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HVDC history

A proven track record of innovation

-

1893

ABB starts providing power to the
miningindustry

o 0 0O
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1954

The world'’s first
commercial HVDC link at
Gotland, Sweden

1997

The world’s first VSC HVDC
installation

2013

Hybrid HVDC Breaker, solvinga
100-year old technology puzzle
enablingthe DC-grids of the future.

1=
2017

VSC HVDC highest performance
ever — 3,000 MW, 640kV, 2,000
km

1928

Dr Uno Lamm began

developing HVDC in Ludvika,

Sweden

1960s

Mercury arc valves replaced
with thyristor semiconductor
valves

2010
The world’s first 800 kV

UHVDC linkatXiangjiaba-
Shanghai, China

Z i:l
2014

Complete 1,100 kV UHVDC
system devel oped.
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The Future

DC supportinAC grids
DC grids

“The best way to predict the future is
to create it”
- Abraham Lincoln

AL HR HR
rFApw



The Birth of HVDC
Gotland

First commercial HVYDC
transmission in 1954
(100 kV, 20 MW)

Gotland — Swedish mainland
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Case study
Itaipu

One of the largest HVDC transmissions in the world - two major ABB HVDC links that
supply Sao Paulo.

6,300 MW
600 kV
1,590 km

Key facts

- The largest and most powerful HVDC transmission
in the world for 20 years from 1990-2010.

- A considerable step forward in HVDC technology
compared to the HVDC stations of the 1970s.
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Case study
Rio Madeira

Integrating remotely located renewables, transmitting clean electricity, reliably and

efficiently across a massive distance with minimum losses, to millions of consumers.

3,150 MW + 2x 400MW (BtB)
600 kV
2,375 km

Key facts

- Essential for the integration of vast hydro electric
power from the Amazon Basin.

- Highly challenging remote location in the Amazon
jungle.




Case study - 11BN
North East Agra — ultrahigh-voltage DC, -
multi-terminal solution B mm s mee : = —_—
The world’s first ultrahigh-voltage multi-terminal HVDC link, a step towards a true DC S e —— = = L
gric i — | = =
6,000 MW

800 kV
1,775 km

Key facts

— Bulk 2-way transmission.

- Multi-terminal solution to integrate two
generation locations.

- Minimum transmission corridor due to limited
space.




Case study
Changji-Guquan — in execution

Due to set new world records on voltage level, transmission capacity and distance,
supplying millions of people with reliable electricity.

12,000 MW
1,100 kV
3,000 km

Key facts

- ABB was the first to successfully develop and test
the, world record breaking, 1,100kV converter
transformer technology.

- Key inintegrating remote renewables on a large
scale and transmitting power over greater
distances.
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HVDC Classic LCC
Cost effective, bulk

transmission
(up to 12 GW+)

HVDC Classic from ABB:

- Low losses

- Highreliability

- Highavailability

- World’s largest greenfield project experience

- Extensive service and upgrade experience




Installed base

Over 120 projects and over 60 years experience

—— America

CU Upgrade 2019  Outaouais 2009 Chateauguay
Maritime Link 2017 Sharyland 2007 Cu-project
Quebec —New England Upgrade Rapic City 2003 Nelson River 2
Madawaska Upgrade 2016 Cross Sound 2002 Square Butte
Celilo Upgrade 2016 Eagle Pass 2000 Eel River
Railroad DCTile 2016 Quebec—New England 1990 Pacific Intertie
Oklaunion 2014 Pacific Intertie Expansion 1989 Vancouverlsland Pole 1
Mackinac 2014 Intermountain 1986
IPP Upgrade 2014 Pacific Intertie Upgrade 1985
Blackwater 2010 Madawaska 1985
2009 Highgate 1985
— South America
Rio Madeira Back-to-back 2013
Rio Madeira 2013
Brazil —Argentina
Interconnection| & Il 1999
Itaipu 1984
Africa
Inga —Kolwezi Upgrade 2016
Cahora Bassa, Songo 2015
Caprivi Link 2010
Apollo Upgrade 2008
Inga —Kolwezi 1982
Cahora Bassa 1977

1984
1979
1978
1977
1972
1970
1968

Europe

North-sea Link
Nordlink

IFA2

Kriegers Flak Cgs
Johan Svedrup
Gotland Upgrade
Caithness—Moray
Kontek Upgrade
Troll1&2,38&4
Borwin 1

Dolwin 1,2
Aland

2021
2021
2020
2019
2019
2018
2018
2016
2015
2015
2015
2015

Nordbalt
Litpol Link
Skagerrak4
East West
Interconnector
Sapei

Valhall
Norned
Estlink

Italy —Greece
Tjeereborg

2015 Swepol

2015 Gotland Light

2014 Hallsjon
Kontek

2013 Baltic Cable

2011 Fennoskan 1 &2

2011 Durnohr

2008 Skagerrak1-3

2006 Gotland 1-3

2001 Konti-skan

2000 English Channel

Asia

Changji-Guquan
Raigarh-Pugalur

North East Agra

Jinping -Sunan
Mdilinbeir —Liaoning
Lingboa li Extension
Xiangjiba —Shanghai
Three Gorges—Shanghai
VizagLi

Three Gorges—Guangdong
Three Gorges—Changzhou
Chapad

Rihand-Delhi

Gezhouba —Shanghai
Vindyachai

Sakuma

Australia and Oceania

Broken Hill
Murraylink
Directlink
Leyte-Luzon
NewZealand1 & 2

2000
1999
1997
1995
1994
1989
1983
1976
1970
1965
1955

2019
2019
2016
2013
2010
2010
2010
2006
2005
2004
2002
1999
1990
1989
1989
1965

2013
2013

1999
1984
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HVDC Light: 20 year of success!
Harmonic and Loss Reduction — Eliminating the Need for Harmonic Filters

] Y N \oltage
Modulation principles

1997 - 2001 Py 1N I
Two level converter ' ' | '
"l &
2002 -2004 h
Three level converter b
J k Time
2005-2009 "
Two level converter, L l F /
optimized switching : - '
: IF
2010-2015 . P
Cascade two level converter | . a s i 11
2016 -
Modular multi-level converter
ADD
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Case study
Nordlink — in execution

Interconnecting grids using HVDC technology helping our customers reach their targets

for a renewable energy mix.

1,400 MW
525 kV
623 km

Key facts

- VSC bipole HVDC

- Balances intermittent wind power in Germany
with controllable hydropower in Norway.

- Most powerful HVDC Light® systemiin
construction, joint with NordLink.
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VSC HVDC Light®
Up to 640 kV and 3,500
MW

o,

P =
///. %

Your grid challenges, solved by HVDC Light:

Weak network?
- Black start power restoration
- Active/reactive power control (statcom
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- AC voltage and frequency stabilization (increasing
AC grid utilization)
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Bi-directional power trade?

- Fast power reversal

T

Integration of renewables?
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Skagerrak4 ——

NordLink —

[
Troll1,2Troll 3,4 ————e° -.&—— AL-link
Hillsjon —e ? .

L ®—— Estlink

VSC HVDC Light
ABB supplied 70% of all VSC

links in the world

Johan Sverdrup —® @
Caithness Moray = @

>
LIS

®—— Gotland

®- NordBalt

T o Tjaereborg
North Sea Link J Valhall
@ s e o Kriegers Flak
East West o
Interconnector. E DolWin1 &2
BorWin 1

®—— Martime link L
. > IFA2
Mackinac ° °
®-——— Cross Sound
EaglePass ————— @
@® VSC-HVDC projects commissioned
@® Inconstruction pe
Caprivi ———@
*VSC: Voltage sourced converter
e ——— Terranora
.o ®
L4
g

Murraylink
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HVDC History

Reliable power to millions, for decades

Near Future of HVDC in South
America

An overview

Skagerrak Project

A challenging history

Maritime project
The first bipole HVDC Light solution

Conclusion
HVDC flexibility
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HVDC Installed Base
Brazil

©ABB

HVDC Rio Madeira

: HPP Santo Antonio HVDC Belo Monte 182
HPP Jirau SN e I State Grid BR & Furnas
~ EBR Santo Antonio Station (RO) Belo Monte Station (PA)
Jirau Station (RO) 1 GSC: ABB 1 Bipole: Siemens
1 GSC: ABB ’

1 Bipole: State Grid

Eletronorte /IE Madeira
Porto Velho Station (RO)
1 Bipole + BTB: ABB
1 Bipole: GE Alstom
2 LFLs: ABB

HVDC Belo Monte 1
State Grid BR & Furnas
Estreito Station (MG)

1 Bipole: Siemens

HVDC Rio Madeira
Eletronorte / IE Madeira
Araraquara Station (SP)
1 Bipole + BTB: ABB
1 Bipole: GE Alstom

HVDC Belo Monte 2
State Grid BR
Terminal Rio Station (RJ)
1 Bipole: State Grid

2 LFLs: ABB
HVDC lItaipu National Operator
Eurnas N
Foz d(; Iguagl:u Station (SP) Rloldﬁ\}lggeggpi(tglozéBRO)
Bipoles: ABB
& ‘ 1 HVDC Replica: GE Alstom
o 1 HVDC Replica: Siemens
slg Elétrico
BTB Garabi
CIEN-ENEL
Garabi Station (RS) HMD—C—II'am
1 BTB: ABB
Ibluna Station (SP)
2 Bipoles: ABB
BTB Uruguaiana
Eletrosul srom
Uruguaiana (RS) .
1 BTB: Toshiba BTB Riveira BTB Melo
ISUR ISUR
Riveira (UY) Melo (UY)
1 BTB: GE Alstom 1 BTB: GE Alstom



HVDC Installed Base and
Future Projects
South America

SAM in 2029

Caraibas

londuras Barbados
Aruba
. Granada
Nicaragua Curagao
® Barragqunlla Caracas Trindade
flandgua ® e Toba
i arquisimetoo 90
CostaRica Cidade do
Panama
Panama =
Bucaramenas Venezuela R L
Medelin : Parargaribo
o
~ Bogota Guiana Guiana
Pereirao ® A Francesa
Suriname
Cali ~ - )
o Colombia Boaghs(a
RORAIMA AMAPA
Macapa
Quito )
s s,
Belém
o
25 Sdo Luis
Guaiaquilo Manaus 5
3 Fortaleza
o
AMAZONAS MARANHAO  ‘oTeresina CEARA Rjo GRANDE
PARA DO NORTE
PARAIBA ©oJodo Pessoa
PIAUI
i S ERNAMBECO o
AT Brasil PERNAMBUCO Racifa
ACRE
ALAGOAS
Peru
MATO GROSSO BAHIA SERGIPE
: Salvador
Lng\a o
Cusco
o
’ La Paz e
Arequipa " @ Bolivia
Cochabambao 5 S GERAIS
Santa Cruz
\ de La Sierra Lo
ri A
Campo Grande Be H?, izonte SANTO
o
MATO GROSSO
DO SuUL
RIO D
JANEIRO
Paraguai Paulo {oett
< () Rio de Janeiro
Antofagasts
o
Salta :
o ®Assuncao Cur(r)nba
San Miguel
de Tucuman SANTA
Chile) s CATARINA
Florianopolis
RIO GRANDE
DO SUL
o
Porto Alegre
Cérdova Santa Fé
o o
Rosoano Uruguai
Sarihago oMendoza [
8 Buenos Aires
®
Argentina

Concepcion
o

Mar del Plata. GO gle
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HVDC Future Projects

Brazil

Belo Monte

Tapajos &]

| \ Int NE — SE
E Int. N-S E P gGraga Aranha
Parauapebas

N/SE and NE/SE Transmission Expansion

§
' §
Transmission Line: 2,100 km N/SE ] kY
1,500 km NE/SE ! Vg
! \3
Voltage: +800 kv DC ". iivania }
Power: 8,000 MW for 2 bipoles ‘: ‘\\
Expected Auction/Award: 2021 BP B "‘ “\
2023 BP A Estreit A\
gg stero 4 T. Rio
Araraquara Assis E
HPP Tapajés Transmission System [ \bitna
> 20 KM %
Transmission Line: 1,500 km BP1 X >
2,500 km BP2 Itaipu
Voltage: + 800 kV DC
Power:

8,000 MW for 2 bipoles

Expected Auction/Award: 2025 BP1

2027 BP2

AL HR HR
rFApw



HVDC Future Projects
Chile

MAPA DE LOCALIZACION
<z
. ANT
AR A\ B Q ATA .
\--~--.-"‘~-\, v
“"‘220”'¢,q”‘

=w=mmme== |T(HVDC)
(@] EC (HVDC)

3000 MW / +600kV DC
To be in operationup to 2028

©ABB Source: CEN — Coordinador Electrico Nacional

®
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. COORDINADOR

ELECTRICO NACIONAL

Centrales de Generacidn Eléctrica

[ re—

PR Termoeléctrices o Carbon

(' Y Termoeléctrices o i

) Termoeléctricas o GN

44 Blomasa

i folicas

u Solares

t Geotdrmicn
Sisterna de Transmisidn Eléctrico

Lineas de Transmision - kV

=350 km

= 1,100 km

AL HR HR
rFApw



HVDC History

Reliable power to millions, for decades

Near Future of HVDC in South
America

An overview

Skagerrak Project

A challenging history

Maritime project
The first bipole HVDC Light solution

Conclusion
HVDC flexibility




Skagerrak Project
A continuous evolution

General Information

et 4

— Connection between Kristiansand, Norway and Tjele, Denmark. =
— The transmission system belongs to Statnett on the Norwegian side and to ) '“.“gq'

Energinet on the Danish side. = 7
— Skagerrak 1 and 2 (SK 1 e SK 2) entered commercial operation in 1975/1976.
— Skagerrak 3 (SK 3) was commissioned in 1993.
— Skagerrak 4 (SK 4) is in operation since 2014.
— The distance between the substation is around 240 km.
— Hydroelectric power from Norway.
— Initially thermoelectric power form Denmark.
— Today Denmark has a considerable amount of windfarms.

©ABB rFApw



Skagerrak Project
Connecting Norway and Denmark

NBB



Skagerrak 1 & 2
The first bipole

General Information

— Bipole with Line-Commuted Converters (LCC).
— Uses thyristor in the converters.

— Voltage of + 250 kV DC (until Skagerrak 3).

— Current of 1000 A.

— Total power of 500 MW.

— 127 km submarine cables and 113 km overhead lines.

— Earth electrode on both sides.
— Commissioned in 1975/1976.
— Revitalized in 2007.

AL HR HR
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Skagerrak 1 & 2
The first bipole

Tiele ‘ Kristiansand

—(() = )
AC NV, N SK1 NV, AC
E ‘ LCC :
+ Q)= H}—O— 7

4"' |||7
7 A

— ) — & Y ()
AC = SK2 4 AC
§ ‘ LCC :
N ' o :
Dt = 1

T A/
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Skagerrak 3
The third pole. Changes were needed...

General Information But...

— Monopole with LCC converter. — No metallic return dedicated cable was built.

— Voltage of 350 kV DC. — There is a limitation to the amount of time the earth return
— Current of 1430 A. can be used.

— Power capacity of 500 MW. — The rated voltage, current and power for SK3 is different
— 127 km submarine cable and 113 km overhead line. from SK 1 and 2.

— Commissioned in 1993.

How to operate the new system with a new pole with different specs?

AL HR HR
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Skagerrak 3
Adaptations

Before SK3

— SK1 and SK2 are two monopoles that form a bipole.
— SK1 and SK2 have different DC voltage polarities.

— SK1 and SK2 have DC currents flowing in opposite

RiaCat

g
o [Of
1o

=)

SK1
LCC

SK2
LCC

Kristiansand
AC
F—=0— 1
|||— )
Q)
NV AC
oy i
¥ N/ T

After SK3

— SK1 and SK2 have their converters in parallel and form a monopole.

— SK1 and SK2 have the same DC voltage polarity.

— SK1 and SK2 have their DC currents flowing in the same direction.

AC

1
T

=

SK1
LCC

)

AC

L
T

Tiele
(O)—=
@ _lzig
(OH=
(O)1H=*

-

SK2
LCC

Kristiansand
AC
- 1
TN
NV A
@1
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Skagerrak 3
The addition of a new pole

With Skagerrak 3

— SK3 operates with a DC voltage polarity to SK1 and SK2.
— SK3 has its DC current flowing in the opposite direction to SK1 and SK2.

— SK1 and SK2 operate as a monopole and, together with SK3, form a new bipole.

TjE|E‘ Tjele Kristiansand tianSEnd
) —# = ST
75N AC 1 SK1 Y e N
— | T LcC —= )
0 RS S
AC NV @ % =) A,
1 T gl 1 AC
T N/ AC i A pE fgé T\ ! T
= oy Hre L7 L =
T '\_‘y'lj _ZE ﬂz_ \vlj T
AN Y
—1 | | — I— L} b
"‘*«_'5{_.-" Tjele Kristiansand f
AC AC
NN [ o TN
7 (O] D N
L L g o ) )|

—

NV N sl as |
1 T O =0 17 - ABB




Skagerrak 3
With the new pole

From 1993 on....

SK1 and SK2 operated with +250 kV DC e maximum current of 1000 A. The total
power capability was 500 MW (250 MW per pole).

SK3 operated with -350 kV DC and maximum current of 1430 A. The power
capability was 700 MW.

The new bipole has a total power capability of 1200 MW.

Normally the power was distributed between the two poles so they had the
same DC current in order to minimize the earth current.

During the operation with full power, the current flowing to ground was 600 A.

.
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Tiele

g

AC

TN

AC NV

s

| F
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Tiele
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SK3
LCC

Kristiansand
e 7‘7\
./
AC
3‘2 :/??': _L
NV T
L 1
N NN
BZ S,
| S
AC
1| 7 _L
EZ_ 2 T
|||—
Kristiansand
17
Eam ()
AC
1N
[sjz_ \\//
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Changes in the Danish System
Wind power: More changes were needed...

Norway

— The main energy source is hydroelectrical.

Denmark

— When SK1 and SK2 were commissioned, the Danish system had primarily thermal

power sources.
— In the last decade, many windfarms have been built in the country.

N : P webih -
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Changes in the Danish System
Advantages of HVDC with renewable power

What was HVDC initially intended for?

— Initially the Skagerrak transmission system was designed for optimal economical
energy dispatching among the two countries.
— Stabilization of the AC grids after contingencies.

What happened more recently?

Wind generation in Denmark sometimes exceeds the consumption of the loads
connected to it.

The HVDC system compensates for swift variations in wind power and assures
the balance between load and generation.

Hydro power in Norway compensates for quick changes in windfarm output in
Denmark.

In some situations the active power in the HVDC link is inverted and Denmark

exports energy to Norway.
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Changes in the Danish System
The fourth pole

Why a forth pole?

— The need for an increase in the energy exchange capability between Norway and

Denmark requires the construction of a new HVDC pole.

LCC or VSC?

— SK1, 2 and 3 are located electrically far away from big conventional generators.

— The LCC converters demand a minimum AC network short-circuit level to work
properly.

— There are other two HVDC links (Norned and Konti-Skan) that are relatively close
to Skagerrak and multi-infeed interactions might may appear.

— Voltage and electromechanical stability problems may occur and synchronous
condensers were installed in Norway to increase the short-circuit level.

— A new HVDC pole using LCC technology would require the installation of a few
synchronous condensers in both the Norwegiand and Danish systems.
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Skagerrak 4
The VSC pole

Advantages of a Voltage Source Converter

— No need of new synchronous condensers.
— The reactive power exchange between the converter and the AC network is

controlled.
— The VSC converters can be used to control the AC voltage of both networks.
— Great increase in AC system stability.

— Black start capability.
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HVDC Light
System Configuration

Symmetric monopole

Asymmetric monopole

Bipole

;]—u—
tlu—

=0="

I
|
il
1
|
I

0= =0H"

Positive

Low cost

Low transmission losses
Negative

Loss of 100 % power at trip

Ly -

i

—0= =0+

i
—H—IH
z

Positive

Only one high voltage cable
Bipole enabled

Negative

Less compact

L L
=0o=\71 I[/Eo=
= T T —

Positive
High Availability for half power
Negative

Temporary ground current (can be avoided at the
expense of a metallic return conductor)
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Skagerrak 4
Specifications

The new pole

VSC converter —asymmetric monopole
Rated DC voltage of + 500 kV.

DC current of 1400 A.

Rated active power of 700 MW.

140 km submarine cable and 104 km overhead line.

Commissioned in 2014.

400 kV

N/ e ’\l
Y .\-“%'_/I

SK4

AN
7| [7%
)

400 kV
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Final Configuration
Two bipoles

Since 2014....

— SK1 and SK2 operate once again as two poles of a bipole.

— SK3 and SK4 operate now as an hybrid bipole, as the fisrst one is a LCC monopole
and the second one is an asymmetric monopole with VSC technology.

— Both bipoles use the same earth electrode.

— SK3 and SK4 have different power ratings and rated DC voltages, but their rated
DC currents are very similar, which results in low currents to ground.

©ABB



Final Configuration

Two bipoles

Tiele

S

400 kv

7Y
RSV

814 OV EMS

s19)ld O E7IMS

150 kW

il

I L
s D
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Kristiansand

300 kY

Tiele Kristiansand :
[ AC \ODa; SK1 ) AC 1 2
LCC E EI (C;% >
IRRNE: SR OSIREEL
, C_ LI
U
L OaN|
i sl g e
AC @ :ﬂ SK2 |}i NV AC A AL
i p h LCC | E'T
T Qi RO~ 1 R
T
| —) — i >
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Final Configuration
How flexible and HVDC transmission can be...

|| polesia2 | Pole3 | Polea

1976-1977 1993 2014
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HVDC History

Reliable power to millions, for decades

Near Future of HVDC in South
America

An overview

Skagerrak Project

A challenging histon

Maritime project
The first bipole HVDC Light solution

Conclusion
HVDC flexibility




Maritime Link

Canada

Customer

Customer needs

ABB’s response

Customer benefits

Year

NSP Maritime Link (Emera)

* Integrate renewable generation into
the the North American grid

* Bipole HVDC Light solution

* Two 500 MW HVDC Light stations
* Two AC substations at 230 kV

* One AC substation at 345 kV

* Improved grid stability
* Power sharing enabled

* 2017

Newfoundland

Bottom Brook

(

o

Woodbine

Nova Scotia



Maritime Link

Canada
Phase 1 — Muskrat Ealls

Labrador-Island Transmission Link'and Maritime Link ~

T e T

o
v, s, "'»'7‘.’
ilty; 4.9 TWhiyr
(S R
,

Muskrat
Falis

Churchill
Falls
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Case study
Maritime

Enabling clean, renewable electricity generated in Newfoundland and Labrador to be
transmitted to the North American grid in Nova Scotia.

500 MW
200 kV
360 km

Key facts

- World’s first VSC bipole HVDC interconnection
overcoming unique control challenges.

- Demanding environment.

- Unique socio-economic and environmental
requirements.

©ABB




Case study
Nordlink — in execution

Interconnecting grids using HVDC technology helping our customers reach their targets

for a renewable energy mix.

1,400 MW
525 kV
623 km

Key facts

- VSC bipole HVDC

- Balances intermittent wind power in Germany
with controllable hydropower in Norway.

- Most powerful HVDC Light® systemiin
construction, joint with NordLink.

©ABB




HVDC History

Reliable power to millions, for decades

Near Future of HVDC in South
America

An overview

Skagerrak Project
A challenging history

Maritime project
The first bipole HVDC Light solution
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Conclusion
HVDC flexibility
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Conclusion
HVDC Flexibility

HVDC systems are ideal for connecting renewable generations as they
compensate for power fluctuations that are typical to this kind of
energy source.

HVDC converters can adapt to different needs from the transmission
grid in different stages of its lifespan which is perfect for a power
generation system that will change over time.
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