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Background: Necessity of Power Fluctuation Compensation

Large-scale utilization of renewable energies is a key issue for sustainable society.
Power fluctuation compensation is one of the most critical issues.

High-power and high-speed energy storage
Is indispensable especially for
photovoltaic (PV) power generation when

used as a main power source of a micro- gl’ld
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Background: Limitation of SMES

My Ph.D. thesis was on the design of HTS SMES...

- Nb-Ti LTS-SMES magnet
~ (operated at 5T and 4 K) __*

Higher operating temperature - g
Smaller magnet with higher field 5=
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Magnet size comparison between (2% generation) YBCO HTS-SMES and conventional LTS-SMES at 20 MJ. kW <_ /
EDLC Na$S battery, lead battery
K. Higashikawa et al., | | | |
IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, second  minute hour day
VOL. 17, NO. 2, JUNE 2007 Operating time at rated output
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Background: Limitation of SMES

My Ph.D. thesis was on the design of HTS SMES...

\ Pumped storage
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IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, second mlnute hour day
VOL. 19, NO. 3, JUNE 2009 Operating time at rated output
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Background: Limitation of SMES

My Ph.D. thesis was on the design of HTS SMES...
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Fig. 7. Overview of the 100 MVA/2 GJ class YBCO SMES system for load
K. Shikimachi, et al., fluctuation compensation.

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, L
VOL. 19, NO. 3, JUNE 2009 Limitation to Larger Scale
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Superconducting Magnetic Energy Storage (SMES) Cable

Winding diameter
d (mm)

Magnetic energy storage
by large inductance
and large current:
W="%L/

Magnetic field
B (T)

Overcome the disadvantage
of low energy density of SMES
by using large volume of

the superconducting cable

Cross-sectional area
of the conductor
a (mm?)

Winding density
n (m)
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Proposal

Power System with Energy Storage Function by DC Superconducting Cable
for Power Fluctuation Compensation of Renewable Energies
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Advantages:
(i) high-speed & high-power & highly-efficient operation
(i) no additional space for energy storage (iii) scalability

(iv) DC operation suitable for superconducting cable and for recent loads
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Typical Scale of a Micro Grid: ~10 MW, ~10 km

Kyushu University (Ito Campus)
o Power Consumptlon ~1O MW

r‘TJ

Required Area for
10 MW PV
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Stored Energy for 10-km-long Cable

Stored Energy:
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Requirement of 10 kA Conductor

GdBCO+BHO CC
—(O~ pure GdBCO CC

Power capacity of the micro-grid: 5
10 MW =1 kV x 10 kA S

Cross-section of 10-kA conductor:
a=10kA/ J,

Winding density n (m™)

9 i ; : : E

Critical current

@
> 0008 80 80 56 Performance
B > s o of a coated
8§ 80 28 conductor
O O 40 ® 3
5 Ss = @ 2012
33 E ™} 302 3 8 £ 100,
o5 E 359 <
S < 3 g z
2T 200 10 T 5 2
=R 5 D g
= 0.1 @ é £ _ |
External magnetic field B (T) B O

Field angle & (deg)
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Design Example for Coated Conductor @ 2012

GdBCO BHO CC @ 2012 by Tobita et al. 100-um-thick substrate
$200 mm, 0.3 T@ 65K — 10 MJ _—»|1s: Response compensation

> for batteries and fuel cells
(|)120 mm, 5 T @ 20K — 1GJ —|100s: Response compensation

Liquid hydrogen > for power generator without standby
Winding density n (m") > for heat utilization from fuel cells
0

- 10008 8 80 ., 5 9
0w > |\ = o (o}
N o \Q o] % Winding diameter
Q < 800 ‘o 140 2 3 d (mm)
O C \&— QV S
CcC o \ < 0 Magnetic field
5 o g 600¢ \ {30 © Q
T 2 E \ T=9

o= \ > &
£ = S 400 ‘o3 @ ¢ |
O \E D c"D" % Cross-sectional area
© _CIC) \ QO =e! of the conductor
o 200 Vv - S 5 a (mm?2)
DT ¢ 10 5 9
= O NN 3 E_) Winding density
E O s =~ “"—‘:"' O E Q) n(m_1)
= 0.1 1 10 3 3

External magnetic field B (T)

\\;\;Eﬁég KYUSHU UNIVERSITY -10- ISS 2023 (K. Higashikawa (Kyushu Univ.))



EEE-CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 56, March, 2024. Presentation given at ISS 2023, Nov. 2023, Wellington, New Zealand

Design Example for Recent Thinner Coated Conductor

Coated Conductor @ 2012 .. Recent CC with thinner substrate: 3x J,

$200 MM, 03 T@ 65 K—-10MJ «— 200 mm, 0.3 T @ 77 K |Potential

even for

dp120mMm, 5 T@20K — 1GJ «— 200 mm, 3.5 T @ 65 K |liquid nitrogen
Liquid hydrogen operation
Winding density n (m-) Winding density n (m-)
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Design Examples of SMES Cables

Stored | Magnetic | Winding | Turns | Conductor | Inductance | Cross-sectional area
energy field diameter | @1m length @1m of the conductor :
@1m (with recent thin CC) Functions
7% B d n a
2
05T 120 mm | 40 143%%2%6757}:( Response compensation
10 MJ 19 m 20 uH 3 mm2 @ 65 K for storage batteries
03T |200mm | 24 11 mm2 @ 77 K and fuel cells
40MJ | 1.15T | 105mm | 91 30 m 80 uH 5 mmZ @ 65 K (orders of seconds)
5mm? @ 20 K Response compensation
5T 120 mm | 400 (by stress constraints) | for gas turbine including
1GJ 150 m 5 mH 13 mm* @ 65 K shutdown and
6 mm? @ 20 K for thermally efficient
35T 200 mm 240 (by stress constraints) use of fuel cells
7 mm? @ 65K (orders of minutes)
20T | 300mm | 1600 50 mm* @ 20 K
(by stress constraints)
100 GJ 1.5 km 0.2 H 50 mm? @ 20 K Daily load leveling
' ' (by stress constraints) (orders of hours)
85T 700 mm | 680
50 mm? @ 65 K
(by stress constraints)
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Design Examples of SMES Cables

Stored | Magnetic | Winding | Turns | Conductor | Inductance | Cross-sectional area
energy field diameter | @1m length @1m of the conductor :
@1m (with recent thin CC) Functions
7% B d n a
2
05T 120 mm | 40 143%%2%6757}:( Response compensation
10 MJ 19 m 20 uH 3 mm2 @ 65 K for storage batteries
03T |200mm | 24 11 mm2 @ 77 K and fuel cells
40MJ | 115T | 105mm | 91 30 m 80 uH 5 mmZ @ 65 K (orders of seconds)
5mm? @ 20 K Response compensation
5T 120 mm | 400 (by stress constraints) | for gas turbine including
1GJ 150 m 5 mH 13 mm* @ 65 K shutdown and
6 mm? @ 20 K for thermally efficient
35T 200 mm 240 (by stress constraints) use of fuel cells
7 mm? @ 65K (orders of minutes)
20T | 300mm | 1600 50 mm* @ 20 K
(by stress constraints)
100 GJ 1.5 km 0.2 H 50 mm? @ 20 K Daily load leveling
' ' (by stress constraints) (orders of hours)
85T 700 mm | 680
50 mm? @ 65 K
(by stress constraints)
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Small Model Cable for 40 MJ SMES Cable

High temperature superconducting tape: REBCO coated conductor

. P =g i 4 E ?
- i
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Small Model Cable for 40 MJ SMES Cable

(!

able length: 10 m
__ Inductance: 0.8 mH
= Tape length: 300 m
. # of turns: 911 turns

~.._h e

R

-

36m g

UL T LR b
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Small Model Cable for 40 MJ SMES Cable

10 m
Inductance: 0.8 mH
— Tape length: 300 m

. # of turns: 911 turns
' =T :/"

e

-

Som

36m g
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Hardware in the loop Simulation (HILS) for 40-MJ SMES Cable

control

\ 2

current application

Isc

scaling

_ Real-Time
¢ Digital Simulator
(RTDS)

...... ----- e s : S0 usat |«
A onecycle A

Hardware:
small prototype of |
uperconducting cable

scaling
Y Ve [€
& SC feedback

voltage measurement
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Scaling in Hardware-in-the-loop Simulation (HILS)

Vsc RTDS < ! > Hardware
| Inductance: 0.8 mH 3 A
10 m
diSC | leW
Vsc = Lsc— =+ Rsclsc - Vaw = Lpw— 57 + Rawinw
_ digc | _ digw
e(/) = Lim— =+ p()j e =Llim—5 =+ p()j
i Scaling factor
Current (rated): isc = 10 kA > ihw = 100 A 1/100
Time: t > t 1/100
Voltage (cable length): Vse (10 km) < Vigw (10 m) 1000
Time: t % t 100
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Results obtained by HILS (Discharge)

Real Time Digital Simulator: RTDS <

~~ 12 I I I
é 10
8L _
E 6L pload 1
T 4 B N
2 2t Ppy A
o 0L
= -2 L L L
0.0 1.0 2.0 3.0
Time 1 (s)
~ 12 T T T
3 10 _
Q 8L _
~ 6 i 1
§ 4L -
= 2 _
O 0 ! ! !
0.0 1.0 2.0 3.0
Time ¢ (s)
6 [ [ [
2 o _
$ 2L _
)
L 2
on — ——
S 4l i
o
> 6 l l l
0.0 1.0 2.0 3.0
Time ¢ (s)
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- Hardware

ultimate output fluctuation

compensation function

(instantaneous compensation

up to the rated power)

—~ 120 T T I
<100 i
|2 s0f |
: 60 | i
I § 40 | -
: 5 20f i
O 0 I I |
I 0.00 0.01 0.02 0.03
: Time ¢'(s)

F~ 6

: \>-/ 4 i I I I |
|

I % 2L _
B 0

' o [ -~ |

50 2 L —]
I8 4
13 = -
1> 6 | ! I
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I Time ¢'(s)
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Results obtained by HILS (Charge)

Real Time Digital Simulator: RTDS < i - Hardware
12 I I I I
10 |- : . .
i o 11  Ultimate output fluctuation
6L 4 1 . .
R 11 compensation function
o 2 Pioad 4 1 . :
Z of “‘11  (instantaneous compensation)
00 10 2.0 3.0 |
Time 1 (s) I
~ 12 | | | | 120 | | |
S 10l 112 100t |
Exr 4.2 sof |
5 6._ —— - :H 60 r p— ]
8 4 L —H 1 8 40 L —
5 2L 1 'E 20| i
5 0 I I I :8 0 | | l
0.0 1.0 2.0 3.0 ! 0.00 0.01 0.02 0.03
] Time ¢ (s) : ] Time ¢'(s)
g Al | | | ] ia Al | | | ]
$ 2L 41 >§ 2L |
S =N 0b— -
g 2L 4o §0 2L i
2 4 112 4t |
> -6 ! ! ! > -6 ! ! !
0.0 1.0 2.0 3.0 : 0.00 0.01 0.02 0.03
Time ¢ (s) ! Time ¢'(s)
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Design Examples of SMES Cables

Stored | Magnetic | Winding | Turns | Conductor | Inductance | Cross-sectional area
energy field diameter | @1m length @1m of the conductor :
@1m (with recent thin CC) Functions
7% B d n a
2
05T 120 mm | 40 143?]%2%6757}:( Response compensation
10 MJ 19 m 20 uH 3 mm2 @ 65 K for storage batteries
03T |200mm | 24 11 mm2 @ 77 K and fuel cells
40MJ | 1.15T | 105mm | 91 30 m 80 uH 5 mmZ @ 65 K (orders of seconds)
5mm? @ 20.K Response compensation
5T 120 mm | 400 (by stress constraints) | for gas turbine including
1GJ 150 m 5 mH 13 mm* @ 65 K shutdown and
6 mm? @ 20 K for thermally efficient
35T 200 mm 240 (by stress constraints) use of fuel cells
7 mm? @ 65K (orders of minutes)
20T | 300 mm | 1600 50 mm* @ 20 K
(by stress constraints)
100 GJ 1.5 km 0.2 H 50 mm? @ 20 K Daily load leveling
' ' (by stress constraints) (orders of hours)
85T 700 mm | 680
50 mm? @ 65 K
(by stress constraints)
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Hardware in the loop Simulation (HILS) for 1-GJ SMES Cable

1 m, 400 turns

Control

o 4
Real-time

- Digital Simulator
: (RTDS)

(10 kKA > 100 A)

50 us at
one cycle

Current source

N\

Prototype of Superconducting Cable , ol
.—/ ) -

\ 4

Scaling

>

=
(10 km €< 1 m) —
. k|
_Scaling s
< Voltage =
Feedback
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Hardware in the loop Simulation (HILS) for 1-GJ SMES Cable

1 m, 400 turns

memmmw 0 - T
s ) s—

i RTDS ~ Control
e - TAO Current source

Scaling
(10 kA > 100 A) \ \ ::\

Prototype of Superconductlng Cabis

\ 4

Real-time
- Digital Simulator
: (RTDS)

50 ps at
one cycle

PRrat P
(10 km € 1 m)
_Scaling

Feedback Voltage
Bendable
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Results obtained by HILS (Charge-Discharge)

Time for the hardware f (ms)
0.1 0.2 0.3 0.4 0.5 0.

Power at the PV
and the load

Currentin

the SMES cable

Voltage induced by
the SMES cable

/

Works as expected as long as |

-0

Vee (kV)
o

1
—
1

stored energy is available
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150

100

50

0.0

10 20 30 40 50 60

Time in the microgrid £ (s)

-24-

(W) MH
alempiey ayj

(A) A
alempJey ay)
Ag paonpul abejjon

ISS 2023 (K. Higashikawa (Kyushu Univ.))

ul jualdind



EEE-CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 56, March, 2024. Presentation given at ISS 2023, Nov. 2023, Wellington, New Zealand

Winding Test with High-current Conductor

Small Model Cable by Single Tape
(RE 123 CC Cross- sectlon ~O 6 mm2 (4 mm x O 15 mm))

| 1 , 0 tns
Winding test with high-current conductor
(CORC?®, cross-section: 7.74 mm? (diameter: 3.14 mm))

Specification:

Bundle of 12 tapes
(2 mm wide, 30 um thick) ®

Nominal I.: 670 A@ 77K
Expected /_ : 500-600 A

(~10 KA @ 20 K)

W2 KYUSHU UNIVERSITY -25- ISS 2023 (K. Higashikawa (Kyushu Univ.))
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Winding Test with High-current Conductor

1 given at ISS 2023, Nov. 2023, Wellington, New Zealand

| | | | | 3X1O-3

I.=470 A
n =21

77K
@ - 3x10*

[, of the winding
predicted at 0.1 T

O O

[ of Total of [,
CORC at sf. of
at sf. the strands = 3 X 10'5

3x10°6

1000

Transport Current [ (A)

Winding with high-current conductors will be applicable
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Effect of SMES Cable on Microgrid (without SMES Cable)
Supposed profiles of demand Without SMES Cablg

and output power from PV Ry -
8 — g
T T T a 8 ~
2 = 10 F ] g_‘; gs - i
g T = \—/\/\ Q? Q®
Q5
-S "E § 5 k i 0 1 1 1
g< & 0:00 6:00 12:00 18:00 24:00
o Q° * Time
(0] T T T
- - - g 10 F ]
%00 6:00 12:00 18:00 24:00 3§ ) M\
Ti Tog T Ty, M i
m 15 i _
10 »5< Lol
€>A g";Q-S ——hydrogen ]
5o § 5 10 attry
- £~ ) [ 1 1 1
s & & ° 5 0:00 6:00 12:00 18:00 24:00
g c Time
1 1 1 g © 1
S0 6:00 12:00 18:00 24:00 Z é
Time §8 g
g) -(% é 0 T LhJ L
. g 2 >
Difficult to compensate for =
. u [] ; » i [ 1 1 1
output power fluctuation of PV in real time &  ow 600 1200 1800 2400

- Need to convert energy into hydrogen in advance,
and efficiency until it is converted back into electrical energy is an issue.
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Effect of SMES Cable on Microgrid (with 40-MJ SMES Cable)
With 40-MJ SMES Cable Without SMES Cable

> ~ > ~
g-2 a_z
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The introduction of the SMES cable will
eliminate the problem of instantaneous mismatch between supply and demand.
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Effect of SMES Cable on Microgrid (with 40-MJ SMES Cable)
Wilth 40-Mq SMES Qable
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The introduction of the SMES cable will
eliminate the problem of instantaneous mismatch between supply and demand.
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Effect of SMES Cable on Microgrid (with 1-GJ SMES Cable)

With 40-MJ SMES Cable
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Power supply by Power supply

energy storage devices
p (MW)

Power difference between
supply and demand

With 1-GJ SMES Cable
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In addition,

storage batteries may no longer be needed.
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Summary

Solves the problem of fluctuating renewable energy output and further maximizes energy utilization
Almost zero additional losses for energy storage because it also transpoers electricity!
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Energy Use Efficiency and The Corresponding Cost Impact

“Byen” means billion (Japanese) yen. The costs are estimated both from present unit cost of energy
and from future one, and are listed above and below in each cell, respectively. The battery is assumed
to be replaced twice every 30 years due to its lifetime.

=

energy

electricity

electricity

energy

Allowable

J— energy utilization energy annual directly s Iv b cost cost for
de:lzr)\/d utilization efficiency utilization aver: e suppled huzfoy er): for installing
balancin efficiency (clear efficiency efficier?c by PV Y forg 30 years: SMES cable:
9 (cloudy day) sometimes (clear day) y for 30 vears present, present,
cloudy day) 30 years y future future
Case O 10MW 10 MW - - NG - - - - - - - -
Case B 1M0MW  10MW 10 MW - NG - - - S - - - .
Case H : 10 MW i i oK 30% 30% 30% 30% : 175Twh /2 BBJSQ :
Case SB i0OMW  10MW  10MW 60 MJ OK 32% 37% 43% 38% 0.52TWh 1.24 TWh 1S5 (BT, 38 Byen,
42 Byen 8 Byen
Case S 10MW 10 MW - 500MJ  OK 32% 38% 43% 38%  0.52TWh 123Twh >oBven.42Byen,
42 Byen 11 Byen
CaseS15  15MW 10MW -  750MJ  OK 34% 41% 46% 41%  068TWh 107Twh 21 Byen. 54 Byen,
38 Byen 15 Byen
Case S19  19MW 10 MW ; 1GJ oK 35% 43% 48% 43%  077TWh 098Twh 13Byen, — 62Byen,
37 Byen 16 Byen
CaseSB19 19MW 10MW 10MW 120 MJ OK 35% 43% 48% 43% 0.77 TWh 0.99 TWh VI, R 28 Byen,
37 Byen 13 Byen
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Energy Use Efficiency and The Corresponding Cost Impact

“Byen” means billion (Japanese) yen. The costs are estimated both from present unit cost of energy
and from future one, and are listed above and below in each cell, respectively. The battery is assumed

L r = - to be replaced twice every 30 years due to its lifetime.
) energy ele_ctricity electricity energy Allowable
energy utilization energy annual directly supply by cost cost for
demand uti!iz.ation efficiency utiI_iz.ation average suppled hydrogen for installing
balancing efficiency (cle_ar efficiency efficiency by PV for 30 years: SMES cable:
(cloudy day) sometimes (clear day) for 30 present, present,
cloudy day) 30 years years future future
Case O 10 MW 10 MW - - NG - - - - - - - -
Case B 10 MW 10 MW 10 MW - NG - - - - - - - -
Case H i 10 MW i : OK 30% 30% 30% 30% i 1.75 TWh 15735 BBS//:: i
Case SB 10MW  10MW  10MW 60 MJ oK 32% 37% 43% 38%  0.52TWh 1.24 TWh 1:’; BB;':: 388 BBS,/;?
Stored energy: 60 MJ Permissible price of 4-mm-wide CC
Magnetic field: 1.5T
Cable diameter: 100 mm ~20 USD / m (2652 yen / m)
Turn number per unit Iength. 120 turns for present of green hydrogen
Length of conductor per unit length: 37.7 m/m

Bundle of 4-mm-wide CC

Total amount of 4-mm-wide CC

W2 KYUSHU UNIVERSITY

38 tapes / 10 kA at 65 K
14326 km / 10 km cable
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~4 USD / m (558 yen / m)
for future cost of green hydrogen
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Thank you very much

U U for your kind attention!

A novel power system with energy storage function by superconducting cable
was proposed, designed, and demonstrated

Advantages:

(i) high-speed & high-power operation

(i) no additional space for energy storage (iii) scalability

(iv) DC operation suitable for superconducting cable and for recent loads
(v) overcoming the disadvantage of small energy capacity of SMES

This technology will offer high-power and high-speed power compensation
necessary for future large-scale utilization of renewable energies
especially for PV power generation.

This work was mainly supported by
NEDO Feasibility Study Program (Uncharted Territory Challenge 2050)
with one of the largest budget for young researcher: ~100 million (Japanese) yen.
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Summary

Newly proposed special superconducting cables and their innovative operation will give the power grid
energy storage, charge and discharge functions
- A decisive factor for the mass introduction of renewable energy!

Target @ 2050:
10 MW, 1 GJ
micro-grid
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