100 120
t [min] t [min]
NIER= =gy 27 S S O HE TN g S
(a) W FEHFIINGE ST (b) 1A/s TRERFIINFL A LT

4 3-16 EERAVINGE BN K O 1A/s THEIGHINE BERER L& 20
MR Sl CHIE U 72 3 D IRF R AT oD HLlk

Fotl, 2RO MRERRZ M 3-17 12”3, BSCCO 7 — 7 Tl dE i 51

BT, t=t1 & t2 TSP RELS B LEZDICH L, B@ESEETIH tl & t2 TIE e
AMEBLL TR, —F YR T—7 Tl E b HDEE LEMZER RN R bho T,
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20 20
15 i y P 15 bod ;
10 - e 10 b b il
5t . . 5
=) s E ; { —
.E 0 — TP et op a ] and 2 g [ PSS — : SRS WS
S Y
-10 Bt -10 t ;
15 : : 15 b b TR T S N B
=20 1 1 1 30 .
7 73 30 35 S 95 100 105 70 75 &0 8 90 95 100 105 110
Y[mm] Y [mm]
(a) BSCCO 57—~ (b) AMSC ## Y ;27—
3-17 wWEISEM (Fault current op.) 38 X NAF §ff (Normal op.) KFdD
1635 73 A O bhig

3.7 EMKBEEMI AT LDOBF

KEFEMPV) DT EFR T, BB B OZRICER L T b FEXLEIH~EESN
Do FESLSTLIGOIZE AL OEIHL, WA BEIRICAH L CTERLTWD, (MELEHE
Wi Zils Z L Cax N EHANKT 57O, BHEMGZEO L TCEHNORFEN
FMEEZDZ DA THD, T—F « £ Z—(DOICHOWTIL, KETIE 2005 4ELH
MO EFEDEE S, BARTEH NTT &2 H.012 iDC O E LS EER ST b, KA IDC
OIHEENL 50 MW FRE L S, £iE DC400 VREEE THRET 22 Lich>Tnd, =
DI, BRI HERIL 125 kKA IZH 725, ZO L) RERKEROBEEITBIRE
PRE LT D,

MR P VIiZ, 2fEICHESNS, —2iEv Y 2RO PV THERR L ZMERR. b

2% CIS %&(Cu-In-Se ZFIH L7- KG&EM) Th D, KERENI—DDOSRLOHTIE
JETH D, ZNTH 2kW AL TRERZ1T 72, M 3-18 IZ PV £V 2 — /L DAL Z TR,
KGR o TWDHRFIZ, FWKH TAMEZZEZ D Z LICLVERZREERTLE
DEEENL, B/ —F—~DOEEROEBEEEDRELT T, £7o, PVIIHE
BMLA B L, WaROB NG A ZENT D =3V —OFHE() ZER LT, KK
FEETOIRREEIL, KGO ANHA, K, FHiZg & Ok x RER TZDOIHERNPKE
BT HALENEND D, BETRLX—ELEN» ORHICH AT 212X ES X
NX—OFENRNVETH D, HFEMEEDOERIZLY . AC200V Kt & OEJtH % % /]
RE(C L. 365 H -« 24 KO AM~D T 1L S G 2 ATREIC T 5,

|
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3-18 KEMT Y = — /L DI Bl

3.8 XiEE LM DRE

BIREEFEEY AT AT, BEESr—7 VOB HDOZDICEBOIRIBLER (K%
F) BHEHT L, ZOKBEAZEDHFHOZDIC, RBFIETIE, BHEBRIHIEH I
DR — R T S A A DARIR T OREZEA & IEt LTz,

—RIEERO N Y » TORE SIFERIZRDIFERELIRD LA H LT
Do ZDIH, Si XA A — RICHW, KEHFTHEHLEGEIZIE, N Ry v 7 OhR
SRR D T2, WS 7 A DS TR EEN EA 35 2 L3Rk 5, WiicEs
[FNA T ZADYE TS MEEX B35 L#llsh s, 22C, 8L A 4— K,
MOS-FET. LED 72 EDFEFIZONT, ERMANC L DB LMo, K3212S1 ¥4
— RIZOWTORREE L DDN, Si ¥ A 4 — RONEFHEEDOIRERMETIZTATIZEN
T, WIRRFC A CRIRER T CIESMEES B Lz, £72, BIREBEORERMEICE
WTH, FRFFICEE TR EZ P ClifE RS Le, £72 SiC XA 4 — R Ge ¥ A 4
— FIZBWTHIREERF CIEHREBED LR RA LT,

N

%32 SiFAA— FOREERT L HEIRTONRGMEER L ORBRERE

Uihs NET 6] B ENGEE=
HiE (V) | LNz (V) | & (V) iR (V) | LN2H1(V) | & (V)
1N4001 0.70 1.050 0.350 1960 1540 -420
GP20G 0.65 1.050 0.400 1200 800 -400
RM2A 0.65 1.050 0.400 1150 850 -300
10DL2CZ47A | 0.50 1.000 0.500 281 242 -39
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S BT Voss AR 5 3D /T —MOS-FET %1 (3 3-3)
BERICHETEZRELTCORETOREBEEEO R E B Z 2ol TOME, WThoLE
M ERE, 77— b FRBEERNE. FkEK
REREZIT -T2,

ZH ON BEDIKTFNA LN, EDIED,
q:jﬂ‘: ui%ﬁ AA /7‘/7+On

——

BIEHRK GEHRER)

[ZOWT, =il LUK

#% 3-3 R\ Y T —MOS-FET =+ Dt

U7 A== TEFE : Vbpss EF : In(DC)
2SK3432 NEC 40V 83A
7T5NF20 ST 200V THA
2SK1020 FUJI Electric 500V 30A
FAKIBENMET D E S EHER DB LB B R L7 B PERE T, arT

OP 7 v 7| B ORKERTEERBREZ B o7, WBRER» D, (KIREEE A
B ORI H Tz > T, MMKRERRECTIMERRRETF 7T A XILTO@EY THHZ &
R LT,

ayF oY T N T o OB FTRE

B RFBYE, BB LRI SO T W RE
VVAarRENIUVRAE AT R fERTERO TETHHEERRKEN
7 hFET FREEISIE LT O 2 O TEE

7 V&V IC . C-MOS 1Z#hErdE (TTLHC 134 H)

F T 7 C-MOS A7 I EERRE

SSMEBIEFR T - TL431 7R EHEAREELER . ZwmHI3MEAA TR TH L, Yo f
— XA A — RIFHB IR INTZEEL L7 b LI E TEEATHE

N —FAD T VA% IGBT IIMEAARAIRETH 5723, MOS-FET (X ON EED
KFEWIAV Y RbHY, EHARETH D,

SECECNCNTNCNG)

©

3.9 ¥HEEMEOMT

FHMREE AR > A7 ML, B — 2 OB LA 3 2 5 EIEMERN LEAR
AR T D, BHEBRIITLERT S ZABFIH S, BigoE#El - KR - K
KEALITHHIST D72 DI T =8 K L LT SiC e EFORENED LTS, L
LRG| SIC X, A YEY RICK S EEE TOrOMWEIN THE T 5, €2 T, K
IR TIE, SIC & kR & UCHIM, B AR 2 #5720, SiC o L
THEELTUA VIENTEORREER Z otz, BARMIZIE, I TomE il N
BIALDT=O, ML ML OB 28 2o 7z, TORR., 1MW TWnZA

_47_

| o




: — I

MoK E Ty BREHICEZ D Z & T, M 319 1R T & 517 v FHREKE TN L
HLEDKMEIIEBlE s s Z e 2 R L, 72, TSR 2HRKRDIER G MRS T & 7o,

10+ (a) Fluorinert
5<
E o R
£ 101 R,=0.4620.04 ym
(=)
3
® 10+ (b) lon-exchange water
1% 5-
©
5 o phrim At i it
(2]
54
-104 R,=0.980.07 ym
T r T T T T T
0 1 2 3 4

Position, mm

X319 7ulF—h BIOA AU RHKEMTHR E L5548 O L S

_48_




BA4E FLHERE

A TIXHFEMAR RS > Z —0 200m 77— 7 )V FEEEE (CASER-2) OFEFRIZOWN
TORENRE L DEATH LA, BEE 7 — T VOISO THERMNT 5, Bk
NI A7 B Y27 MBS AE > T B FIT IR L U ORI E - 72 T 22
T D, AL, MEF 10 HIZ JAXA 226 FEB DWW TREIA MG £ - 7223, FEERITIT S
BB ND OTHE Tk SN EREER EEZZH L, M ThbhvTnsd, 2, K
TEPRHRIZZY . FTLWVIGHDPEATL EE 25, £, EALORBREL L CHERR %
EDTNDHEFEIZONT, 22 TELEDOTHD, FFICHE 1 ETIEFELL il 7
LNG WEFIFHIZOWT, & 932 Liicik~5,

4.1 CASER-2ZEBRI LD

2010 FEITFERL L7z 200m #RABE S Bk FE 2AE F2 5 2L [E (CASER-2) % AW TR K
BRSO 20 SR TR il S iR . TR SE b AES O 7o OB AR EE R Bl B S A T A O W58
¥ 7uY=r FOMET 3EOmARRZIT o7,

WrEAELE COBMBAEORIE Z1T, AMERE 5°CIZBWT 175m &H72 0 ) 260W &\
IMEZ G2, X, SR TOBYR AEDORIEZITV, FEEERHK) 210W, 1000A @ ERHK 240W
SV EEST,
WAREFZOMEERBREZITV, IRKRERIERIC L DJENBRIEEIT> 72, 31L/min K,
200m T 12kPa OENBERNFEA L, X, KRETEY A 7 4 V2RI L D EDHEK
WENCIRDBIRZ B LTz, BV A 7 4 VRIC K VIEER AR 7 % 1D 7 RRE T 2L/min 72
EOWECRERNPHERFCE D 2 L 2R LT,

K 1200A BETK—» A ORMEEERZITV, RELTVATLAZENTELZ L
Rl Uiz, r—7 )V Ol Kl v Re i OMIE 21TV, 1o Viem OFAET 3.22kA £ Tl
WARETH D Z & M Lo, WEPITERN & ORRITERMZHE D & 2 NElE LTz,

WA, FBFPOr—7 0G5 X ERAWTIRET S 2 LIk v, BiEEEFcor—
TNDIRMBEFI R T2, =T AW EITIIHE . & SR E o T W EELAE h C RTRE 2R R L
PREEA 8D X O EAEM ST, FRFIIH O, ZREL B X5 EEZZEMIETH
oo HEIC, FIRPIZT—T NI BVRICENT D Z LI E D 7 — T VOO I L
Tz,

WS AT AOMERERMI 21TV, SO M IREE ). JEERAR v 7 O Q-H Rtk & fihE) /)
DREZEIT T, FHE RZ TS 2T ADWIE 21T -7, WEIC L VBB AR 7
OM:HE 0.11MPa, ik 31L/min TOEBRAITH Z LW A[HEL 7o o7z,
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4.2 fZEHE TOBBEREES —TMITONT

fizepk COBEDFIMANCRITEA TWD, BIEOBIMITEMZER, WE. A7 (BEHER)
RETOMPB N 2L TENCEEMRZ D Z L2 BIEICHEATND, MZEHOER L HE
BHOMREM 4-1 1231,

e Huge increase in the rating of the electrical power system
« Up to 10 times more electrical power with MEA

B787 — much more A380 - slightly more

S 1600 electric electric
g ] /
E 1400 L g /

g 1200 /

E 1000 /

o 800

5 o

Z 600 P— .

® 400

L *

% 200 - % - & /

o *

o 0

0 /'200 400 600 800
Conventional aircraft Aircraft Weight (tons)

@’wmld-zhm research
( " from Th ey of ot

Xl 4-1 ffiZerg g & E D o R[]

BHORADBRKRE EALTZFEOFITIEBTI8TTH Y | FIHHLDOIER DML LT HE
B2V 10 WVENBMEDI, £ ORRE =X — LD ER, fERE L TRENPRE S
dES N, Zo#)EZMEA (More Electric Aircraft) & FEATWA([2] . & LT, &
WZix= Yo EEb L, BRE—FHEES X T AN EEIZ/ - TV T, Airbus, Boeing
72 ERRK A — T TRARN R BEEE X ORFBIEE > TS, ZHLEEA (Electric
Aircraft) EFEATWS[3], £72. UV F U LA A ZREMEIR D2 N H/INVERTZEHE S Airbus
FCTAEETIGNTER L, F— k2 k4 5 L RRFICEEBIAE > TV D, M4-2(CH
ARCEFF SNl ER~T,

4-2 WHEARMI 2R & B T — # [4]
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ZOFTIE, BEEE—ZN T 7 UEBE L TRSEZ LIZRo TN D, IERDERFHT
RTCFRORPKREL R D,
1) Ro bICHE L THERARE L, EHFErSET S
2) TERIIHEHE ) G D T2 b DT v P T2 50 H AT N T T ISR S8 104680 1

ERET 5, 2o, —EY TV os—F M n
Z LT, BAEMICIENA-2IC RN D X ITEREER ISR O RELS EDbo TS, i
. BRBHE U CIRIAKREZ RN T 2 - 0IREAREZ RE< T2 L HRELTWD,
—J7. MUZERIT 7 — ADNEERIC I 2V O T, RE A CIXREE - BRI AN E
FLV, ZLT, BEEPBEFHTHD, Z07D, BIREORRE ThHIREE - KE
WBFFE T, /MR TE 5 2 2 BBICBEEICHAB R SN TW D, F7o, HERKIRRE
LRI D —8r & LT, KEEH A 2 o VU OBIRNE Eh., AKERED B
FEshTns

PREET A Z PR L722WikEERL (FC) & BEVHIZAW D v AT A OB A BIER T8I
ITOiIL TV, £ LT, FCAMZAERITIGH T 53R & HRFERAT TlHEA TWD, K#EE
AR K ZE TP T 5 LIRS IZ20KIEE IS 72 5 DT, Z OB EVE T T & 1S 2os v ik
ERFLIATLMENR 2, M IT—RITITELS HEE N REVO THEAREINTS
D, Fio, BEKFEREE L THAT 50 T, [RGB IRERFFICFHIH T 20T, fid
W=7V OMEN S L E TR T B8 — T NVEICHRTES L Bbhd, 2FD,
AT AR BRI K FE R DIV R < . Z O R IL2FFRRRE N b EWEWIARE Th 57
WThD, £lo, FCOZRNF =T, —WIZITTAZ — N TEWO T, FC%
ARZEpg DRHBIE) ) 2EE & U CRIH T AU/ IR 2R AR B 2 v 7 inb B R D 2 Z LT
720 A~ OREEIIBEEE — X OFER A 2T L CMEAB B Tl 535
BEICZ2 D b g, FriZ, FCII@HE OFREHICHANTEES T OH B RENI LD
MZE~DIEEBE 2 D EiFE LV, Z LT, TAMELTAKFEEZFCTHMT 27210 Tia
LAY 2y by DU THALTHLE W THA S, UbEaE LT, BERMNTO
T AT MERLB] A [X4-312 R T,

H2 gas
- Fuel Cell

I Electric
| Power

[ LH2 tank

SC distribution cable
X 4-3 JRiA/KTE, REFE M M OV ERLE R(5]
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BLFE 7 — 7 MR AR—HEE L L, EIT 3 20625, —DIk7 T4 4+ AHX v b
Thh, b9 —DPERMTH D, ZAUTHART (KR & FIRH L 85T 54— IV
) Thd, ZNHIE, MEEOERANAN—ITEESY FIF52 & 2E8EL NG, 16k
fTonC& =B NEERO 7 —7 V6N AT KEE CHERRE B COFH D720
INOLDOERMFIZEDE Ty —7 VKRG - RIE2 ED DI VLENH H, BAEMITIE, kD
TAF ALy MIFEICAT VA TELN TWeERNEEN &L, —F5. FRP 2oz~
TLEHDI FAF ALy M HHIRSATWT, ZHUTIKBKRER Y ZA4 A% FTHA
RAMRETH VRV, Z D, RIETIEZ T4 AR X v MBHIA BB Ee @5 M8t
S Z LT LTz, B, —RICABEMITBNGERPRE <. @R OIMRE TR 50
T, BAOMEICRERBUSHBFIAE LWL D ITHE - EEZ RO L LER D 5,

— 7. BARERIIHENR D D IFFER s & D T X TR ER[TI A FIH T 5 Z LT LT,
ZHUTHER OB — 7 VAT, EREE T 10 f51Z @<, 1EROBIREr —
T AT TRIGICHR &/ 72 Y | STOBM ORFERER LV 22720 &< 720 | RRAE
BT R R H D, K 4-4 I[TRREANZ = (FEEAR L OWEL 2 E1%) oWz
T,

4-4 AR BURE S 2 — O X[ 7]

RIETIX Bir2223 7—7 MM A S TETH Y, IRIKEREE (77K) TOERERIL
200AREDH D, LT, RKRERIEE 20K) TiE, BAERIT 1kA 284 & Ebh
b, BRSSO TF =M EEIT 13g/m BRETH L0, BES&EBERY-0D O
HREIILEZN->T, MM TONIEA—F L LT,

~0.01g/m/A
L%, ZOMIEE—7 10 1/100 L FTh D, #IETIE. Zhx 6 AR THRETEE
KL LCRIAT 2 TECTH D, M, 7 — 7 # OWiE L 4.5mm T 0.35mm ETH Y |
ROIDEBIZE SN 2m 1FEE2TEL TN S,

—JF. ZHRICERK AR EBERT 2MAILERY — &SV, 2 205 FIRMNZ B
ZEO T, —fRICHOF IR COBRBEEIT 1 - SA/mm2FEE TR 5700, EHRERKE
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kA OIEEEMR L T2 & MBS AR AR,

2000 — 6000 mm?
L7 %, AL 4bmm A ~T7Tmm FAOWH & 720 | FFREOBRET — 7R O Wi fEIZ b
RTCELLRELS, BN EB0DH, ZORBIIENITE 720 | MZEEOBEEICHN
T, AROEFEDEEAIETZ L 2> TV D,

4.3 LNG BRI HEVBLEEEXREV AT LADIT AR MIOWT
2011 4F 3 H OFER K QR 15 EFT O FH LA H AR TITIRIERIRAT A (LNG, A % )3
FRS) OEANH X TWD, X 4-5 ICEHEEO 311 EBHRLEDO LNG i AR EZ 7~ 7,

Natural Gas imported as LNG
(2011 - 2014, unit: 108 m~3)

1400

0901

[
jot=t
=4
05
35

1200

56901

Japan China Taiwan  England Brazil
Korea India Spain Mexico  Turkey
W2011E 20125 2013F 20145

http://www.garbagenews.net/archives/1967830.html

¥ 4-5 {5 > LNG i A\ =2 = & i A &

LNG #Z M7 2t KEOY z— LT 2EMbHY, HHRNRMKTHY . Zhn
5 100 FlZb= i LEbhTn5, o, ZOMERS &, HARDPHR— Ol AET
BHHM, RKHCEE, FE, 4 > RRET7 VT OTEEOBMANL Y, ZIUTKE T A4
PEMN B < B TV B2, ik L T4 > — Tk 2 AV BFE I A LAY 7058
WTHd, —FH, a—my/XTEETTLOMANEL <, BEERMXIZRL7D, kL
RNWTHA T IFAL L TELBNTWD, 2L T, FAYOBAREIZHARD 70%I1FEThH D,
FEAEFE O EICE NN, AL T4 2 Tolfikid LNG it Tl =2 A b
(LNG 77 > N R OME R b D = b ¥ —) B IHHES KREVWOT, BAD X HIZ
JE O SHEIZFHE A TV D ENIR IR ZAAEFER ) H1E S BENL TV T H R 2 EIC e B 720
TR, AV y BARREW, HL, ZORIUZHADEAT S LNG NEfiTHDHZ &
BER LRV,
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ST, LNG # v 7 I RKIETHEDN D - OIREIT 112K FETH D, Lizn->T, BifE
WH O FEIRBRE R ORI AT TH D, LinLien b, [FUES CORKERIRE &
DIREFIT 40K FBRETH D, LEaBn->T, ZOKBREFATS Z L I3BEESHEED D
ECEELRD, EEE KRR DIREERCIESR, TN AR Ea T 522K BT
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