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Energy transition — What does this mean for TenneT?

The goal:
Climate neutrality in Europe by 2050 and in Germany by 2045

The challenge:
Actively managing with multiple variables in times of resource scarcity

The solution:
Comprehensive grid expansion, efficient operation & maintenance, ongoing innovation
and digitalisation, system integration

TenneTs contribution:
Creating a holistic system by integrating renewable energies, transmission and
distribution grids at sea and on land, large industrial consumers and electrolysis projects

ONCACKO,
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Scenario Framework (selected key figures)
. NEP 2037/2045 (2023)

| t "7 Stromverbrauch [TWh]
NEP 2023
Status quo Ngzggg 1 52045
| (B 2037)

I
9 -0 -
‘ 2019 ‘ A 2037 ‘ B 2037 | C2037 | A2045 ‘ B 2045 ‘ C 2045

[ Elektrolyse*

B Fernwirmeerzeu gung*
[ Umwandlungssektor
| Verkehr

B ndustrie

B cHD

B Private Haushalte
Il DsMm*
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*Ten Year Network Development Plan

Source: ENTSO-E
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NOVA

NOVA-Typ im NEP 2037/ 2045 (2023) gem. § 3 NABEG

Topologiemainahmen
Leistungsflusssteusrung

Spannungsumstellung (220 kY = 380 kY]

(Netz-)
Optimierung

L

witterungsabhangige Belastbarkeit von Freileitungen

NO

Anderung eder Erweiterung einer Leitung: Zu- oder Umbeseilung

Errichtung einer Leitung: Ersatzneubau

Errichtung einer Leitung: Parallelneubau

Errichtung giner Leitung: Meubau in neuer Trasse [Seakabel)

Errichtung einer Leitung: Neubau in newer Trasse [Freileitung)

Errichtung einer Leitung: Neubau in newer Trasse [Erdkabel]
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Large Projects Onshore
Bottlenecks (n-1) 2022

> 110%

100 % - 110 %

90 % - 100 %
sub station projects
Mid Term Planning until 2021

3 vyes

[ ] no
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Our offshore projects until 2031
. . Offshore grid connections

10.04.2024

Target Offhore Wind:
2030 30 GW
2035 40 GW
2045 70 GW

We already operate 19 offshore grid
connections in the Netherlands and Germany
and four interconnectors across
European borders. With 20 new
connections to come until 2031.

Offshore Grid Expansion GER:
9 OWFs acc. FEP23 in 2029-2031
(6 TenneT)

12 new OWFs in 2032-2037

(4 TenneT) EriNod (GroBbrtanioy
8 new OWFs after 2037
(3 TenneT)

Haollandse Kust (zuid) Alpha
Hollandse Kust (zuid) Beta
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Onshore: AC grid

Over 1,100 km already realized

Around 610 km approved or under construction

Around 2,870 km in the approval process

Around 380 km of additional projects from BBP 2022 before
the approval process

Over 2,500 km of new projects from NEP 2023

Onshore: DC grid

Around 1500 km approved or under construction
Around 2000 km of additional projects from BBP 2022 before

NEP Scenario A/ B/ C 2037 Transmission only

the approval process

Over 3000 km of new projects from NEP 2023
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Achievement of Climate Target

Innovations Target Grid

[ Decarbonization ][ SFg ]

Today

[ 2 GW Offshore J[ DC-Overlay Grid ]{ Fa“'tDseParat'O” ]
evice

[ Grid Booster ][ E-STATCOM ]

G”.d : Cable AC+DC HTSC-Systems
Automatization

[ Monitoring ][ Health Index ]
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Offshore 2 GW GCS

Length

2 GW DC Connection 80 — 230 km

Grid Reliability
Full load hours 4500 h/a

‘ Standard Design, TenneT offers to the market, Set European Standard, Accelerate Delivery

The approach:

Standardisation:
2 GW platforms from
multiple providers

Cooperation:
Framework agreement of € 30
billion for 14 converter stations
with 2 GW each

WindConnector Ready %

Predictability:
Framework agreement for
7,000 km of DC cable for
€ 5.5 billion

10.04.2024 ZIEHL IX

Platform dimensions:
approx. 106 x 77 x 41 m (top site)

Platform
approx. 20,000 t . 22.000 tonnes
approx. 90 x 40 m (jacket) Standardized design
approx. 8,000 — 10,000 t | Jacket —ﬂex;g_[e

Herausforderungen im Netzausbau
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DC-Overlay Grid incl. DC-Substations

Meshed DC grid, hubs
(connection points)

Reliability ensured also if failures
occur

DC Switchyard
- Connection of Hubs, Development FSD for selective disconnection necessary

Fault Separation Device DC
- Enabler for Meshed HVDC grids

Schleswig- — D ~ |— - Incase of a fault, ensures that only affected part of the grid is
Nordsee Holstein 1 B — disconnected
i ] s| =
I s g, g — « Increasing availability and reliability of the system
NOR-X-3 / Offshore Cnv / TTG 5 : ‘
snore DB .S DC31+NOR12-2/ Onshore Cnv /5, Conventional breakers are not suitable for DC grids
NOR-x-3 1 = + To enable different protection zones in the DC grid
(TenneT)
NOR-12-2 Mecklenburg- ~
50H < T
e _ _ _ _ _ Vorpammern NOR-X-3 / Onshore Cnv / TTG « ... through fast response, high reliability, low losses

|
DC31 .
1 Klein Rogahn
) (Raum Schwerin)

i s
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Cables

AC 380 kV + DC 525 kV

Quality Assurance (PQ), Laying
Technology, Monitoring

Monitoring
- AC Extension with Thermal Rating (DTS), Failure Monitoring, Health Monitoring

Quality Assurance Arrangement of Test Loop Cable Laying

525 kV HVDC PQ Test

Cable nitoring

Tasad
ﬁ = Congestion Monitoring and higher cable utilization

o DTS (Distributed Temperature Sensing) DTS Lot Flwls nx s Eond seonr

Reduce the impact by:

Test institute FGH Mannheim/DE Layout of test loop
4 test loops App.130 m cables per loop, 2 joints, 2 terminations = Horizontal Directional
Test institute STRI Ludvika/SWE 20 m inside a tunnel, 30 m inside cable pipes/ducts = Cable Ploughing = Health Monitoring
1 test loop Dummy loop for reference temperature measurement > Stimulate and use ne\
- = DTS DAS "

Interrogator Unit Rayleigh backscatier

W,

I ‘Sensing fiber

= DAS (Distributed Accoustic Sensing) /
Vibration Monitoring

= Seabed Laying Depth Evaluation

" Fa”ure Monitoring HWLMQN Distortion of the PD impulse
s On-Offline Monitoring (HIMON) A
.oAs (e N0
Monitoring is an essential / crucial part | o ) |

— max12 km—»\/

for security of supply - -

Joint arrangement
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Onshore 380kV AC with Cable Sections

Political Preference and
Acceptance

Onshore Grid Extension
Overheadlines + Cable Section

Technical Challenges with transients, missing zero crossings, failure monitoring,
DistributedTemperatureSensor (DTS/RTTR), reactive power compensation

Schematic Layout CSS

oral
“ Freileitungssystem A

Mast

Freileitungssystem A f 5

Freileitungssystem B ‘ é

Portal

L1 ErdkabelsystemB2 ;, -

L3

B1 14i !
Lo 1

Kev " kev
Kabellbergangsanlage 1 Kabellbergangsanlage 2

Cable Section Station (CSS)
w/wo compensation

Standard Cable Trench
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Possible Applications for HTSC Cable Systems

‘ AC 380 kV + DC ‘ Technology Development

Applications
- Retrofit, OHL replacement, Generator Supply

» |Increasing the transmission capacity of
existing conventional point-to-point cable
trays (Retrofit)

m Relocation of high-voltage overhead lines
underground (as with conventional cable
systems)

m Generator supply systems

m Relocation of industrial customer
connections to HV grid substations

» High-performance HVDC energy

transmission over long distances (future) N
15 10.04.2024 ZIEHL IX Herausforderungen im Netzausbau &>T1enner



Design of 380kV HTSC-Cable

Design of 380kV HTSC-Cable

Feasibility Study
KIT, Prof. Noe et.al.

Example Intermediate Cable Sections for 380kV-OHL

Option 1 - Teilerdverkabelung durch konventionelle Erdkabel mit 4 Systemen je 1,8 kA
- X L P E - C a b I e Kabeliibergabeanlage A Kabeltibergabeanlage B

= Two parallel cables required per circuit per phase oo | P;;: . fﬂ \

]

l—
i

T

o 12 cables in total

System 4 L1 Lo V
o Heat emission into the environment, B . ﬂ
sufficient cable spacing required 0 e TP i s

- H I S C C a b I e Option 2 - Teilerdverkabelung durch supraleitende Kabel mit 2 Systemen je 3,6 kA

w
5
3
T
3
w
==
i~ |-
f
=

-
i

—

= One cable required per circuit per phase swmssn || Tl spons L
Al 5 A
= 6 cables in total ﬁ [ E— b ﬁ
S . l "’ i

= No heat emission into the environment, T

very close cable laying possible
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380kV AC Cable Sections with HTSC Technology

Feasibility Study
KIT, Prof. Noe et.al.

‘ Design of 380kV HTSC-Cable

‘ Prequalification test is mandatory to achieve higher TRL level

= Advantages:
s No System doubling necessary
= Some kms transmission lengths possible with single sided cooling system
= No thermal problems expected which is advantageous with regard to crossings
s Disadvantages:
= High Invest
Limited black start capability
High OPEX
Behaviour in short circuits
Longer repair duration compared to XLPE cables

m]

u]

m]

u]

10.04.2024 ZIEHL IX Herausforderungen im Netzausbau
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Substation System Optimisations

AC Load Flow Optimization

Reduction of conventional Power Plants
means loss of inertia

PST: Phase Shifting Transformers
TCSC: Thyristor-controlled
series capacitors

Main Data Wiirgau / Krempermarsch

Ubersetzung: 410 /410 kV

Bemessungsstrom: 2000 A

Leistung: 1420 MVA

Durch die direkte Parallelschaltung von 2 PST ergeben sich 4000 A bzw. 2840 MVA
Leerlaufwinkel: + / - 24°

Lastwinkel: + 16° / - 32° (der ,Bremswinkel” wird bei Last gréRer)
Anzahl der Stufen: +/- 32

Gesamtschallleistungspegel je PST: Ca. 103 dB(A)

Leerlaufverluste: ca. 145 bis 280 kW je nach Stufe

Lastverluste bei Bemessungsstrom: 1200 bis 2450 kW je nach Stufe
Gesamtgewicht je PST: Ca. 950 t, davon ca. 230 m* Ol

ZIEHL IX

10.04.2024 Herausforderungen im Netzausbau

E-STATCOM will contribute to Reactive Power
infeed and grid forming

SONSTIGETHEMEN
04, Juli 2023

Einheitliche Auslegung von E-STATCOM der
b .

[l supercapacitors
SVC PLUS converter
—
Coling
Phase reactor yard

level of simultaneous E © Lowm Standard
provision (minimum | ] £ 5 ratings for
requirement) c c 8 e E-STATCOM
& o 2 c
Py inMW |Q, inMvar | © S -l of the
8 = LRl German 4
TSO

300 SOmasen 4ga75

75 MW

300 75 290 375* 2 75 150

"For operation within the frequency limits 47,5 Hz to 52,5 Hz

&>T1enner
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High Temperature Superconducting Fault Current Limiter

Feasibility Study KIT, Prof. Noe &

HTSC-FCL TH Cologne, Prof. Humpert

Bifilar HTSC Coils in measurement set-up

3 modules in series

' ith external contact
= Reasoning | | fngs andouter
. . . . : Copper sheetring & diameter of 550 mm
= In view of increasing short circuit _ Height: 200 mm ‘
H . lameter: mm -’ \
Currents (SCC) INn our grld, the Distance to contact ring: 75 mm \ ,‘ 7~

performance of AC circuit
breakers come to a physical limit

Direct voltage
measurement
between adjacent
input and output
windings

Voltage measurement at  *

m M|t|gat|0n outputs of module 1 and 3 i
= Substation Layout

Feed-in and measurement
of burst pulse at input of

- Switching position (busbar o 1 |
connection) " Burst generafor
Pulse rise time: 5 ns Frobes and oscilloscope with
» HTSC-FCL Pulse duration (50 %): 50 ns min. 500 MHz bandwidth

19 10.04.2024 ZIEHL IX Herausforderungen im Netzausbau &>T1enner



Preliminary Design Proposal 380kV

Feasibility Study KIT, Prof. Noe &
TH Cologne, Prof. Humpert

‘ HTSC-FCL

Pilot installation in preparation together with Siemens Energy, HSP and all four German
TSO (Amprion, TransnetBW, 50Hertz and TenneT)

= Advantages:

o Reduces short circuit currents of substations if
SSC value exceeds 63 and 80 kA, respectively

= HTSC FCL will be connected in series to short
circuit breaker with no changes to substation

m Disadvantages:
s High Invest / high OPEX
= Limited black start capability

= Longer repair time compared to conventional

switchgear
20 10.04.2024 ZIEHL IX Herausforderungen im Netzausbau &>T1enner
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Future System Automation

Active n-1 Special Protection Scheme

Grid Booster ~ Virtual HVDC Growing Asset Base and complexity of the new

Optimisation Load Flow ‘ System Automation Emergency Power Control,
Q Assets Base needs System Automation

Grid Booster System Automation

Generic concept
fP P e s en Pre-contingency +  Remedial » Monitoring area: pre-contingency grid conditions
. E1 E2 L . conditions (load flow, topology, generation level,...)
SK x [ i

» Observation area: all contingency elements

o x = Mg (CB status, line outages,...)
SKy = » Mitigation control area: action of system
T automatics (generation rejection, trigger EPCs, grid
UW A Q uv booster activation, load shedding, CB switching....)

P

Principle of n-1 situation

21 10.04.2024 ZIEHL IX Herausforderungen im Netzausbau &>T1enner



Decarbonization / Circularity

Reduce CO, emissions

Invest in whole supply chain

Challenging targets to keep pace with climate protection

emissions by 30% until 2030

Decarbonizing Supply Chain (DSC) Project

_ktCO2% 4,960
Transparency & Prioritization
= Rank CO2e forecast per category
Absolute = Identify emissions hotpots
target?
3,251

Sourcing Strategies
= Define strategic actions for next 10+ years
= Balance with existing goals (e.g., capacity)

Relative
target

Governance
= Clarify roles & responsibilities
= Align processes

Legal Considerations, esp. CSRD

2

2019 2030
39bn. € 10,5bn. € = Consider legal requirements
spend/year demand/year! = Analyze “Must’, “Should” and “Could”

1) Based on 10-year investment forecast; Spend-based calculation method, absolute target is due fo changes when advancing to next data maturity levels; CSRD = Corporate Sustainat

22 10.04.2024 ZIEHL IX

Consistent
approach
across all

Wave planning for 2023 considers CO2e emission relevance & resource availabilities

For this year, the focus will lie on 12-15 key emission

driving procurement categories
Average CO2e impact per year 2023-2030 [kt CO2e]

26 categories with available data:

Validation ongoing

9 categories without available data:

Sea Cable (AC, DC) 210
DC Sea Cables 23
Primary C 147 * Synchronous Condensers
Steel C Stations 138 « STATCOI DuedLon
Latticed Steel & Coating "7 + HVDC Converter Stations Cutstanding?
OHIIA-CCI?::S:?II:?:S —— Y * Platform transport & installation

AC Sea Cables
Power Transformers & Shunt Reactors
Hi

DC Land Cables

‘re
wi
Wave 1 Wave 22
May — July 2023' August - September 20231

Power Transformers & Shunt
Reactors
A Postulart

AC & DC Cables (Land & Sea)
R. Danowitz.

Lattice Steel Towers & Coating
H. Bamreuther

Primary Components —
Disconnectors & Earthing Sw.
E. Bauer

spe
PN

Offshore Platform Topside

Offshore Platform Jacket

Il Works Cables (AC, DC)
of

Wave 3

Commissioning
Offshore Maintenance

Assumptions

Focus on 12-15 ‘ Seconda.ry Components needed for product
key emission « Installation Stations split/ unit matching
driver categories .
Deprioritized due

to estimated low
CO2e impact

Cable Repair

Wave 4 C

October — November 20231 From 2024 T ers
Fittings Civil Works Stations
2 AC Cable Pulling

H. Barreuther ling

Maintenance of Stations
OPGW

HDD
M. Biersack

Sea Cable Installation
R. Danowitz

Offshore Platform Topside

DC Cable Pulling
Batteries

Steel Construction Stations
N. Mertins

HVDC Converter Stations.
T. Braue

TBD (e.g., Offshore |
8D

e

Civil Works Cables (AC, DC)
& Stations
F. Schulmeister

TBD (e.g. Recycling)
TBD

Primary Components - Rest
E. Bauer

Potential Lighthouse Projects

Power Transformers.
& Shunt Reactors

UZZPM OHL Construction

Accelerate shift to circularity by shortening the recycling loop with Siemens

Sourcing low-carbon concrete from Heidelberg Cement

1) Time horizon for Step 1-3, Step 4-6 is planned subsequently with different time horizons per category: 2) Focus only on GER, as NL emission-low construction will be covered by Nitrogen Taskforce NL 8

Herausforderungen im Netzausbau

enhancements will lead to

Close data gaps step-by-step
with smart assumptions

Step-wise data (o5 pxapoion ol oisinp omeson

OHL Construction e iacrat TBD (e.g., Conducto, Insulators dleasedon sncloges,esimaton of
Kl changes in prioritization product split per category)
J. Kieiser el ¥ oasan U MSCDN 9 P
AC Temporary Cable Systems 1) Only D clors & Earthing Switches included as ke the category (Power

‘Transformers & Shunt Reactors and Insulators in separate categories);
2) Currently insufficient product specification input data available interally to determine Emission Factors

>T1enner




Avoidance of Insulation Gas SFg Components

Long-term goal GWP < 1!

Worlds 1st SF-free 380kV Gas- @ Pilot Installations for Current and Voltage
Insulated Switchgear (Erzhausen) | CJll) Transformers, Circuit Breaker -> Standard

Pilotinstallations@TenneT

Gas Mixture Application Number of Is'=nstzeg‘;i:e
used Equipment / bays planed

From Lagging to Leading 1 i

TenneT’s new leading SF¢-KPI until 2030 145 kV C!rCU.It

= The share of SF¢ free assets shall at least be 2/3 in new assets by 2030. Synthetl C a I r
Year breaker

o = =55 e oo P Synthetic Air 245kV Voltage Transformer 3 pes. 2019
o 0 0 D Synthetic Air 420 kV Voltage Transformer 6 pcs. 2021
o o o o
2201380 kV 5 o+ 33 o+ 20 %* 67 %* Synthetic Air 420kV Voltage Transformer 12 pcs. 2022
* % of the new to build assets that will be with alternative gases. Percentage from the Novec_ 4t710 245KV Current Transformer 6 pes. 2016
knowledge of current share of IT, CB and GIS in our installed asset base. (15 IS
= The SFe-leakage rate for all installed assets shall be < 0.28 %. N, 320kV RGC-Voltage Dividerin 4 pos. 2008
HVDC
The targets will yearly be reviewed based on market and project developments. N, 320kV RC-Voltage Divider in 4 pcs. 2011
HVDC
N, 320 kV RC-Voltage Divider in 4 pcs. 2013
HVDC
Synthetic Air 145kV GIS; Offshore Grid 19 bays 2026
connection System;
72,5KkV system
Novec 4710 420kV GIS bus duct (GIL) 1 bay 2022
gas mixture
Synthetic Air 145kV  Circuit Breaker; 30 kV 1 bay 2019
245 kV Current system
CO, 145 kV Circuit Breaker 1 bay 2021

I Transformer

23 10.04.2024 ZIEHL IX Herausforderungen im Netzausbau &>T1enner
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Summary

« Offshore:
* In operation 2023 (10 GW): 9 Offshore HVDC's, 5 Offshore AC’s NL,
3 direct AC’s

 New built till 2031 (> 34 GW): numerous Off- and Onshore HVDC's,
4 Offshore HVAC's

 Onshore
Grid Enforcement requires a bundle of measures to catch up with future demands

« Evolution of the Transmission Grid must take benefit of proven and new technologies
especially with regard to development of a DC Multiterminal Grid and innovative
HTSC technology

« Strong partnership with scientific entities and reputable suppliers is highly
appreciated to cope with future demands

10.04.2024 ZIEHL IX Herausforderungen im Netzausbau s=Tenner
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TenneT is a leading European grid operator. We are committed to providing a
secure and reliable supply of electricity 24 hours a day, 365 days a year, while
helping to drive the energy transition in our pursuit of a brighter energy future —
more sustainable, reliable and affordable than ever before. In our role as the first
cross-border Transmission System Operator (TSO) we design, build, maintain
and operate 23,900 km of high-voltage electricity grid in the Netherlands and
large parts of Germany, and facilitate the European energy market through our
16 interconnectors to neighbouring countries. We are one of the largest investors
in national and international onshore and offshore electricity grids, with a turnover
of EUR 4.5 billion and a total asset value of EUR 27 billion. Every day our

9,700 employees take ownership, show courage and make and maintain
connections to ensure that the supply and demand of electricity is balanced for
over 42 million people.

Lighting the way ahead together.

o5t 116,04 2024

o » i

4 SatenneT
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Disclaimer

This PowerPoint presentation is offered to you by TenneT TSO B.V.
(“TenneT’). The content of the presentation — including all texts, images
and audio fragments — is protected by copyright laws. No part of the
content of the PowerPoint presentation may be copied, unless TenneT
has expressly offered possibilities to do so, and no changes whatsoever
may be made to the content. TenneT endeavours to ensure the provision
of correct and up-to-date information, but makes no representations
regarding correctness, accuracy or completeness.

TenneT declines any and all liability for any (alleged) damage arising from
this PowerPoint presentation and for any consequences of activities
undertaken on the strength of data or information contained therein.

10.04.2024 ZIEHL IX Herausforderungen im Netzausbau
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