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1. Scenarios for Carbon Neutrality
Realization by 2050

d-fpcoj ;esea/cljnsﬁfute — 2
®

ECIRILF—BiiORSE

©Tokyo Electric Power Company Holdings, Inc. All Rights Reserved.



1-1. Forecast of power demand trends

® The silver bullet for achieving carbon neutrality is the progress of supply side
decarbonization and demand side electrification.
® Carbon neutrality will increase the power demand to 1,200-1,600 TWh in 2050.
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1-2. Energy flow and generation portfolio for 2050

® 790 TWh from Renewable energy (e.g. PV, wind) reaches 77% of total electricity energy.
® In terms of installed capacity, PV and wind power require 220 GW and 130 GW,

respectively.
® Thermal power plants using hydrogen as fuel and storage batteries (including pumped

water) are used as regulation power sources.

Supply side [unit : TWh] Demand side
battery ]
200[{GW] 1,020 Domestic
400[GW] use
(breakdoiwwn) 1,200
PV Nuclear 140
Hydro 90
220[(GW] PV 390
Wind 400 Battery 80
Wind
130[(GW]
Hydro Hydrogen
20[(GW] 400 -200 Indirect
Thermal electrification
DVE 23
fuel conversion )
( 110[GW) ) g Hydrogen
Nuclear 800
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Installed capacity
Energy flow diagram in 2050
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1-3. Challenges for high renewable integration to the grid

Renewable energy
introduction rate
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@®Short-circuit
capacity drop

@Low system
inertia

®Short-term
oscillation

®Long-term
oscillation

@Transmission
capacity shortage

®Voltage flicker

®Voltage
fluctuations in
distribution line

decrease in the ratio
of synchronous
machines

supply-demand
imbalance

concentration of
interconnected DERs

mutual interference
of DER's protection
functions

fluctuations in power
generation of DERs

Challenges

Review of protection cooperation
Short-circuit current supply function

Establishment of real-time inertia estimation
method
Inertia response by IBRs

Improvement of frequency response
(Storage battery, FGMO, LFC control)

Improvement of downward reserve (PV
output control, energy storage)

Renewable energy output and lamp forecast
Supply/demand operation simulation

Resource aggregation
Connect & Manage

Conductor temperature control by dynamic
rating

Improvement of anti-islanding function

Smart-inverter development
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1-4. Suitable sites for renewable energy and system enhancement

® Suitable sites for wind power in Japan are unevenly located in northern and southwest
areas away from large demand areas. New long-distance transmission routes be needed.

® Urban areas are suitable for PV. Microgrid with PV will expand as a new distribution
system utilization.
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2. System Planning for Renewable
Energy Oriented Grid

~System inertia~
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2-1. Effects of decreased inertia on frequency

Large Inertia : Many
Synchronous generators
Low Inertia: Fewer
Synchronous generators

Hz

I Steep frequency drop

Ul
o

Frequency recovery

Suppression of RoCoF
system inertia

Change ofl
Frequency

Frequency

Maximum frequency deviation: Nadir

Large-scale (Blackout avoidance is not possible if the
power outages frequency drops further)

blackout

_ r -
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IrII Frequency recovery Iimit i
|
| |

Grid Disturbance
(e.g. Generator
Trip)

Time

Key points : i
.Understanding system It is necessary to consider the
i : consistent study from bulk
inertia . i
system to distribution system.

-Ensuring enough inertia
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2-2. Overview of the low system inertia project

(ONEDO project : 2019.7~2022.2(3-year)

-Responsible Ministry : METI

(DEstablishment of real-time
inertia estimation method

-Total budget : 2.3 billion yen

(2Development of countermeasure

equipment (inveter with inertia function)

Remote
monitoring

by utility Wide-area

system data
collection

N struction of a monitoring
em
40 PMUs in mainland Japan

Monitoring
(Understanding system inertia)

Frequency (Hz)

Reduced frequency
change rate (RoCoF)

High inertial force

-
"

Reduction of maximum
frequency deviation (Nadir)

Countermeasures
(Various analysis, Equipment development)

-Determining inertia requirements

- Establishment and standardization of
countermeasure equipment
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2-3. System configuration for inertia estimation

® System inertia monitoring system

[Monitoring system Installation utility]
-TEPCO HD Research Institute
-Tohoku Electric Power NW Head Office
-Chubu EPCO Research Institute

-Kansai Electric Power Research Institute
-Chugoku EPCO NW Head Office
-Kyushu Electric Power Transmission and
Distribution Headquarters
-Kyushu EPCO Research Institute

S LN
500kV: 15 ®
220kl &

® Phase measurement unit (PMU)

50Hz Region : 20
60Hz Region : 20

Installed at each
substation

A RIF .C. I

ge gty | .
BEE | muEokrC
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2-4. Real-time inertia estimation method

Estimation method focusing on wide-area oscillation ) of power system
(3¢) the phenomenon in which the phase of a voltage oscillations throughout whole power system

A
@OPMU measurement data = @Wide-area oscillation frequency f,
capturing (by FFT)= ®inertia estimation
Tohoku A Replace with simple
Area(1) 4k mm I Simple
e ~E [ syste ode > systFe)m Al : G1 phase amplitude
Long transmission line ) model A2 : G2 phase amplitude
cause wide-area &4 .. | PMU Measurement data P P
oscillation. / Tohoku Area _ K(A,+A)
Sy e £ —>[ Voltage phase] i -E inertia H, 24 ¢ 2
4m<é{\'p < : fo Extracted : 10
Tokyo!/aed - 4597 (# | Tohoku-Tokyo Line igrr?g“pﬁ‘;‘ggr flow | <_> wy=2nf,
Area(2) SQO = Power flow i differences i Total inertia of 50Hz
, ’ K I : systemH,+H,,
/ SRR : — P H
j—é b r?E);/_;rﬁ i AD i {}
o e T —>[ Voltage phase ] bommmmmmeeeed ' Tokyo Area_ K(A;+A,)
L \/SC)OL«\/.ZD SHE=ET ) _J inertia H2 2A2Cl)02
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2-5. Example of real-time inertia estimation result

s

Comparison of “estimated” with “"stacked” inertia
OThe trend of two value is similar.
= Confirm the effectiveness of the technique
OContinuing study of the estimation method accuracy

\.

System Inertia

Inertia Estimated Results

LT Ay

Esys[GW-s]

' FALTaA
NSNS AN

[ Stacked value = Total generator inertia that each electric utility can observe

(impossible to gather the data in real time)

| control systems, etc. are not accounted.

X Inertia on the embedded generators and load sides, influence of other

time[h]

T T T T T T
2020/5/1 0:00 2020/5/2 0:00 2020/5/3 0:00 2020/5/4 0:00 2020/5/5 0:00 2020/5/6 0:00 2020/5/7 0:00

Date
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2-6. Toward the establishment of a real-time inertia estimation method

~ N\ ~
/\ Other difference factors % Trend analysis of estimates
Q
O
5 Inertia contribution @Survey of estimation methods in
- 5 from load side other countries
O E 3
= T Dynamic response (e.g. ‘ Impact As_s f:ssment of Power
= \/ PSS:a device installed in a large-capacity
0 generator suppresses the output voltage
v fluctuation.
E . Stacked value
v
S v
o) =
T 9 _ Impact investigation, Analysis
35 -nerator Inertg = Accuracy improvement
=8 [Can be observed by each
O EPCO]
1)
© o \/
-
= . .
o ‘GE) Establishment of real-time
B inertia estimation method
\_ J U J
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2-(. Various inertia countermeasures

Countermeasures for low inertia

1. by rotary machine 2. by Inverter 3. Load
(PV-battery-wind power etc) shut-off

Nuclear power plant

resume UFLS operation
(DecarbonizationO) Grid following Grid forming by utility
Keep thermal power inverters with inverters with -
. inertia function inertia function on the
plants online consumer side

(Decarbonizationx)

load shut-off

keep pumped-strange
hydro online
(scale small)

Synchronous
condenser, flywheel
(High cost) N

« Utilizing inverters, which is essential for renewable energy supply,
as a system inertia support

« Accomplishment of expansion of renewable energy (reduction of
thermal power plants) and reduction of countermeasure costs
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2-8. Types of inverters with inertia function and development plan

Renewable energy
introduciton rate low
Method® : Grid Following Method®@ : Grid Forming
Response .
P fast (0.1~15s) instant ( ~0.1s)
_ Breakthrough
Effects Medium \ large required
E:?{g:j‘)pme”t middle : 2 ~ 3 years )Iong More than 5 yeard”">
Add functionality to conventional New control scheme
Special control methods g
Features Easy to migrate from It is necessary to change Grid
traditional inverters Code.
Voltage class 6.6 kV, 66 kV

 —— MethodD&® can exist togerther and—
m ato 0.

move essly fro

Develop both methods

*The problem of method @ introduction only :

Renewable energy : Main power source = RO0OCOF :
disconnection due to FRT requirements (=black out) = Solution by sequentially
introducing method @ inverter according to the renewable energy introduction rate

large = Simultaneous

©Tokyo Electric Power Company Holdings, Inc. All Rights Reserved.
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2-9. Development status of inertia function

ODevelopment Steps _present
@Development of -\ @Simulationr\ 55 stotype @Actual %Efﬁzz"s(gggca
control algorithms 4 evaluation Imachlne tes ¥ specification decision)

OExample of actual test of inertia response (IBR ratio 4 cases)

50 Iner_tia function IBR 20% 50 IBR 40%
available

49.95 | 49.95 |
——GFL1
“-o-GRL2
——GFM 1
---- GFM 2

w/o

Frequency (Hz)
Frequency (Hz)

49.9

10 . 15 0 5 10 15
time s> NO Inertia func_tlon Time (s)
50 i 50 F—

IBR 80%

0
IBR 60% GFL 2 did not run

49.95 | 49.95 |
——GFL1
“-o-GRL2
——GFM 1
---- GFM 2

w/o

Frequency (Hz)
Frequency (Hz)

49.9 49.9

0 5 10 15 0 5 10 15
Time (s) Time (s)

Both inverters (GFL, GFM) have the effect of inertia function.
When the renewable energy ratio is extremely high (80% case),
GFL result is instable but GFM is stable. — 16
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2-10. Overseas situation
The following four regions are preceded by examinations on inertia.

United Northern United States
Kingdom Europe (Texas)

. . « Unbundling
Electric Utility . . - Renewable energy ratio .
Structure and « Unbundling « Unbundling 10% « Unbundling
 Renewable energy < Renewable energy - . * Renewable energy
Renewable Rate . o . o « HVDC linked with . o
ratio 18% ratio 24% continental European ratio 17%
grid
Main concern by ° Senerator * Generator - UFLS due to lower - UFLS due to lower
I . ti disconnection due to  disconnection due to Nadir Nadir
Oow Inertia increased RoCoF increased RoCoF
» primary/secondly/tertiary « 3
. 13 /FFR (primary/secondly
The number of (primary/secondly/ - 11 ' « High-speed frequency /tert|a'ry').
frequency tertiary, reactive (primary/secondly/ response menu » -Subdividing menus
ower ’inertia i) tertiary, inertia etc) including inertia (under - Inertia (under
reéserve menu POWET, consideration) consideration)
Recovery of Collected at the Collected at the
countermeasure general expense of the Wheeling charges Wheeling charges general expense of
costs user the user

EPCON NesearchMnstitute —. 1 7
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3. Technology Development of Multi-terminal
HVDC System for Offshore Wind Farm
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3-1. Needs of multi-terminal(MT) HVDC system

® Because of the sea depth of Japan, suitable area for offshore wind farm is near from
coast and well distributed.

® Suitable area of off-shore wind (Hokkaido, Tohoku, Kyushu) is far from demand area and
new transmission lines are needed due to the capacity limitation of conventional AC lines.

® Multi-terminal HVDC transmission system is one of the key solutions to transmit the
power of wind farms to the metropolitan area.

£
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Average wind velocity
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I s5m/siLE

- DC circuit braker
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Wind Farm

i
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3-2. Approach to MT-HVDC system development

ONEDO Project : 2020.7~2024.2(4 years)
‘Project name : R&D of a multi-purpose and multi-terminal HVDC transmission system

-The budget in fiscal year 2020 : 1 Billion yen

I Development of the MT-HVDC control system II Development of DC line fault detector and
Development of the system on Real Time Digital protector for MT-HVDC
Hardware production of DC line protector, and

Simulator (RTDS), and functional verification test of
power flow control technique on the system. functional verification test of the control system.
-* DC cable |

—c—o—
DC circuit braker :z

L DC line protection
(Production)

Picture of RTDS"*

(Simulator of the electric power system to verify the function)

v

-Establishment of a power-flow control and protection technique
-The technological standardization for different vendor’s
product interconnection.

ﬁseamh NSHULE 2 O
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3-3. System configuration of MT-HVDC system

® HVDC system consists of two onshore terminals, three offshore terminals and DC cables.
® The system is capable of both the generated power transmission of offshore wind farms and
the power interchange between onshore terminals through the HVDC link.

Onshore terminal® Offshore terminal®
current direction ) < '( 3
~, | | Ac/DC : f DC/AC
T_ converter : converter
1 l I\
Offshore
Test case Wind Farm (D
-Power flow control from WF to onshore Qﬁs_h?_"ﬁ _t_e_"_rﬁ_'_”_ell@
Connect to -Power interchange between onshore :’ ", < —
conventional terminals through the DC cables | N
HVAC system -Protection control in case of terminal fault ! DC/AC N
(Main land) -Control verification between different : converter
vendor’s converters N . .
Offshore
Wind Farm @
e ¥ E b o
N F AC/DC ; D | DC/AC Jru@,
Mi Convet’tel’ : ( T : Conver-ter i e j
N . S H N e /
Onshore terminal@) Offshore termmal@ Offshore
System configuration of the MT-HVDC system Wind Farm (3)

which consists of different vendor’s AC/DC converters J ’E‘mnmm,, ”s,,,[,,e 2 1
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3-4. Function verification of the MT-HVDC system

1. ALL digital simulation
(built a model of the whole equipment
on RTDS)

2. HIL(Hardware In the Loop) simulation
(made hardware of control units and
conducted integration test with RTDS)

RTDS simulation model (Excerpt)

_________________

g > DC cable

i‘ AC/DC |
1 |Converter :

Signal information
-pulse signal, converter voltage, current

Converter controller] @ — Upper-level

controller

Control signal
-Start/stop order
-Output change order, etc.

RTDS

t=n

e

=n

me|
E=TRl=1

Example of all digital [0
simulation configuration

RTDS simulation model (Excerpt)

_________________

.” ‘} DC cable
‘ AC/DC i
il |Converter :

________________

Signal information
-pulse signal, converter voltage, current.

D RTDS
J : [ e —] e
|
Converter controller =t=rtr - UUM
05553 I
[ 05500 B
Control signal o i W
-Start/stop order 1L 1Ol
-Output change order, etc.
\\V#H,#f”’

Upper-level controller

Example of the HIL simulation

©Tokyo Electric Power Company Holdings, Inc. All Rights Reserved.
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3-5. Development and verification of a DC line protection

OPurpose : Development of a DC cable protection system and verification by HIL simulation
OFunction : @Data collection of DC system (V, I, Relay state, etc.)

@Fault and fault location detection, Circuit Breaker (CB) control

®CB opening signal transmission
OTarget : Realization of fast response to fault-removal (required time: several milliseconds)

AC/DC

, DC/AC
converter 7/

converter

Fault point removal

SHV AC system current DC/AC
(Main land) direction converter
AC system —
DC system — Offshore termmal@

Ny F= AC/DC
v converter

Onshore termmal@

1
DC/AC * : o
converter| | {124}

Offshore
wind Farm @

Offshore
Wind Farm @

Offshore
wind Farm ®

Fault detection and removal scheme in the

multi-terminal HVDC system

—c— o

-
-
-

@ DC cable |

DC Circuit Breaker @. :_z

®System information
collection
(V, I, etc.)

@Fault detection and
determining the DC
circuit breakers to be
operated
®Operation command
(Breaker opening signal)

DC line protection Unit

©Tokyo Electric Power Company Holdings, Inc. All Rights Reserved.
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3-6. Simulation result of a MT-HVDC system operation

® The test system including 2 different vendor’s converter models is simulated for power flow

control and protection scheme verification.

® The goal of this project is to standardize the operating specification through these simulation

tests.

Onshore termmal@ Offshore termmal@
| Ac/oe . .[ DC/AC | | ooy

/\/ i+ Converter : : Converter = QX+
i |B vendor ' i Ne--s
N . ,l \.- _________________ ,‘ ‘

Offshore
Converter stop Wind Farm @

2

DC voltage 1
(pw) 0
-1

4
3
DC current 2
(pu) 1
P 0

A I,———
:I 1
1 |
1
. \

SHV AC system

(Main land)
Accident point:DC bus bar Offshore
kind of accidents:short circit JWind Farm @
S, Offshore terminal®
/ \| I 1
i AC/DC H DC/AC gty
®+ Converter - Converter -+-f@‘:—
! A vendor : B vendor| *---7
___________________________________ |
Onshore terminal@ Offshore
Wind Farm @
Test system configuration of different vendors converter

connection

Operation condition

Offshore
terminal®

Offshore
terminal®

Offshore
terminal®

/The time of fault

-

Converter stop |

(=

Converters of both offshore
terminals(1, 3) is driving
continually.
-

0

time[s]

0.5

Simulation result (Bus bar short-circuit fault of terminal 2)

©Tokyo Electric Power Company Holdings, Inc. All Rights Reserved.

-
‘ BRECIRILT-BiORE 2 4



4. Future Technical Challenges
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4-1. Expected innovations for carbon neutrality

<CInnovation
(Basic policy subcommittee) 2020 2@1 2022 ~ 5 years

®Decarbonization of frequency
reserve (Hydrogen and storage
batteries)

-Use of storage batteries

(@Regional microgrid support Technology development

(including promotion of for renewable energy
distribution business) Al G
................................................... — [ -Practical application of

system inertia

3System stability NEDO Inertia project : | -Addressing regional and

(System inertia Support) 1 local issues
- B
@Off-shore Wind NEDO DC transm|55|on project
(Establishment of low-cost | =g Lowcostofoffshore ind
technology) -Establishment of floating
technology

d-fpcaj ;esea/t:/r nsffu[e 6
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4-2. Technical challenges for more renewable energy integration

Challenges and solutions for introducing large amounts of renewable energy

-When introducing large amounts of renewable energy, challenges arise in both wide and
local areas.

-Local area challenge ought to be examined and verified using test field that can simulate
a real network and devices (imitate microgrid)

Challenges when introducing large amounts of : Local area
Wide area : .
renewable energy ~Microgrids

Frequency, Inertia O @,
System stability  yq|tage, Reactive power O —

Transient/Small signal stability O —

Short circuit, Ground fault O O
protection-control

Protection coordination, Control O @)
Anti-islanding — O
Power quality (flicker and harmonics) A @,
Distribution system voltage — @,
Resilience A O
DER stability (including black start) - @)

d-é—’ﬂ@‘@f J@seamﬂ%.—sﬁfmw@_
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