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Context: A considerable expansion of electricity networks is required for

the energy transition

A significant expansion of the network is required for the energy
transition in Europe, to integrate 2,000 GW! of renewables in 2040,
compared to around 400 GW today:

A The total current size of the EU grid is 0.5 million km at transmission
level and 10.3 million km at distribution level.

A By 2040, transmission grids might need to be expanded by 20-50%
to a total length of 0.6-0.8 million km, and distribution by 20-65% to
a total length of 12.4-17.0 million km, in the context of the energy
transition i range based on an extensive review of prospective
studies and CL analysis.

The required buildout needs to happen 3 to 20 times faster than
past buildout rates, and the delivery capacity of TSOs and DSOs,
and related supply chains might be under strain.

A In recent years, annual network built out in Europe has been
approximately 500 km/year? at the transmission level and 80,000
km/year? at the distribution level.

A The buildout required by the energy transition might need to jump to
10 000 km/year on average at transmission level, and 250,000
km/year distribution level, a jump 20 and 3 times, respectively.

COMpasslexecon.com  source: CL analysis, [1] based on ENTSO-E Distributed Energy Scenario, [2] based on ENTSO-E inventory of transmission database, [3] 0.8% increase in the length of the distribution network

in 2021-2022 according to Eurelectric (2024) Grids for Speed
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https://powersummit2024.eurelectric.org/wp-content/uploads/2024/05/Grids-for-Speed_Report.pdf

Opportunity: Innovative Grid Technologies (IGTs)! can support the
required network buildout

Superpowers:
Capacity increase for a given Better understanding of actual Dynamically controlling power Better understanding of actual
A line line limits flows on the grid inertia limits/stability limits
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Innovative Grid Technologies:

Advanced conductors
High Temperature

Superconductor Dynamic line rating (DLR) AEREITEE P&Vl\éircglow ol Grid inertia measurements
Storage as a transmission asset
(SATA)

Digital Twin, Flexibility Management Systems

compasslexecon.com Note: [1] The US term AGrid Enhancing technologieso can aofetedriciyacrossshe existing systes througtb zefarilyeot hnol ogi es

technol ogies that include sensors, power flow control de)lGTsean heneeraldo b retelregd esiGEask. t ool s 0,
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this theoretical framework does not provide an exhaustive classification of IGTs, and of their effects. Other technologies and effects could potentially be considered.
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Benefit 1: Reinforcing existing electricity infrastructure
Assuming a fast deployment, IGTs could increase overall network capacity
btw. 20% to 40%, based on inputs from technology experts

A Current electricity infrastructure
capacity stands at least at 550 GW in
the EU?

A Case studies from actual application
of IGTs demonstrate significantly
increased capacity figures

A Overall, by assuming a fast
deployment of several IGTs on the
grid, based on discussions with
technology experts, a 20% to 40%
overall capacity improvement (e.g.
on the wider network) by 2040,
seems realistic, enabling from
approximately 100GW to 200GW of
additional capacity.

compasslexecon.com

IGT

Case study

Capacity increase achieved example

Advanced power flow
control

N LA
1]

5% increase in overall network capacity

Advanced conductors

100% increase in capacity of a line

Storage as a
transmission asset

40% increase in capacity of a line

Dynamic Line Rating

30% increase in capacity of a line

Grid Inertia Measurement

Reduced RES curtailment thanks to
+30% higher assumed inertia ==

1]

High temperature
superconductors

400% to 1000% increase in capacity of a
line? ]

Note: [1] EU peak demand (see for instance ENTSO-E (2018) Electricity in Europe 2017), [2] compared to conventional lines

20%-40%
capacity
improvement
of overall
network
would be
achievable


https://eepublicdownloads.entsoe.eu/clean-documents/Publications/Statistics/electricity_in_europe/entso-e_electricity_in_europe_2017_web.pdf

Benefit 2: Faster deployment of grid capacity at system level
A conservative 10-20%! increase in network capacity through IGTs would
already yield major benefits

Comparison of current network size and size required by 2040 in the EU (upper

range)
IGTs T in combination with
conventional grid expansion - can 0.8 1 18 1
support adding the required capacity This expansion 16 | This expansion
faster. 0.7 1 need could be met need could be met
by 2032-2035 with 14 | | by 2033-2036 with
By considering a 10% to 20%! increase 061 IGTs IGTs
in the capacity of the existing grid assets 05 | 127
achieved by 2030, and by considering é é 10 -
that similar improvements is applied 504 5
to all new grid assets built in the E z %]
future, we see that: 0-3 1 6 -
A Transmission grids expansion can 021 4
be accelerated by 5 to 8 years 01 . )
A Distribution grids expansion can be 0 | 0
accelerated by 4to 7 years Current TSO network  Required capacity by Current DSO network Required capacity by
capacity (line length 2040 (line length capacity (line length 2040 (line length
equivalent) equivalent) equivalent) equivalent)

compasslexecon.com Note: [1] To avoid overstating capabilities or underestimating unforeseen challenges, a conservative 10% to 20% (halved) overall increase is used in the rest of the study. [2] The upper range of
network expansion need is considered here to avoid overstating IGTs capabilities



Benefit 3. Reduction in required investments
By investing in IGTs in parallel to conventional grid buildout, gross cost
savings of 700 Bnu in conventional e X

Gross benefits of IGT deployment - Saved investments in
network expansion

A The required investments in electricity networks, if IGTs are

not deployed at scale, might amount to approximately 1000 -35%
B n Ylin the transmission network and1 0 0 0 2 Binhé 2500 - reduction in
distribution network in Europe by 2040. conventional
B expansion
A Installing IGTs (with the assumptions described in the 2000 - costs
previous page) could reduce the need for network buildout by
approximately 35% by 2040, and hence achieve overall
gross savings of 700 BnO in comienti o Xpansi on v
costs. However, this figure doesné;t take account

costs of IGT deployment themselves.

A Nonetheless, these gross benefits may be significantly
higher than the costs of deploying the said IGTs i for
instance, the US DoE indicates that IGT can indeed achieve 500 -
an increase in capacity at a lower cost than conventional
reinforcements3,

1000 -

Investment required in networks by 2040, Investment required in networks by 2040,
without IGTs with IGTs

m Conventional expansion at TSO level ®Conventional expansion at DSO level - IGTs

compasslexecon com Note: [1] CL estimate, based on the projected cost of onshore network buildout per km of new lines in Germany, Italy and Spain, and the need for network buildout presented in this study [2] 9
' 67Bnu/year f or EUZ2Edreléttdc (2024 Gridsdor $pged, {3bFor instance, for APFC and DLR, see: DoE (2022) Grid-Enhancing Technologies: A Case Study on Ratepayer

Impact



https://powersummit2024.eurelectric.org/wp-content/uploads/2024/05/Grids-for-Speed_Report.pdf
https://www.energy.gov/sites/default/files/2022-04/Grid%20Enhancing%20Technologies%20-%20A%20Case%20Study%20on%20Ratepayer%20Impact%20-%20February%202022%20CLEAN%20as%20of%20032322.pdf
https://www.energy.gov/sites/default/files/2022-04/Grid%20Enhancing%20Technologies%20-%20A%20Case%20Study%20on%20Ratepayer%20Impact%20-%20February%202022%20CLEAN%20as%20of%20032322.pdf

Despite these substantial benefits IGTs could provide to the energy
transition, their deployment is currently hindered by several barriers

Barriers for IGT deployment

E=To) Qo) MTa[oX=TalIAVZSER (oMol o) MTeI Mo I EIOVNSI =V @ A Incentive to opt for CAPEX solutions rather than OPEX solutions due to a
intensive solutions difference in the regulatory treatment between OPEX and CAPEX.

Insufficient output incentives and A Lack of incentives for network operators to use overall cheaper solutions
incentives for innovation A Lack of incentives for innovations that may cost-efficiently increase output

0% . . A The investment doctrine of T/DSOs might include bias towards predetermined
E&| 9 Intzsunent eeeiine s et iodelvges solutions to fix the issues identified, rather than adopting a technology-neutral
S of network operators

approach to answer system needs.
Z Death-by-pilot risk
=
Fundi ng schemesd el i

compasslexecon.com Sources: Compass Lexecon 10

A IGT adoption is hindered by long processes for network companies to trial and
then adopt new innovative solutions.

A Some of the potentially available funding schemes cannot easily be accessed by
IGTs yet, due to eligibility issue of IGTs.



Regulatory solutions exist to remove these barriers, and have already
been implemented in some European countries

Barriers for IGT deployment Examples of best practices and solutions

0 Lack of incentives to opt for non-CAPEX MR QELUETRES <
intensive solutions A Introduction possibility of OPEX increase for network operators ==

Insufficient output incentives and

: ) . : A Output-based remuneration, decoupled from CAPEX/OPEX spent ==
incentives for innovation P P pent il BEIE

A NOVA principle: grid optimisation has priority over grid reinforcement, which has
priority over grid expansion
A Technology-neutral planning approach, e.g. with CBAs

A Lump-sum innovation Funding / WACC premiums alem
Z 9 Death-by-pilot risk A Regulatory sandboxes i i
A Transfer of best-practices and standards
=
e Funding schemes eligibility issues A Widen eligibility of national and EU-financing schemes to IGTs

compasslexecon.com
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1. Grid capacity expansion 2. Potential of IGTs 3. How to unlock IGT-benefits

The energy transition is a major challenge for transmission and
distribution networks, for which considerable investments are expected

Network expansion needs of TSOs by 2040 according to several sources,
compared to a scenario where past network expansion trends continue until 2040

A significant expansion of the network is required for the
energy transition in Europe

A Between 2015 and 2022, the size of the transmission network
has been increasing by ~0.1% annually on average across the
seven countries included in the scope of this study?.

A An accelerated grid expansion would be required in the next
decades for the energy transition. Considering a wide range of
estimates in the literature and a panel regression analysis, we
find that the length of the transmission network might need to
increase between 20% and 50% by 2040 in Europe?3 The speed
of TSO network buildout would hence need to increase by a
factor of 11 to 27.

A Similarly, at the distribution level, network length might need to
increase by 20%?3to ~65% by 2040. The speed of DSO network

In total by
2040: +20%

to + 50%
increase in
TSO network
length in
Europe

60%
50%
40%
30%
20%
10%

0%

X27

x11 I

Continuation of Regression IEA estimate Available TSO
past trend by analysis estimate
2040

Network expansion needs of DSOs by 2040 according to several sources,
compared to a scenario where past network expansion trends continue until 2040

buildout would hence need to increase by a factor of 1.4 to 4.6. In total b 70%
. . : . L In total by 0
Given that this required buildout is significantly faster 2040: +20% ggo//z A6
compared to historical buildout rates, the delivery capacity of to + 65% 40% '
TSOs and supply chains might be under strain. increase in 30% | X1.4
20%
DSO network 18% £
length 0% ‘
required in Continuation of ~ Regression  |EA estimate Eurelectric
Europe past trend by analysis estimate
2040
| Note: [1] France, Germany, Spain, Italy, Denmark, Netherlands, UK [2] the seven countries account to approximately 70% of the total electricity demand of EU27+UK and might constitute a 13
compassiexecon.com reasonable picture of the need for network expansion in Europe [3] IEA (2023) Electricity grids and secure energy transitions i based on IEA estimation of installed line length in the Announced

Pledges Scenario, between 2021 and 2050. 2040 datapoint estimated by CL as the average between 2030 and 2050, Eureletric (2024) Grids for Speed

Source: CL analysis


https://iea.blob.core.windows.net/assets/ea2ff609-8180-4312-8de9-494bcf21696d/ElectricityGridsandSecureEnergyTransitions.pdf
https://powersummit2024.eurelectric.org/wp-content/uploads/2024/05/Grids-for-Speed_Report.pdf

1. Grid capacity expansion 2. Potential of IGTs 3. How to unlock IGT-benefits

ENTSO-E studies indicate that investment needs in offshore transmission
capacity and interconnection by 2040 are also considerable

Investments in offshore network are also necessary to Maximum transmission offshore capacity (GW) i ENTSO-E ONDP
harness the offshore wind potential in Europe. 120
A ENTSO-E estimated that wup lforo ofg QAPEX
transmission network infrastructure will be needed between At least 54,000 2 % 80 —FR
2025-2040 to connect an expected offshore wind capacity km of additional £ > oo —_—nL
. c =
of 270 GW by 2040 in the EU. offshore E8 — "
ENTSO-E finds that a significant increase in transmission s S —|T
interconnection capacity would provide major benefits to | infrastructure = /_____é’f‘g cB
EU consumers. by 2050 0  —

) 6 O A D D S N D
A In the System Needs study from 2023, ENTSO-E finds that S S S S S

developing an additional 88 GW of cross-border capacity : .
between 2025 and 2040 in Europe would be economically Interconnection needs (MW) T ENTSO-E loSN TYNDP 2022

efficient. 50,000
The need for offshore and interconnection infrastructure = 45,000
might even be underestimated in these studies 0 < 40,000 —FR
compared to the scale required to reach net-zer’o by 2050: At least e 100% % 35,000 —DE
P q y ©increasein © 30,000 Eo
A National offshore RES targets might not be fully aligned interconnection § 25,000
with decarbonisation pathways yet. capacity © 20,000 pK
] . _ . required by £ 15,000 f T
AThe nANational Trendsbo scena 5y S Uumg thood Nedeh—e= stem NL
Needs study, which is based on national and EU policies of jg 5,000 ..
past years, instead of a net-zero decarbonisation pathway. - 0
> PP P P P PSP
D S S S, S S S S

compasslexecon.com 14



1. Grid capacity expansion 2. Potential of IGTs 3. How to unlock IGT-benefits

Innovative Grid Technologies (IGTs)! allow for a better use of the grid, and
could therefore help achieving the network buildout targets

Main Capacity increase for a given Better understanding of actual Dynamically controlling power Better understanding of actual
methods to line line limits flows on the grid inertia limits/stability limits
Increase 4 e @:\N\\ @? ~o nertia T Inertia on grid
grid Line eyt ¥ N 1 * “ N @ on grid drops with RES-
Cap aC |ty. capaC|ty g Hot, sunny and calm \‘ @\ “ ‘ @\ ‘ Share
. I Bose, S-S
S——— I~
o ey L e L .
f i . e s ~ % RES-share
—————— A Power flows through a network >
Tt are often limited by its weakest A Inertia on the grid decreases
_line with more RES in the system,
> A A static limit must be very A By dynamically controlling which may cause stability
A Direct capacity improvement conservative, to not overload power flows (e.g. like road traffic issues and RES curtailment
compared to conventional lines in adverse (hot) conditions; management) more capacity is A Precise measurement of inertia
technologies A Dynamic ratings exploit natural unlocked on the existing grid allows curtailment to only
line cooling happen when necessary
A Advanced conductors
A High Temperature ;
Techno- Superconductor A Dynamic line rating (DLR) A AEYEEE PO et A Grid inertia measurements
logical " — Control (APFC)
_ A Storage as atransmission
foundation: asset (SATA)
A Digital Twin, Flexibility management software solutions
compasslexecon.com Note: [1] The US term AGrid Enhancing technol ogieso can a bfelectriiteacrass teedexidting sydtenstirraughla éamityefc hnol ogi es t hatlShma x
flow control de)lGTsean heneeraldo ba retefreg asiGE&sk. t ool so6, according to the

technol ogies that include sensors, power
this theoretical framework does not provide an exhaustive classification of IGTs, and of their effects. Other technologies and effects could potentially be considered.



1. Grid capacity expansion 2. Potential of IGTs 3. How to unlock IGT-benefits

IGTs are typically complementary with one another, and are also
complementary with conventional network reinforcement

A IGT technologies are not mutually exclusive, different IGTs can be used dependent on network needs, a range of
solutions can make supply and installation easier, and they can typically be combined to offer greater
capacity/benefit

IGT technologies are not
mutually exclusive

A IGTs can achieve smaller capacity improvements more quickly compared to building new power lines i this can be
useful to anticipate the investment need (if delivery is challenging for some reason) or to bridge the time until the
investment comes through.

IGTs would ease, not slow other projects (e.g. new circuits) to meet the full need for network capacity growth. This is

because:

1) IGTs can provide capacity improvements quickly, which can in turn make it easier to schedule outages for the
installation of larger projects like reconductoring or new circuits.

2) By being Agrid multiplierso that make existing and newly
make achieving buildout targets more realistic i both in terms of the scale of work required and in terms of costs.

Moreover, in some network locations, IGTs would complement conventional reinforcements i e.g. additional connections

at the distribution level.

IGTs are complementary
with network reinforcement
works

compasslexecon.com 16



1. Grid capacity expansion 2. Potential of IGTs 3. How to unlock IGT-benefits

Using IGTs to increase and/or anticipate network capacity buildout could
provide a range of benefits

Short development lead A Project development lead time amounts to typically 1 to 2 years for most of the technologies, significantly shorter
time than the time needed to construct extra grid capacity

Limited environmental A Deploying IGTs allows for a lower environmental footprint compared to building new overhead lines / underground
footprint cables as IGTs typically use existing substation space or transmission / distribution corridors

Most IGTs are less capital A The scale of most IGTs projects is lower than conventional network reinforcement, leading to lower capital costs
cost intensive (incl. through reduced need for new infrastructure / new assets)

Reduced reliance on supply A 1GTs have for example a reduced impact on supply chain bottlenecks for copper or transformers compared to
chain bottlenecks conventional grid expansion projects

compasslexecon.com 17



1. Grid capacity expansion 2. Potential of IGTs 3. How to unlock IGT-benefits

Case studies of IGTs application to existing assets demonstrate significant
Increased network capacity

The case studies reviewed illustrate an
order of magnitude of feasible grid
improvements which could be achieved
by IGTs.

A IGTs can increase the capacity on a
certain line by up to about 170%, adding
the possible effects of advanced
conductors, dynamic line rating and SATA.

A In addition, advanced power flow control
systems can increase the overall system
capacity by about 5% and grid inertia
measurement can significantly reduce
RES curtailment.

A Note that those figures are general
estimations, and actual figures can
significantly differ on a case-by-case basis
as electricity networks are location-
specific.

compasslexecon.com

Technology

Advanced power
flow control
systems

Advanced
conductors

Storage as a
transmission
asset

Dynamic Line
Rating

Grid Inertia
Measurement

High
temperature

SUpGI’COI"IdUCtOI’S

NN LA
NI

NV
AN

Range

- % increasein line / system Case study description
capacity

UK T Deployment of 48 SmartValves
in congested network areas

5% increase in wider network capacity

100% increase in line capacity

40% increase in line capacity

Over 30% increase in average
transmission capacity

Measured inertia was up to +30% higher
than assumed values used before,
allowing for higher share of RES and
reduced curtailment

Belgium 1 Upgrade of 380 kV

connection with HTLS conductors

Germany i 250 MW Gridbooster

pl anned

a Kupfenzellad

USAT DLR software and sensor
platform deployed on 115 kV lines in

New York

hub

UK i commercial service operational
since 2022, saving ~5.5% UK

National CO2 emissions annually

High Temperature Superconductors allow for bulk transport of electricity. For instance, a
400% to 1000% increase in line capacity could be achieved

18



1. Grid capacity expansion 2. Potential of IGTs 3. How to unlock IGT-benefits

Expert interviews suggest a 20% to 40% capacity/line length improvement
for the overall effect of IGTs on the wider network

Examples of how a 20% - 40% overall effect can be achieved

The overall benefits of IGTs deployment on the wider network have Improvement per IGT coverage Possible effect on
been estimated based on a range of expert interviews by combining: circuit overall system ()
3 Example 11 20% 20%
A Effect on a certain line i Improvement per circuit: These effects have DLR 30% 17% 5%
been analysed for each technology and summarised on the previous slide. i’;l'é S Lo ng
0
A The maximum coverage of an IGT on a network: Because of their costs Adv. Conductors 100% 5% 5%
and because network issues are always highly location specific, it seems Superconductors 400% 0.25% 2
unlikely that all IGTs will be rolled-out to every line on the network. Example 21 20% 20%
DLR 30% 10% 3%
SATA 40% 17% 7%
Overall, a 20% to 40% capacity/line length improvement for the overall APFC b
. . . Adv. conductors 100% 4% 4%
effect of IGTs on the wider network could be achieved: Superconductors 400% 0.25% 1%
A Expert interviews were uged to estlmatg reagonable maximum coverage Example 31 40% 05
factors for IGT technologies as summarised in the Table on the right. DLR 30% 40% 12%
< . . : - . SATA 40% 20% 8%
A These estimates combined with potential improvements derived from case APEC ’ ’ 8%(;
studies show an overall 20% to 40% capacity/line length improvement for Adv. conductors 100% 10% 10%
the overall effect of IGTs on the wider network as presented in the Table.* Superconductors 1000% 0.2% 2%
A To avoid overstating capabilities or underestimating unforeseen Example 41 40% 40%
challenges, a conservative 10% to 20% (halved) overall increase is used in gﬁA iggj" ;gz;" 188’3
. “ . . - 0 0 0
the rest of the study, allowing for growth in experience with IGTs being APEC 10%
deployed at such scale. Adv. conductors 100% 10% 10%
Superconductors 1000% 0.2% 2%

compasslexecon.com  Source: CL analysis based on discussion with IGT experts and based on IGT real case studies (see previous slide)

* Please note that this is an indicative estimation under some uncertainty that is caused by the limited experience with
IGTs and limited available data. We recommend detailed bottom-up modelling studies to further explore the effects.



1. Grid capacity expansion 2. Potential of IGTs 3. How to unlock IGT-benefits

Assuming a 10-20% increase in network capacity by 2030 through IGTs
could boost substantially grid capacity expansion
Benefits of IGTs compared to network expansion needs and past trend

If deployed at scale, IGTs could cover a significant share of network (line length equivalent), in FR, DE, ES, IT, DK, NL and GB
expansion needs. For the sake of illustration, the following scenario is

A An initial targeted deployment of IGTs in the existing grid by 2030: In 4,000,000 -

2030, a 10% (low scenario) to 20% (high scenario) increase in the 120,000

capacity of the existing network is achieved, due to a roll-out of IGTs in a 3,500,000

specific grid locations/bottlenecks. < 100,000
) y 3,000,000
A The remaining network expansion need is met with new grid buildout 2

which include IGTs: New network assets built by 2040 are boosted with 2 80,000 2,500,000

IGTs, which provide a 10% (low scenario) to 20% (high scenario) capacity g

improvements compared to conventional technologies. ﬁ, 60,000 2,000,000
In this scenario, deploying IGTs would provide a significant boost to 8 1 500.000
the required increase in network capacity, as highlighted on the right 2 40,000 S / /
hand-side: - 1,000,000 %
Overall in these 7 countries by 2040: 20,000 .

500,000

A At TSO level: 28% to 45% of network expansion needs would be covered 0
by IGTs, and network expansion would be accelerated by 5 to 8 years

A At DSO level: 26% to 43% of network expansion needs would be covered o
by IGTs, and network expansion would be accelerated by 4 to 7 years

w2 Range achievable through 1GTs
—B—Network expansion need in FR, DE, ES, IT, DK, NL, GB

Continuation of past trend

compasslexecon.com 20



1. Grid capacity expansion 2. Potential of IGTs 3. How to unlock IGT-benefits

Despite the substantial benefits IGTs could provide to the energy
transition, their deployment is currently hindered by several barriers

Barriers for IGT deployment

o Lack of incentives to A Historical regulatory systems for electricity networks were typically designed to finance large amounts of capital
opt for non-CAPEX expenditure, so CAPEX is often remunerated with a regulatory cost of capital, and more advantageous than OPEX.
intensive solutions A In several regulatory regimes, there is a bias against OPEX solutions, towards CAPEX.

9 Insufficient output Regulated networks often face incentives that may not provide for optimal operational and investment decisions: Revenue is
incentives and often directly linked to costs and not to output. Innovation and (calculated) risk-taking is often not rewarded, with two effects:
incentives for A _Flrst, ne_twork qperators may not have |n<_:ent|ves t_o use ovgrall c_heaper solutions i even less so, if those solutions
: : involve innovation and/or a manageable increase in operational risk.

Innovation A Second, innovations that may increase output while leaving costs constant are not financially encouraged either. Again,
even less so, if those innovations involve a different approach to risk management.

A The investment doctrine of T/DSOs might include bias towards predetermined solutions to fix perceived issues, rather
than adopting a technology-neutral approach to answer the system needs identified.

A In particular, using IGTs as an alternative solution to fix network constraints may not be adequately reflected in the
doctrine, its practical application and in the incentive given to decision makers.

Death by pilot risk A T/DSOs are responsible for ensuring security of supply for consumers and have hence an incentive to maintain high
reliability standards with regards to network components. IGT adoption is hence often hindered by long processes for
network companies to trial and then adopt new innovative solutions.

A Moreover, the need for (several) demonstration projects to convince TSOs of the reliability/accountability of a technology
before it can be rolled-out can create financial risks for IGT providers, creating funding challenges without a clear visibility
on future revenues.

6 Funding schemes A Some of the potentially available funding schemes cannot easily be accessed by IGTs yet, compared to other energy
eligibility issues technologies such as hydrogen or CCS, due to eligibility issues of IGTs.

compasslexecon.com Sources: Compass Lexecon, based on interviews with IGT representatives and industry members, as well as regulators, Florence School of Regulation (2023) Benefit-based incentive 21
regulation to promote efficiency and innovation in addressing system needs, ACER (2021), Position on incentivising smart investments to improve the efficient use of electricity transmission
assets, CurrENT (2023) Delivering on electricity grids i CurrENT recommendations for the European Commission
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Regulatory solutions exist to remove these barriers, and have already
been implemented in some European countries (1/3)

Barriers for IGT Potential solutions and case studies
deployment

[1)Lack of incentives  JRISHISMERTIETLY
to opt for non- A Similar treatment of CAPEX and OPEX, wrt. regulatory cost audits, capitalisation rules and potential efficiency factors or
CAPEX intensive sharing factors, can remove a possible incentive to prefer CAPEX over OPEX solutions, as in the UK Sf=

solutions Introduce possibility of OPEX increase
A Allowing an OPEX-benchmark that rises during the regulatory period can solve the distortion coming from delays in getting
rising OPEX into the allowed regulated revenue, compared to a preferential treatment of CAPEX. This can be done by:
Basing the OPEX-benchmark on cogt projections (For example based on forward-looking budgets business plans as
demonstrated by the UK example) ===
By allowing additional OPEX increase based on measurable factors (e.g. installed RES capacity)

Make remuneration output-based if possible

A Within the limits given by the regulated nature of network companies, the remuneration of networks should be output-based,
e.g. connected to achieving certain targets.

A The Italian incentive to increase cross-zonal capacity is a very good example in case, since it gives the TSO directly the
incentive to focus on one of the outputs that matter: transfer capacity. B |

[2)Insufficient output
Incentives and
incentives for
innovation

Decouple remuneration from CAPEX

A Benefit-based regulation and the Italian premium for the use of capital-light solutions represent ways in which the
remuneration of network operators is decoupled from actual CAPEX. This creates the possibility and the incentive for the
network company to seek for alternative solutions that also fulfil the needs. Thereby, a win-win situation between customers
and network companies can be created, in which a) costs are decreased and b) the company can achieve higher reward. This
is conceptually very similar to the general idea of incentive regulation, but specifically applied to CAPEX. | lg

A Such regulatory regime has also been implemented in the UK St=

compasslexecon.com Source: Compass Lexecon 22
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Regulatory solutions exist to remove these barriers, and have already
been implemented in some European countries (2/3)

Barriers for IGT
deployment

9 Death by pilot risk

Potential solutions and case studies

Obligation to implement the NOVA principle

A According to NOAprrciple §rif Gpsinfisation must be considered over grid reinforcement, over grid expansion.
This should be applied following a technology-neutral approach. This provides a framework for solving network needs by
maximising the use of existing assets and limiting the need for major infrastructure works. This principle, is key in limiting the
environmental impact of network upgrades, and could be implemented as a rule for network operators when evaluating
interventions.

Technology-neutral approach to solve grid constraints, with toolbox of possible interventions defined in advance

A System planning could benefit from a technology-neutral approach to system planning, with for instance the following
standardised steps each time a constraint is identified: 1/ identification of the root causes of the issue, 2/ mapping of the
different alternative solutions, 3/ comparison of the solutions based on a multi-dimensional assessment

A Moreover, following the UK example, a list of standard interventions could be defined in advance for the planning of network
investments, in could be used to assess the most relevant one. ==

Lump-sum innovation funding / WACC premiums to account for specific risks SSyez mjmm
A Lump-sum innovation funding for the recovery of costs incurred during demonstration projects for the adoption of new
technologies could compel network operators to spend more on riskier projects. E.g. implemented in Norway and in the UK

Regulatory sandboxes N |
A The adoption of new technologies could be favoured by the implementation of regulatory sandboxes, for instance granting
exemption to the current regulatory framework, hereby facilitating the experimental deployment of innovative technologies

Transfer of best-practices and standards
A The transfer of best practices/standards between countries in Europe could avoid lengthy adoption process to be repeated,
every time another network operator is investigated into a new technology, hereby facilitating the early adoption of IGTs

compasslexecon.com Source: Compass Lexecon 23
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Regulatory solutions exist to remove these barriers, and have already
been implemented in some European countries (3/3)

Barriers for IGT Potential solutions and case studies
deployment

Funding schemes Widen eligibility of EU-financing schemes to IGTs,

eligibility A By making sure all sources of funding do explicitly include IGTs, access to financing could be made easier. Sector-specific calls
for IGTs, with adjusted award criteria / requirements could play a key role as well, as foreseen in recent changes in the
Innovation Fund Delegated Act .

compasslexecon.com Source: Compass Lexecon
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Depending on the technological / commercial maturity of the technology,
different measures are suitable to allow for faster IGT adoption

_ _ IGTs being tested or rolled-out by T/DSOs
Pu_bllc _fgndlng (R&D (e.g. DLR, advanced conductors, APFC,
universities) digital twins, SATA, grid inertia measurement)

IGTs at pilot stage Private funding

(e.g. High Temperature Superconductors)

%

Discovery New product development Commercialization

o _ _ Lack of incentives for non- TOTEX regulation, possibility of
IGT adoption is Lump-sum innovation CAPEX intensive solutions OPEX increase

facing different - funding / WACC premiums
barriers, depending (@) BECUURIVAHICE g p ;

Resources

A 4

Output-based remuneration,

on its technological Fiele regulatory sandboxes, Insufficient output incentives decoupled from CAPEX spent
and commercial Transfer of best-practices —
maturity. Each of and standards Network operators NOVA principle, Technology-
them could be investment doctrine neutral planning approach
tackled with

: o : Widen eligibility of national and EU-financin hem
appropriate 5 ) Eligibility issue of IGTs within funding schemes o Idchse gibility of national and EU-financing schemes

regulatory measures

Source: Compass Lexecon, adapted from Hartley & Medlock (2017) The Valley of Death for New Energy technologies 25
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I

Conclusion: an update of regulatory incentives could foster the roll-out of
IGTs and provide major benefits to the system

Regulators and network companies are currently locked in a lose- Regulators and network companies could be in a win-win situation,
lose situation: should the proper regulatory incentives be implemented
Network companies could \ Regulators could see results
have the freedom to find more quickly, and network
the most efficient solutions \ challenges and bottlenecks
and be rewarded for it addressed more quickly
A Network companies operate under incentives that don't reward or A Network companies could use the new technological possibilities
even punish them for innovating, which might favour institutional and the more flexible regulation to speed-up the rollout of innovative grid
conservatism towards conventional technology solutions. technologies and provide major benefits to the system.
A Regulators are focussed on historical regulatory approaches, and A Regulators could learn from existing experience with the
may fear that any substantial change could have negative effects introduction of appropriate incentives and implement updated
and lead to political criticism. The implementation of regulatory schemes regulatory approaches. Encouraging results like lower constraint costs
for network operators which set targets, give incentives and allow and reduced bottlenecks to network deployment could soon follow.

flexibility for how those targets are reached might seem risky to them.

compasslexecon.com
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Indicative estimation of grid capacity expansion in
timeframe 2025, 2030 and 2040
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A review of network development plans shows significant network
expansion needs in the near to medium term

Network development plans across European countries are Average growth in TSO network size i Past and planned yearly buildout

aligned on the need for significant network expansion (km/year)
A Between 2015 and 2022, the size of the transmission network has
been increasing by ~0.5-1.5% on average across the countries 1,000 2023-2037

included in the scope of this studly. 800 |2023-2040 m Average yearly buildout
A Relative to that, TSOs are planning an accelerated grid expansion in 8 600 2021-2026 planned in TSO publication
the next decade: TSOs publications reveal that, on average across § 400 o
France, Germany, Spain and Denmark, the buildout of additional ~ W Historical average yearly
) . . 200 buildout between 2015 and
grid (measured in km/year) needs to at least triple. 2022 (kmlyear)
A Given that required buildout is faster compared to historical buildout France Germany Spain Denmark
rates, the delivery capacity of TSOs and supply chains might be
under strain. Annual investment in onshore network expansion / adaptation compared to

2022 peak demand! (ma/ GW/ year)

This comes at a significant cost for consumers i depending on

the countries, investment volumes in grid expansion range from 6 140
mua/ year per GW ofmope dlandd@d@®n dn,t]/ty@“;auo.
Transmission network development plans typically only cover 3 100
investment needs for the next ten years, and might not always o 80
reflect decarbonisation objectives = 60
ATSO6s investment pl ayea petiogsicrktrat | y T &°ve 10
extrapolation is needed to estimate network investment costs up until 20 -
2040. 0 ‘ ‘ ‘ : :
Germany GB 2023-2030 Netherlands France 2024-  Denmark Spain 2023-
2023-2037 2023-2033 2040 2023-2027 2026
Source: CL analysis based on a review of TSOs investment plans and publications, and ENTSO-E network length data. [1] Approximation for France, share of investments dedicated to 29
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Investment in offshore networks is necessary to harness the offshore wind
potential in Europe

Making use of Europeds offshore wi Maxinumtransniigsian offsherg capacisy $GWS iUENTSOsErONDR |
investments in offshore networks

120

A Offshore infrastructure development needs are assessed by ENTSO-Ein 2
the Offshore Network Development Plan (ONDP) published in 2024. g 10

@

AThe plan builds on the E-hindiogp e an Mezfnbéor Statesd non —FR
agreements on offshore goals as of January 2023 and assesses the nZ 60 e NL
necessary future capacity increase of the offshore grid. § e —DE

A Atthe EU-level,upto3 7 1. 6 b n 0 ldof tradmissinnetwork § 40 —IT
infrastructure will be needed between 2025 and 2040 to connect an 5 20 7/_4 GB
expected offshore wind capacity of 270 GW by 2040 in the EU. = -

F4 - . . - - 0 —

A However, this first iteration of the ONDP QOes not consider onshore RO I - SR S U R IO SR I
investments needed to connect the additional power produced offshore, L A N L A A A A A A
as onshore implications are part of the TYNDP 2024 needs identification. Planned investments in offshore grid compared to offshore wind capacity
In addition, it is based on non-binding offshore RES goals of the member — g

states and uses a high-level linear optimisation approach that does not o 200
allow the evaluation of single projects. — 150
. : : : =
The integration of offshore wind farms to the grid also comes at a O oo
significant cost for consumers, which is already considered in TSOs -
investment plans £ 50 l
A On average, across Germany, GB, Italy, and the Netherlands, each GW 0
of offshore wind capacity connected to the grid requires around 130 Germany 2023-  Germany 2023-  GB 2023-2030 ltaly 2023-2032 Netherlands 2023-
mid of investments in offshore grid on a®¥¥rage.2M4 2033
Source: CL analysis based ENTSO-E (2024) Offshore Network Development Plans, ENTSO-E (2024) ONDP methodology, and on a review of TSOs investment plans and publications 30
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Increasing interconnection capacity is a key enabler of the
decarbonisation of electricity systems in Europe

Increasing interconnection between EU countries is key to reach EU climate targets Interconnection needs (MW) i ENTSO-E IoSN TYNDP 2022

A In the System Needs study from 2023, ENTSO-E finds that developing an additional 50,000
88 GW of cross-border capacity between 2025 and 2040 in Europe would be
economically efficient.! 45,000

A This represents a 95% increase compared to the total cross-border transmission 40,000
capacity in 2022 (93 GW). ’

A Such interconnection capacity would provide major benefits to consumers.
Compared to a situation in which the interconnection capacity would remain constant,
this additional interconnection capacity would for instance allow for:

35,000

- Avoided curtailment that increases over time, reaching 17 TWh/year of
avoided curtailment in 2030 and 42 TWh/year in 2040 (-53%), compared to a
scenario where no additional interconnection capacity is built after 2025.

- Savings in generation costs that increase
2030 and 9 b n G47%)ecanmparédiio a Bcénar® wifere no additional
interconnection capacity is built after 2025.

Interconnection needs (MW)
N N w
o a1 o
o o o
o o o
o o o

[y
3e)
<
o
@D
-
—

me , reachjDgbe——le—— vy e g,

10,000 7’
However, ENTSO-E System Needs study might underestimate the interconnection
capacity required to reach net-zero targets 5,000
AThe ANational Trendso scenari o i s assumed, whdigch is based on national and
policies of past years, instead of a decarbonisation pathway, (such as the Distributed SN QAL mddS
i R i . . o O O O OO OO O O O O O © O O © o
energy scenario). This scenario might hence not reflect a pathway ambitious enough G AL AL A aE AL A an e A el as e el e el el
for the EU to reach net-zero by 2050. ——FR ==—DE ES DK e [T e N GB
compasslexecon.com Note: [1] The estimation of 88GW is based on the cost of line development, and not on IGTs development 31
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Substantive investments in distribution networks are necessary to push
the energy transition forward

Eurel editGniidod or Speedo study showapnhaldstrindtiOnglid ihvestnieht frenf225i 2050 by country (&
for investment in the distribution grid until 2050 on a country-

level 18 =Lt
) 16
A To achieve the net zero goal by 2050, Germany, Italy and France are 14
estimated to account for the highest necessary investments. 5 12 10T
Investments in these three countries make up 50% of EU-wide c 10
distribution grid investments until 2050. o 8 54
‘ . : , o . 6 : 13 4.8
A The investment per capita necessary until 2050 is highest in Norway, 4 -2
Denmark and the Netherlands. 5 2 . .
A In countries with multiple and diverse DSOs, the investment needs 0 | | _ | ‘
for distribution networks tend to be higher. Germany Italy France Denmark Spain Netherlands
The distribution network length is estimated to grow 1.7-fold by EU27 + Norway distribution grid length in 2024 and necessary length in 2050
2050 for a successful energy transition (Million km)
AReaching the energy transition reqdires the distribution ri'ds size to
grow substantially. From 2025 to 2050, the annual additions to the 16
distribution network length amount to 262,000 km in the EU27 + 14
Norway. 12
10

A In addition to the network length, the number of transformers needs
to double by 2050.

Million km

10

2024 2050

O N b O ©

compasslexecon.com Source: CL analysis based on Eureletric (2024): Grids for Speed 32
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1.2

Drivers of grid capacity expansion and how they will

develop
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Historically, the length of the electricity transmission network has shown a
positive relation with installed RES capacity and peak demand

Evidence from selected European countries from 2015-2022
A Historically, the length of the transmission network has shown a positive relation with peak demand and installed RES capacity.

A Furthermore, in the short term, year-on-year changes in national peak demand are quite volatile and mainly driven by weather conditions (e.g. occurrence and
intensity of cold/heat waves). However, at the cross-country level, the magnitude of average peak demand appears to be strongly correlated with the length of

the transmission network. The electrification of new end uses such as heating and transport could lead to an increasing trend in peak demand, which would
translate into a need for additional network capacity.

A With regards to RES capacity, countries with more RES-capacity also tend to have more transmission length - although this is likely also driven by the fact that
larger countries tend to have more transmission length and RES capacity. However, RES-buildout seems to also trigger an increase in network length within
the respective countries. Possibly RES-buildout triggers an increase in congestion costs in countries before network investment can catch-up (see next page).

Transmission network length (km/km?) vs. Peak demand Transmission network length (km/km?) vs. RES capacity
(MW/km?), normalised by country size (MW/km?2) normalised by country size
0.30 0.30
0.25 ° - 0.25 [} ® e
0.20
o.‘o' 0.20 4 . . R

0.154
0.15

Normalised transmission network length

Nermalised transmission network length

0.10 o T
0.10 mes 9O % o
0.05
0.05
0.00
T T T T T T T
0.00 0.10 0.20 0.30 0.40 050 0.60 0.00 -
. T T T T T T
Normalised peak demand 0.00 0.10 0.20 0.30 0.40 0.50
. . Normalised RES capacity
® France Italy Spain e Belgium @ Netherlands
Austria Germany Denmark Finland e Great Britain e France Italy Spain e Belgium
Norway Poland Sweden e Netherlands Germany Denmark e Great Britain
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The increasing RES capacity is expected to create massive infeed in
electricity networks, and hence a need for grid reinforcement

Onshore and offshore RES capacity is expected to significantly increase by 2040, leading to growth in RES infeed into the distribution and

transmission grid

A For instance, the intermittent RES capacity is expected to increase by 325% on average between 2025 and 2040 in the selected countries, as of the
TYNDP 2022 distributed energy scenario. In the EU, RES capacity is expected to increase by 325% during the same period. From 2025 to 2050, the
increase in total RES-capacity in the EU is expected to be made up by solar increasing from 225 GW to 1,150 GW, onshore wind from 230 GW to 670 GW,

and offshore wind from 25 GW to 200 GW.

A Historically, the increase in RES capacity was associated with an increase in congestion costs, as shown in the right-hand side graph below. Resolving
congestion constraints, and hence reducing congestion costs, requires additional grid capacity and better utilisation of existing grid assets.

Projected RES capacity in selected countries i TYNDP 20227 National
Trends (2025) and Distributed Energy scenario (2030 and 2040)
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Despite the growing flexibility of electricity consumers, the electrification
of new end uses is expected to increase peak demand

A Electricity demand is expected to increase from around 3,000 TWh today to around 5,500 TWh in 2050 in the CL reference scenario, driven by the
electrification of new end uses, for instance in the transport, heating and industrial sector.

A Despite the growing flexibility of electricity consumers, peak demand is expected to significantly increase in this period. This can typically lead to network
reinforcement needs, for instance in urban or industrial areas. According to Compass Lexecon in-house modelling, peak demand could increase by 15% in
the EU between 2025 and 2040, from approximately 550 GW to more than 630 GW, and by 26% on average across the selected countries for this study. In
GB, peak demand is even expected to increase by 68%.

A This estimation already assumes that the consumption of a given share of EVs, HPs and electrolysers will be flexible in the future, hereby mitigating the
increase in peak demand. Peak demand is hence expected to grow to a lesser extent than total demand.

EU 27 Projected demand i CL reference scenario Projected Peak demand i Assuming climatic year 2009
6,000 140,000
5,000 120,000 / .
4,000 100,000 m—\|_
< 3,000 = 80,000
= s ES
60,000
2,000 | T
40,000
1,000 DK
20,000 UK
0
2020 2025 2030 2035 2040 2045 2050 0 AT
X XD 0 A DDA N DX D0 A DD O
m Residual demand m Transport ®mHeating & Cooling ® Direct and indirect electrification q,Qq’ q,Qq’ q,Qq’ q,Qq’ Q,Qq’ q,Qq’ q,Qn’ q,Qrb q,Q(b q,Q(b q,Qrb (1903 ,19‘5 q,Qn’ q,Qrb q,Q(b q,Qb‘
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1.3

Need for grid expansion in Europe by 2030-40
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A panel regression model can be used to estimate future network
expansion needs (1/2)
Panel regression model i Estimated vs. actual length of

The historical evolution of network length can be explained with a panel regression transmission network length in 2022 (km)

model, with RES capacity, peak demand, constraint costs, countries and years as key

regression factors: 80,000

A Network length is determined by several key factors, among which RES capacity, peak

) 70,000
demand, and constraint costs.
A In addition, specific factors can be introduced in the regression to capture country- and time- 60,000
specific differences in the data. Indeed, country-specificities for which no data is available, but
) &

which are still crucial to determine the network length play a role and can be considered 50,000
through country-fixed effects (0 € 6 € H Thedsame holds for unobserved effects on the
&

network length in certain years, which can be accounted for through year-fixed effects (& ‘Q &).1 40000

A For each country "Gand year 0, the following regression equation can hence be calculated:

T n A T e 30,000
0Q0 0 &IV NO Q
I 1 2YORY [ 20 QAIMAGE T 266 ¢ 0IDOQDE 62 0IOROI - ¢

20,000

Such model can be trained on publicly available data to estimate the respective weights
of each factor 10,000

A We gathered coherent data on 12 different countries in Europe over the period of 2015-2022,

o

¥ S

from various publicly available sources, including the ENTSO-E inventory of transmission, the @ S 5
ENTSO-E Transparency platform and Eurostat. <<<2>° Q}@'Z’ % ¥ & @«\Q’Q
i < Q N
A Using this data in a regression analysis, we were able to set up a prediction model for the Nl
future required network length at the TSO- and DSO-level. By achieving a close match to m Actual transmission network length

actual historic network lengths for countries where regression data is available (see graph on

: _ h ) ) i m Network length estimate based on CL panel regression model
the right-hand side), we were able to get sufficient comfort on this regression equation.
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A panel regression model can be used to estimate future network
expansion needs (2/2)

Estimated coefficients used to forecast transmission
network length i Country-fixed effect specification

The regression analysis can then be used to estimate the potential future trend of network
length, mainly driven by the increasing domestic peak demand and RES capacity presented in
section 1.2.

Coefficient
Variable
RES

A To forecast network lengths up to 2040 based on the estimation using historic data, we used the
closely matched network length in 2022 as a starting point, adding the estimated increases in

0.045 0.057

network length in each subsequent year. Peak demand -0.002 0.008
A The table on the right-hand side shows the coefficient ranges used to estimate the increases in Constraint costs -0.00007 -0.00003
future transmission network length (coefficients for the distribution network length are provided in Austria -8,437 -8,235
Appendix 1.C). Ranges are built based on the estimates that most closely fit the TSO buildout-plans Belai
: ) ) . DA : elgium -10,080 -9,912
in the different countries observed. For both, transmission and distribution network lengths, this German
holds true for the regressions with country-fixed effects (detailed results can be found in Appendix y 15,346 17,964
1.A and 1.B, an explanation of the econometric approach is provided in Appendix 1.D). Denmark -9,658 -9,386
A Except for a slightly negative estimate for the Peak-demand coefficient at the minimum, the S.paln 24,089 24,243
coefficients have the expected signs, representing a positive effect of higher RES and peak demand Finland -799 -530
on the transmission network length in a country. The impact of congestion costs on transmission France 33558 34.389
network length is negative, meaning that higher congestion costs are associated to a lower network UK 7 424 8 640
length, which is what one would expect. Reassuringly, these relationships also hold in most other ' '
specifications we considered to predict the network length (see Appendix 1.A and 1.B). Italy 51,784 52,262
A The assumption for future peak demand and future RES capacity between now and 2040 are Netherlands -6,801 -6,661
respectively based on CL in-house modelling and the ENTSO-E TYNDP 2022 distributed energy Norway -3,260 -3,090
scenario. Poland -705 -484
Constant 14,732 15,165
compasslexecon.com 39
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The trend of the underlying drivers of network length® would lead to a +5%
to +30% transmission network expansion need by 2040

Results

A Depending on the countries, the methodology and
assumptions described on the previous page lead to a
~5% (in Italy) to 30% (in the Netherlands) increase in FR DE ES
network length at the transmission level by 2040 17 18% on o0 48

Extrapolation of transmission network length (thousand km)

o . 47
average between the 7 countries in the scope of this 45 46
Increase
, report. as of avg, 3 45 10.6%
A Differences between countries are driven by the different igtm/ate: 40 2 185% 44
trends of RES capacity and peak demand assumed. :||> - - jg
Limitations 41
. . . . 30 40
A This regression analysis matches some network_ T g
development plans of TSOs rea_lsonably well, for instance S990900000000 S99000068883
for Denmark and the UK (blue lines).
A For others, this estimation of network expansion needs is IT DK NL UK
lower, for instance in Germany or France. This estimation -, 75 14 32
is indeed based on the continuation of past trends into the 3 20
future. However, the unprecedent scale of RES integration 72 4 10/70-0
challenges may result in grid expansion needs whose 71 6.5 a1000 0
nature and scale cannot be compared with past 70 26
observations. Moreover, the IEA estimates that the length ZZ 6.0 24
of the transmission grid in the EU would need to increase 67 5.5 22
0, 3
by 50% by 2040. 66 50 B M h e e 20
. . . . . O N DO AT ~O O N O AN O
Overall,_thls tends t0|nd|catethatth|_s estlmate_of §§§§§§§§ 288833838 § § § % § § g § 28888398
expansion needs based on aregression analysis could A N NN
be a very conservative estimate. —Historic length ——Buildout as of Development Plan --- Min. estimate - Max. estimate ——Auvg. Estimate
Source: CL analysis, [1] the assumptions for the evolution trend of peak demand and installed RES capacity are presented in section 1.2, [2] for instance, in Germany, most of onshore 40

compasslexecon.com investments by 2045 are planned between now and 2037 i Netzentwicklungsplan 2037/2045 (2023) [3] IEA (2023) Electricity grids and secure energy transitions i estimate based on IEA
estimation of Installed line length, transmission and distribution, by region in the Announced Pledges Scenario, between 2021 and 2050. 2040 datapoint estimated as the average between 2030
and 2050.



https://www.netzentwicklungsplan.de/
https://iea.blob.core.windows.net/assets/ea2ff609-8180-4312-8de9-494bcf21696d/ElectricityGridsandSecureEnergyTransitions.pdf

1. Grid capacity expansion

2. Potential of IGTs

3. How to unlock IGT-benefits

The trend of the underlying drivers of network length® would lead to a
+25% to +100% distribution network expansion need by 2040

Results

A Depending on the countries, the methodology and

Extrapolation of distribution network length (thousand km)

assumptions described in the previous page lead to a FR 2150
25% to 100% increase in network length at the ;igg - 1,450
distribution level i 60% increase on average by 2040. 5 50 ' 1,350
< . . . 1,950 2,750 37.49% 1290
A Differences between countries are driven by the 1,850 Increase 5 550 1,150
: : 7 f avg.
different trends of RES capacity and peak demand 1,750 oetimate, 2,350 1,050
assumed. 1,650 54% 2,150
< . . . . . . . 1,550 1.950
A This estimate at the distribution level is higher than at 1,450 | ' 850
the transmission level. This is consistent with the fact %30 _ .~ ~ =~~~ = = Sl doeRoDoEn 70 -
that most investments are expected at the distribution 555055383333 29595033888 oo d
. p . NNNNNNNNNNN NANNANNNNNNNN AN
level. For instance, the IEA? estimates that ~85% of
grid investments are expected at the distribution level
in advanced economies I'T DK NL
Limitations 1,700 290 850 1,600
A 1,60 — 270 ] 0 , 1,500
AThis estimation is above'EAb6s i maj e of i Bt oon 1,400
network buildout for the EU (31% by 20502, and 1,500 230 650 1,300
: ; : [2r.4% - 63.8% ~101% 1,200
above Eur e | easttmate (6830sncrease until 1.400 210 P een 1100
205023 ’ ’
' 1,300 190 450 1,000
AHowever, this estimation s n line wit Abs- gl oba 288
estimate,ataround67%by20402. ' ONL O AT NO 1500)C\ILOOOH<I‘I\O O N OASTNO
AN ANANMOMS AN ANNOODOHO M ST AN AN AN OOMmMmS
: : T - SRIJKKES SRIRISISKISR RRRJIIKKRER
This regression analysis might hence overestimate A A ar e A
expansion needs at the distribution level. —Historic length ——Buildout as of Development Plan === Min. estimate -+ Max. estimate
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Source: CL analysis, [1] the assumptions for the evolution trend of peak demand and installed RES capacity are presented in section 1.2, [2] IEA (2023) Electricity grids and secure energy

transitions i estimate based on IEA estimation of Installed line length, transmission and distribution, by region in the Announced Pledges Scenario, between 2021 and 2050. 2040 datapoint
estimated as the average between 2030 and 2050. [3] Eureletric (2024) Grids for Speed
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https://iea.blob.core.windows.net/assets/ea2ff609-8180-4312-8de9-494bcf21696d/ElectricityGridsandSecureEnergyTransitions.pdf
https://iea.blob.core.windows.net/assets/ea2ff609-8180-4312-8de9-494bcf21696d/ElectricityGridsandSecureEnergyTransitions.pdf
https://powersummit2024.eurelectric.org/wp-content/uploads/2024/05/Grids-for-Speed_Report.pdf
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The potential of innovative grid technologies
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8 Innovative grid technologies (IGTs) are included in the scope of this
report, among which 6 Grid-Enhancing Technologies (GETs)

Key technologies in the scope of the project

Technology Readiness

Technology Description

Level (TRL) 1

Improve utilisation by providing greater visibility to system operators and allowing them to

. YENILE HIne (Reig) (PR react to actual temperature and sag of a power line URSE)
2 atancetiReiCblon Unlock capacity by dynamically controlling power flows across the grid TRLS oETS
Control (APFC) pacity by dy! y gp 9
3 FIgn TEmPErEHE Allows transmission of very high amounts of line capacity TR & et e elstlavifon (EVel
Superconductors (HTS) yhg P TRL 5 at the transmission level
Storage as a Transmission . . N
4 Asset (SATA) Backup batteries allow for the override of the N-1 criterion TRL 9 } GET
5 Advanced Conductors :irr'r:g;oved cables allow for higher capacities per line, and can often simply replace old power TRL 9
6 Digital Twins Digital Twin technologies allow for a better understanding of what is happening on the grid TRL9
7 Flexibility management Flexibility management solutions allow grid operators to manage and control the flow of TRL 9
software solutions electricity efficiently by actively managing the supply and demand of grid connected assets. — GETs
One grid constraint is, that a sufficient amount of inertia (rotating turbines stabilising the grid)
8 Grid inertia measurements must be present. Measuring inertia in real-time allows a) higher renewables operation on the TRL 9
grid / less redispatch for inertia reasons, and b) more targeted inertia procurement.
Among IGTs,Grid-Enhancing Technologies (GETs) is a term used mai nl yransmissidn bfelectiSty across theeexisting sygten tloroughe ¢ h r

a family of technologies that include sensors, power fUSDOwnE (20820)tIGTe ¢an also be referred as 8ETd+. anal yt i c al

| Notes: [1] The TRL indicates to what extent a technology is established in the market. TRL 9 [2I(N-1) criteriond means the rule according to which thegglem
compassiexecon.com reflects the highest technology readiness with an actual system being proven in an operational TSO's control area after occurrence of a contingency are capable of accommodating the new
environment, while TRL 7 refers to a system prototype being demonstrated in an operational operational situation without violating operational security limits. (EC 2017)

environment. (EC 2017)


https://op.europa.eu/de/publication-detail/-/publication/d5d8e9c8-e6d3-11e7-9749-01aa75ed71a1
https://eur-lex.europa.eu/eli/reg/2017/1485/oj
https://www.energy.gov/sites/default/files/2022-04/Grid%20Enhancing%20Technologies%20-%20A%20Case%20Study%20on%20Ratepayer%20Impact%20-%20February%202022%20CLEAN%20as%20of%20032322.pdf

1. Grid capacity expansion

Main Capacity increase for a given Better understanding of actual Dynamically controlling power Better understanding of actual
methods to line line limits flows on the grid inertia limits/stability limits
increase A @\‘\ b nertia T < i -
ard e e ey || s
capac |ty capacity z Hot, sunny and calm \ ®\ “ |} C'f)\ ¥ share
: [ LN LN
g Bl I~ .
f f 2 """"':~ A RES-share
—————— A Power flows through a network >
— T are often limited by its weakest A Inertia on the grid decreases
_line with more RES in the system,
> A A static limit must be very A By dynamically controlling which may cause stability
A Direct capacity improvement conservative, to not overload power flows (e.g. like road traffic issues and RES curtailment
compared to conventional lines in adverse (hot) conditions; management) more capacity is A Precise measurement of inertia
technologies A Dynamic ratings exploit natural unlocked on the existing grid allows curtailment to only
line cooling happen when necessary
A Advanced conductors
A ghgphe;c:ec:?w%irci?rre A Dynamic line rating (DLR) AU R AR A Grid inertia measurements
Techno- " — Control (APFC)
logical A Storage as a transmission
foundation: asset (SATA)

2. Potential of IGTs

3. How to unlock IGT-benefits

IGTs allow for a better utilization of the grid through four main effects

A Digital Twin, Flexibility management software solutions

compasslexecon.com Note: [1] The US term AGrid Enhancing technologieso can abfelectritteacrass thedexidting sydtenstiwoughla éamily efc hnol ogi es t hat45f ma x
technol ogies that include sensors, power flow control de)lGTsean heneeraldo b retelregd &siGEask. t ool so6, according to the
this theoretical framework does not provide an exhaustive classification of IGTs, and of their effects. Other technologies and effects could potentially be considered.
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IGTs can release capacity from existing grid assets in a relatively granular

way

We previously estimated that the need for network buildout, in terms of
the required expansion in line length equivalent, would amount to
between 5% and 30% for transmission lines, and about 100% for
distribution and interconnectors. From network development plans, we
understand that:

A Excluding offshore, most increases in circuit length are to strengthen already
existing links

A The European HV (transmission and distribution) network is meshed with two
or more circuits in parallel, with very few truly radial connections. Security
standards (e.g. static thermal rating, N-1) require these parallel circuits to
operate well below their design limit, e.g. to allow for the loss of a circuit.

A For example, with two matched lines in parallel, the usable capacity is half
(50%) the circuitds maxi mum rated
the remaining circuits are utilised less than 100%. Therefore, once the lines
are loaded to 51%, a third line is required.

Compared to building new lines, IGTs can release capacity from existing
grid assets in a relatively granular way:

A IGTs will add capacity that can be released on existing circuits, because lines
are typically not fully utilised as of now.

A With conventional reinforcements, a 30% increase in circuit length for
transmission would ultimately accommodate a 30% rise in the use of network
capacity but would be triggered by a much smaller marginal need. The
increase in capacity might not be required for several years.

compasslexecon.com

Alleviating grid constraints with conventional technologies vs. IGTs

Conventional technologies used to
» alleviate grid constraints

Maximum network
capacity with
conventional
reinforcements
Increasing need
for network
capacity

cap

A

acity, such that,

IGTs used to alleviate grid
constraints

ng a circui

Maximum network
capacity with IGTs

Increasing need
for network
capacity

v
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IGTs are typically complementary with one another, and are also
complementary with conventional network reinforcement

A IGT technologies are not mutually exclusive, different IGTs can be used dependent on network needs, a range of
solutions can make supply and installation easier, and they can typically be combined to offer greater
capacity/benefit

IGT technologies are not
mutually exclusive

A IGTs can achieve smaller capacity improvements more quickly compared to building new power lines i this can be
useful to anticipate the investment need (if delivery is challenging for some reason) or to bridge the time until the
investment comes through.

IGTs would ease, not slow other projects (e.g. new circuits) to meet the full need for network capacity growth. This is
because:
IGTs would be 1) IGTs can provide some capacity improvements quickly, which can in turn make it easier to schedule outages for the
complementary with installation of larger projects like reconductoring or new circuits.
network reinforcement 2) By being Agrid multiplierso that make existing and newly
works make achieving buildout targets more realistic T both in terms of the scale of work required and in terms of costs.
Moreover, in some network locations, IGTs could not be a substitute for conventional reinforcements 1 e.g. additional
connections at the distribution level.

compasslexecon.com 47
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Using IGTs to increase and/or anticipate network capacity buildout could
provide a range of benefits

Short development lead
time

Limited environmental

footprint

Most IGTs are less capital
cost intensive

Reduced reliance on supply

chain bottlenecks

compasslexecon.com

Project development lead time amounts to typically 1 to 2 years for most of the technologies, significantly shorter
than the time needed to construct extra grid capacity

Deploying IGTs allows for a lower environmental footprint compared to building new overhead lines / underground
cables as IGTs typically use existing substation space or transmission / distribution corridors

The scale of most IGTs projects is lower than conventional network reinforcement, leading to lower capital costs
(incl. through reduced need for new infrastructure / new assets)

IGTs have for example a reduced impact on supply chain bottlenecks for copper or transformers compared to
conventional grid expansion projects
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Dynamic Line Rating T Description
Dynamic line rating maximises the transmission capacity of high-voltage lines

" - . . : Schematic comparison of static and dynamic current
A Dynamic line rating (DLR) refers to the use of weather parameters, including limit P y

wind, to increase the amount of current through conductors. Weather effects,
such as wind cooling, ambient temperature, and solar irradiation, typically have

a cooling effect which is neglected when not measured or modelled.

Principles
200%

Benefits A Better understanding of actual line limits

A DLR goes beyond static line rating and ambient adjusted rating (AAR):
- Static line rating applies uniform weather conditions to all lines and is
generally lower than AAR and DLR, to ensure a secure network operation Lo
. . . . . . . apping
- AAR requires line-specific, typically historical data to estimate the pivigie dnn R -
transmission capacity for given conditions. . SN OTCapRe
A DLR uses real-time sensor data or a simulation of the line condition to - /
identify the line capacity in any given moment based on line temperature, line Q;:'Ezﬁgcg‘iﬁm
sagging and ambient conditions (humidity, solar irradiance, wind, precipitation
etc.)
A Sensors typically transmit the data to a cloud/centralized control system
determining the | ineds current capaci
A Access to real-time data allows the system operator to dynamically adjust line
capacity as well as to forecast dynamic capacity v {oow
A DLR can also be developed with digital twins 1 8760

A TRL 9 - DLR is an established, well-proven technology employed by several
TSOs, among ot hers Belgian AEliao, French ARTEO, and Norwegian AStatr

150%

AAR Lost gain

= 100%

Details |
i 50%

Dynamic rating relative to Static line rating

Static Line Rating

compasslexecon.com 49
Source: [1] Interview with Heimdall Power, [2] Ampacimon
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Dynamic Line Rating T Benefits
DLR enables higher integration of RES by enabling TSOs to optimise line utilisation

Benefits of DLR Examples from the literature
Reduction in congestion through optimisation of asset
utilisation Elia (2019)fiSmart qgrid wor |l d o& ~30%imcreaseti inomas l i neds current

A Enables TSO to dynamically adjust operational line limits dvnamic |ENTEBO-Eatingo

while ensuring network safety and reliability Pav | jiAnand V. Komen (2017)fiDi r e ct A Averageincrease in transmission capacity of 10
i ) . . ) . monitoring methods of overhead line conductor 15%
A Implementing DLR is estimatedtoi ncr ease a | i h&@mpSeratureod

i ~10-459
capacity on average by ~10-45% Bhattari, B. et al (2018)fil mpr ov e me nt A fAverage 22% capacity increase over static ratings

A Supporting integration of Renewables by allowing for a transmission line ampacity utilization by weather- 76% of the time
reduced RES curtailment pased dynamle [Tme Tabil g

Brattle (2023)fiBui | di ng a bet terA DLR pravides 20% capacity gain above static
How grid-enhancing technologies ratings for 90% of the time
Compl ement transmission buildoutso

A Can support cost effective generation dispatch

PR Newswire (2022)fi Nat i on al Gr i d AaAvetage increase in transmission capacity of over
LineVision Deploy Largest Dynamic Line Rating 30%
Project in the United Statesbo

LineVision (2022)ADuguesne Li ght ACDynamie ling rating system sees average 25%
Further Enhances Transmission Capacity, capacity increase across power lines
Reliability with Grid-En hanci ng Technol ogyo

Statnett (2023) Al ncr easi ng | i né\ Incease the capacityofpovllifes with up to 20%
using data scienceo A Average increase of around 10-15%

GlobeNewsWire (2020) i Mu | t i pl e U. . A Safelyincrease transmission capacity by over 15%
Adopt Dynamic Line Rat i ng ddrisgpéakloadtimney [ €] o

ENTSO-E (2024)fiDynami c Line RaAiAmpacityd@diR)s i n EGl5%paebeof 10
expected over 90% of the time

50

compasslexecon.com Source: CL analysis based on interview with Heimdall Power, IRENA (2020) DLR i Innovation landscape brief, Brattle (2023) A Bui | di ng a b e tehhancingdechnalogies ldamplemgnt i d
transmission buildoutso



https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Jul/IRENA_Dynamic_line_rating_2020.pdf?la=en&hash=A8129CE4C516895E7749FD495C32C8B818112D7C
https://www.brattle.com/wp-content/uploads/2023/04/Building-a-Better-Grid-How-Grid-Enhancing-Technologies-Complement-Transmission-Buildouts.pdf
https://www.brattle.com/wp-content/uploads/2023/04/Building-a-Better-Grid-How-Grid-Enhancing-Technologies-Complement-Transmission-Buildouts.pdf
http://www.youtube.com/watch?v=C6LP363zSmo
http://www.youtube.com/watch?v=C6LP363zSmo
https://www.academia.edu/90681251/Direct_monitoring_methods_of_overhead_line_conductor_temperature?uc-sb-sw=23398512
https://www.brattle.com/wp-content/uploads/2023/04/Building-a-Better-Grid-How-Grid-Enhancing-Technologies-Complement-Transmission-Buildouts.pdf
https://www.prnewswire.com/news-releases/national-grid-and-linevision-deploy-largest-dynamic-line-rating-project-in-the-united-states-301653906.html
https://www.prnewswire.com/news-releases/national-grid-and-linevision-deploy-largest-dynamic-line-rating-project-in-the-united-states-301653906.html
https://www.linevisioninc.com/news/duquesne-light-company-further-enhances-transmission-capacity-reliability-with-grid-enhancing-technology
https://www.linevisioninc.com/news/duquesne-light-company-further-enhances-transmission-capacity-reliability-with-grid-enhancing-technology
https://www.linevisioninc.com/news/duquesne-light-company-further-enhances-transmission-capacity-reliability-with-grid-enhancing-technology
https://datascience.statnett.no/2023/12/11/increasing-line-capacity-by-20-using-data-science/
https://datascience.statnett.no/2023/12/11/increasing-line-capacity-by-20-using-data-science/
https://www.globenewswire.com/news-release/2020/09/03/2088750/0/en/Multiple-U-S-Utilities-Including-Arizona-Public-Service-and-New-York-Power-Authority-Adopt-Dynamic-Line-Rating-Technology-to-Increase-Operational-Efficiencies-in-Electric-Transmiss.html
https://www.globenewswire.com/news-release/2020/09/03/2088750/0/en/Multiple-U-S-Utilities-Including-Arizona-Public-Service-and-New-York-Power-Authority-Adopt-Dynamic-Line-Rating-Technology-to-Increase-Operational-Efficiencies-in-Electric-Transmiss.html
https://www.entsoe.eu/Technopedia/techsheets/dynamic-line-rating-dlr
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Advanced Power Flow Control i Description

Advanced Power Flow Control solutions redirect power from overloaded lines to

underutilized lines _ o )
Smart Wi-S8Gsolutman (SmartValveE )

A Advanced Power Flow Control solutions redirect power from overloaded lines to

Principles . . . : . . .
P underutilized lines, hence solving grid bottlenecks and creating extra grid capacity.

Benefits A Dynamically controlling power flows on the grid

A Power grids have historically operated as one-way nonflexible routes of energy. Power
flows through the path of least resistance (impedance) which means that even if only one
circuit reaches capacity the entire network is unable to absorb any more power.

A Advanced Power Flow Control solutions allow system operators to control the power flow
of certain lines or parts of a transmission network, hence adapting flows to local constraints

and unlocking additional grid capacity: lllustration i Dynamically controlling power
T These systems are typically modular Static Synchronous Series Compensators flows on the grid
Details (m-SSSC), which can be deployed in a range of different configurations, to meet the
] evolving n(_eeds_o.f grid operator_s | | | ~Sen E].‘“
I These devices inject a voltage in quadrature with the line current, creating a N B 1 N S
capacitive or i1inductive reactance, whi 1 N @ N [%
~ \ R, ) | A, 1
Apull o power onto underutilized | ines 1 (v) l‘ ‘ (v) | ¥
A Advanced Power Flow Control can typically be controlled in real-time. “ \'\\ \ ‘ : \‘\\ ¥
A TRL 9 - already deployed in several countries including the UK, US, Australia and @~..,_‘_’ L [E].,.’I %
Colombia? .- w.:'?ﬂ

Source: CL analysis based on Smart Wires
compasslexecon.com [1] Smart Wires (2024) What is advanced power flow control? 51



https://www.smartwires.com/2024/02/07/what-is-advanced-power-flow-control/
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Advanced Power Flow Control i Benefits

APFC solutions allow system operators to limit grid congestion issues, hence unlocking
extra grid capacity

Benefits of Advanced Power Flow Control solutions

lllustration T Grid congestion solved with power flow controllers

A Solve grid bottlenecks / Congestion management

A APFC solutions allow for quick reaction when
congestion appears

Project development lead time typically 1 to 2
years, significantly lower than conventional grid
solutions to create grid capacity, e.g., building a
new line.

A Create extra grid capacity:

A Modular and future-proof congestion management
solution:

compasslexecon.com

For instance, in the UK, three deployments of
SmartValves have created 2 GW of extra grid

700 MW
CXIID  ctiona ceneration
Ao 2
AN
/ )
@.. 8% N p===N

capacity. This amounts to 10% of grid capacity in

the area where SmartValves have been deployed. Push Mode

This solution can be installed very quickly and can
be moved from one location to another in case of
changing system needs. APFC solutions can also
help system operators to fully utilize new
infrastructure once it is built.

85%

Pull Mode

Source: CL analysis based on Smart Wires, National Grid, IAEW (2020) Modular power flow control enhancing German transmission grid capacity: an investigation



https://www.smartwires.com/
https://www.nationalgrid.com/stories/journey-to-net-zero-stories/working-smarter-get-net-zero
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High Temperature Superconductors - Description

Superconducting cables can conduct electricity without energy loss and with high power

denSIty Size comparison of copper and
superconductor for an equivalent

. , . ) . . current carrying capability
A Superconducting cables are electrical cables designed to carry electric current with — =

Principles zero electrical resistance and high power density, by leveraging the properties of . . Copper sup.fconauuo..
superconducting materials.

A Superconducting cable systems can carry large quantities of electrical power, typically
Benefits 5 to 10 times that of a conventional power cable. They operate at lower voltages and

require far less raw materials and space. SUPERN:dDE

A Superconductors can conduct electricity without energy losses, and with high power
density, when cooled below their critical temperature (ca. -200°C for high temperature

superconductors)
A The main components of superconducting cables include SIS
T Superconducting material lllustration of next generation
T Liquid nitrogen to cool down the superconducting material superconducting cable
Details T Cryogenic insulation to maintain superconductors at low temperatures
A Relatively high Technology readiness level. No scale manufacturing yet.
- At the distribution level (15t generation): TRL 9 - There are already 15 : \
projects around the world, mainly for the relief of urban network congestions
(e.g. in Germany!2, South Korea3, and the US4) ‘
- At the transmission level (2" generation): TRL 5 - Prototype validation Out;\r Cryostat
expected by 2025 for Supernode. Commercial availability expected by 2030. N
N
o HTS Conductor
Liquid Nitrogen
| Source: CL analysis based on interviews with Supernode [3] Transformers Magazine (2021) Kor eads KEPCO commerci alizes superconduB3ing
compassiexecon.com [1] Industrie Energieforschung (2023) SuperLink: Innovatives Hochtemperatursupraleiter- transmission solution
Konzept in Minchen [4] AMSC (2021) ComEd and AMSC Announce Successful Integration of Resilient Electric Grid

[2] Ministry of Economics of the state Northrhine-Westphalia (2020) Supraleiter Ampacity System in Chicago



https://www.industrie-energieforschung.de/news/de/hochtemperatursupraleiter_superlink
https://www.industrie-energieforschung.de/news/de/hochtemperatursupraleiter_superlink
https://www.klimaexpo.nrw/supraleiter_ampacity#:~:text=2014%20sorgte%20innogy%20f%C3%BCr%20eine,einem%20Kilometer%20nahezu%20verlustfrei%20Strom.
https://transformers-magazine.com/tm-news/koreas-kepco-commercializes-superconducting-transmission-solution/
https://transformers-magazine.com/tm-news/koreas-kepco-commercializes-superconducting-transmission-solution/
https://www.amsc.com/comed-and-amsc-announce-successful-integration-of-resilient-electric-grid-system-in-chicago/
https://www.amsc.com/comed-and-amsc-announce-successful-integration-of-resilient-electric-grid-system-in-chicago/
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High Temperature Superconductors i Benefits
Superconducting cables facilitate bulk power transfer in marine and terrestrial environments
with reduced losses, system costs and environmental footprint

Benefits of high temperature superconductors compared to
standard cables

lllustration T Reduction of copper need in superconducting cables (kg /
km) [

A

A

Facilitate bulk power transfer (Multi-GW) in marine and terrestrial
environments with reduced losses, costs and footprint

Reduced reliance on supply chain bottleneck: Reduced reliance on
copper compared to conventional cables (85% less copper). The
technology benefits from healthy supply chains for each component of
superconducting cables.

Smaller rights-of-way needed and reduced environmental footprint.

High power-density can be an advantage in urban, offshore and rural
areas.

Savings in total system costs due to lower operating voltages,
compared to conventional cables.

High scalability. Superconducting cables can be designed to deliver
significantly higher power throughput without any geometry change.
They can be scaled from 17 10GW capacity in a single cable within the

same cryostat geometry and at minimal increases in CAPEX and OPEX.

Enabler of meshed DC Overlay Grid: High temperature
superconductors could be used to deliver a meshed DC overlay grid in
Europe, to enable efficient dispatch of remote resources across a wide
geography (more details here).

compasslexecon.com

Source: CL analysis based on [1] interviews with Supernode

85%

Total Copper quantity (SuperNode Cable) Copper Conductor

(Conventional Cable)

lllustration i Footprint comparison of conventional cables and
superconducting cables!l

R .

Document last modified: Yesterday at 17:49

—

125m 1-2m 8-25m

+/- 800kV HVDC Superconducting cable

XLPE Copper Cable

4 GW Capacity 4 GW Capacity

(1 bi-pole = 2 cables)

4 GW Capacity
(2 bi-pole = 4 cables)
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Storage as a Transmission Asset (SATA) - Description
Storage can be used as a Transmission Asset to provide congestion relief and backup

capacity Active vs. passive storage as transmission modes
A Storage as a Transmission Asset (SATA) can avoid congestion and curtailment in
case of excess generation. This can be done in two ways: Category Renewable generation Transplesion
A Active congestion relief: Means using the battery to shift excess load in the network R % o e
Principles to less congested periods. = -y M
A Passive congestion relief: also called grid boosters, means that more capacity on - lea
the line can be made available because the battery is replacing the part of the line T.h. : rvehi .("y ation o peric
that would otherwise have to be used as a backup (N-1 criterion). ‘ ‘ f/ =
- : : : : : “Active” congestion relief . e < 4 A ﬁ
A Active: Avoided congestion through forward-looking capacity management 00 8
Category e

A Passive: Capacity increase for a given power line

New linel J sed due to the
o N _e_w_'nf_"""/ et hibierer-tin

Passive congestion relief: ——
A The N-1 criterion dictates that power systems must be capable to continue normal 00 = : @ % %
operation in case of a single contingency event, such as the unplanned loss of a
transmission line. For this reason, transmission lines usually consist of two cables,
such that one can take over the full transmission capacity if the other one fails.
A However, this leads to both lines only transmitting 50-70% of their capacity, to be
Details ready to take over full capacity in case of an outage.
A Grid boosters take over these grid security requirements, freeing up additional line
capacity that was previously needed for security reasons.
A TRL 9 - Large number of projects using the passive approach in the form of grid
boosters (e.g. in Lithuania!, Germany?, and Spain?).
A The active approach has so far only been applied in demonstration projects (e.g. in
the UK* and the US®).

| Sources: CL analysis based on interview with Fluence [3]: Red Eléctrica (2021) Transmission network development plan 55
compassiexecon.com [1]: Energy storage news (2023): Lithuania TSO on storage-as-t r ans mi s si on p r[4]: Uk Rower Nebworks(2016) Snenter Network Storage (SNS)
example to other countrieso [5]: UtilityDive (2017): APS to deploy 8 MWh of battery storage to defer transmission

[2]: TRANSNET BW (2021) Netzbooster-Pliotanlage Kupferzell investment



https://www.energy-storage.news/lithuania-tso-on-storage-as-transmission-project-can-be-an-example-to-other-countries/
https://www.energy-storage.news/lithuania-tso-on-storage-as-transmission-project-can-be-an-example-to-other-countries/
https://www.transnetbw.de/de/netzentwicklung/projekte/netzbooster-kupferzell/mediathek
https://www.planificacionelectrica.es/sites/default/files/2024-01/REE_PLAN_DESARROLLO_EN_0.pdf
https://innovation.ukpowernetworks.co.uk/projects/smarter-network-storage-sns
https://www.utilitydive.com/news/aps-to-deploy-8-mwh-of-battery-storage-to-defer-transmission-investment/448965/
https://www.utilitydive.com/news/aps-to-deploy-8-mwh-of-battery-storage-to-defer-transmission-investment/448965/
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Storage as a Transmission Asset T Benefits
Storage as a Transmission Asset provides congestion relief and can reduce curtailment

Grid booster: Replacing n-1 requirement in grid operation
Grid booster activation ~ Grid booster recovery

i f

Benefits of Storage as a Transmission Asset
Initial condition Line outage

A Active storage provides congestion relief for heavily loaded
grids by moving power to less congested periods. ﬁ ﬁ

I
I
I
A Passive storage enhances the reliability of the network (e.g. :'
through grid boosters), allowing continued power supply in case I | Hie <\\§ !
of line outages. : !

A Using SATA can increase the transmission capacity of S
existing transmission networks and provide a solution for J‘ _E ,d

renewable curtailment, facilitating the energy transition.
A Batteries can adjust their injection to the grid / offtake from the

[Congestion
[

0 1

I SN N {
lA. l.‘ I

|

8/ e lgal| e iy

* Activated grid booster

* Generation located ahead of
battery is displaced e.g. by

* High line loading up to 100% * Outage of one system
congestion is reduced

grid almost instantaneously, allowing for more flexibility in the on each system (<= PATL) increases loading on
system. * Grid booster battery is fully remaining systems * Grid booster battery is ramping up/down
charged but disconnected (> PATL but <= TATL) activated conventional generation
* Loading on remaining * Grid booster battery is
disconnected and recharged

systems <= PATL again
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Advanced conductors - Description
Advanced conductors refer to innovative cables employed to enhance the efficiency,
capacity, and reliability of power lines, compared to conventional cables

Comparison of conventional cables (right) and
advanced conductors (left)

A Advanced conductors refer to innovative materials and/or designs employed to
enhance the efficiency, capacity, and reliability of power lines in the transmission and
distribution network, compared to conventional cables, by using lighter, stronger and
thermally stable composite core

Principles

Benefits A Capacity increase for a given line specification

A The main components of advanced conductors typically include:

Composite core, stronger and lighter than steel

Trapezoidal design, which allows for added aluminium content / higher filling
ratio, increasing capacity

A Key features include:

I Increased capacity: A lower CTE (Coefficient of Thermal Expansion) core
enables higher operating temperatures and higher ampacity with less sag,
Details which increases power Capacity_ ADVANCED CONDUCTORS 180°C

I Stronger cable: Higher strength core enables greater spans between towers

and fewer and/or lower towers, which reduces environmental impact and cost.
I Reduced line losses: A lighter weight core allows ~30% more aluminium
without weight or diameter penalty to reduce line losses induced by Joules
Effect.

A TRL 9 - Approaching 20,000km of advanced conductors installed in Europe. >

175,00k wordwide (116 -1 100KY)

1
] . .
Sag comparison i advanced conductors compared
to conventional ACSR conductors

Span length

compasslexecon.com _ S _ _ 57
Source: CL analysis based on interview with CTC Global and review from Epsilon cable
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Advanced conductors 1 Benefits
Reconductoring projects with advanced conductors allow to increase the capacity of existing
lines at relatively low cost, as the need for tower strengthening is limited

Benefits of advanced conductors compared to conventional cables

A Advanced conductors give the option to increase grid capacity while

utilising existing infrastructure through reconductoring. This can lead to
an (up to) doubling of line capacity on an existing route, compared

to conventional lines due to higher thermal limits.

A Minimal (if any) tower strengthening on reconductoring projects
are necessary, which can lead to lower overall project costs despite
higher costs per km of conductor.

A Easier permitting & construction in congested / dense areas,
compared to building new lines.

A Shorter development lead time compared to building new structures
with conventional reinforced conductors (e.g. 18 months compared to
48 in the SCE Big Creek Reconductor Project, in the US?).

A Increased energy efficiency: Reduction in power line losses by
~15%-30%34, resulting in electricity savings for the same amount of
power transported. Those reduced losses are due to ~28% more
conductive aluminium?3. This reduces the lifetime CO2 emissions by
about 30% the reduction in resistive losses.

A Increased resilience: Reduced thermal sag allows for more reliable /
future proof grid.

compasslexecon.com

Source: [1] CTC Global, [2] Electricity Today 2022 [3] Interview with CTC Global [4] insights from Epsilon

Ampacity comparison 1 Typical advanced conductors vs
conventional conductors with the same overall diameter and
weight?!

2000
1800
1600
é 1400
2 1200
2 > 1000
& 800
‘g- 600
<
400
200
0
Advanced ACSR ACAR
conductors -
HTLS
Composite

Note: Ampacity is defined as the maximum current, in amperes, that a conductor can carry
continuously under the conditions of use without exceeding its temperature rating.
Data is representative of standard Drake size conductors (US standard terminology) at maximum

recommended operating temperature. Environmental conditions are based on IEEE 738 standards.

Source: Adapted from CTC Global
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https://ctcglobal.com/accc-conductor/
https://ctcglobal.com/wp-content/uploads/2023/08/Electricity-Today-2022.pdf

1. Grid capacity expansion 2. Potential of IGTs 3. How to unlock IGT-benefits

Digital twins T Description
Digital twins are virtual representations which can model the status of the network in real
time and predict future behaviour, with limited physical sensors

A Digital twins are virtual representations that use data on the network (e.g. voltage level) lllustrationi En | i Digitaktwin
Principles  and exogenous data (e.g. topography, weather, generation) to model the status of the technology
network in real time, with limited data from physical sensors available.

Benefits A Technological foundation for a better utilisation of the grid

A Digital twins can provide a meter-by-meter estimate of the grid status, for example in
terms of power flow, temperature, vegetation and fire hazard. The algorithms typically use
Al, based on network data (e.g. voltage level, grid architecture, electromechanical data)
and exogenous data (topography, weather, generation).

A This allows for grid monitoring without physical intervention on the equipment or
infrastructure. It is leveraging existing data from sensors and meters and providing
insights also where there are no sensors available.

A Digital twins add additional capability for simulating future behaviour of the grid to
i traditional control systems and can analyse the impact of changes such as load and
Detalls generation growth as well as changes to grid infrastructure. Unique Sensorless Digital-Twin technology

A Digital twins can also be combined with physical grid sensors to increase the reliability of by advanced mathematical and physics
estimates computational modeling

A Flexibility platforms are also IT solutions, which allow network operators to leverage the
flexibility of grid users by procuring flexibility services, e.g. to manage congestions or
defer investments in additional grid capacity. Although these platforms can provide
substantial cost savings, market-based solutions are beyond the scope of this study.

A TRL 9 - Technology already installed in several countries, e.qg. for line capacity monitoring,
capacity planning, satellite-based vegetation management and scenario monitoring.

compasslexecon.com 59
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Digital twins T Benefits
Digital twins allow for reduced system costs, both in terms of OpEx and CapEx

Example from the Plexigrid Digital Twin simulating bottlenecks arising from
Benefits of digital twins increased PV and EV penetration

A Reduced OpEx:

Reduced field operations by faster and more accurate
detection of faults and outages

Reduced outage time and customer compensation cost

Provides visibility of low voltage networks and customer

| eve I — KPE Voltage: Overvoltage (Rate) X
% 3P

A Reduced CapEx: :

% B

% ]

Reduced need for sensors / hardware to monitor grid status { gl — KO Voo Qulfed Vtogn () X

100

Enable grid operators to forecast congestions and voltage
violations

A For new lines under planning: Digital twin technology can be
used to model the operational behaviour of a line before its
physical installation.

A Increased reliability and safety due to accurate monitoring,
allowing for the implementation of preventive measures.

A Extension of asset lifespans, e.g. by 25% inEn | i progebts,
with a 15% reduction in maintenance costs.

A Improved utilization of existing assets

compasslexecon.com _ S _ S . 60
Source: CL analysis based on [1] interview with Enline, [2] P | e x i igternaldedpsrtise
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Flexibility management software solutions i Description
Flexibility management software enables the use of flexible customer demand and
generation to alleviate grid congestions and voltage violations

A Flexibility management allows grid operators to manage and control the flow of electricity Piclo flexibility marketplace

efficiently by actively managing the supply and demand of grid connected assets.

Principles

Competitions

Benefits A Active network management

A Flexibility management software solutions can allow TSOs and DSOs to actively manage
grid constraints, forecast congestions and voltage violations and select the most
appropriate flexibility-based solution to solve the constraint identified.

A Moreover, flexibility platforms allow network operators to leverage the flexibility of grid
users by procuring flexibility services, e.g. to manage congestions or defer investments in
additional grid capacity.

A These solutions, combined with bilateral agreements or market-based procurement of

Details flexibility, allow aggregators to leverage domestic flexibility from low voltage customers
with EV chargers, rooftop PV, heat-pumps and storage.

A Moreover, using such tools, flexible connections/non-firm connections can be activated
directly by the system operator to curtail generation or reduce load.

A Provides advice on how to optimize traditional ways of solving constraints such as
switching, OLTC setpoints in combinations with DERs.

A TRL 9 - Technology already installed in several countries, e.g. for line capacity monitoring,
capacity planning, and scenario monitoring.
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Flexibility management software solutions 1 Benefits
Flexibility is an alternative to grid reinforcements in the long term and enables faster grid
connections in congested grids in the short term

Plexigrid congestion management activating demand side flexibility to reduce
Benefits of flexibility management solutions substation overload

A Reduced CapEx:

Reduction of grid investments due to better utilization
of existing assets leading to avoidance or deferral of
investments.

> € B

A Increased hosting capacity of DERs?

- Solves overvoltage issues allowing for increased
export of renewable energy to the grid.

- Peak shaving and shifting to enable more electrified
loads within the capacity of existing grid assets.

A Reduce time for grid connections

- Deploying flexible solutions can be faster than
reinforcing the grid to accommodate new connections f I |
in congested grids. e i '

A Increased reliability and safety by reducing demand,
utilizing energy storage or increasing generation in situations
of planned or unplanned outages, weather or other events.
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Grid Inertia Measurement - Description

Advanced grid inertia measurement technology enables Grid Operators to maximise RES
safely through real-time and accurate grid inertia data.

A Grid inertia measurement enhances decision-making and enables system operators to lllustration i Sources of inertia
Principles optimize the utilization of renewable power more effectively, by generating real-time and e
accurate grid inertia data through frequency modulation. [ ) ;
- Solar [} jjj ,-'jj-). Solar
Benefits A Better understanding of actual grid inertia limits to maximise use of RES B _
~ ‘1 |
A The electricity sector is undergoing a significant change, shifting away from synchronous, wind £~ Tramemission & [N wind
centralized fossil fuel plants to a higher share of non-synchronous, decentralized - Distribution —
generation. Fossil fuel plants have historically ensured a high level of inertia, derived from ¢
rotating turbines in generators being synchronized to the same frequency. This inertia Hydro ) cne
tends to stabilize the grid in case of power failure and frequency drop. However, Py
renewables such as solar PV and wind do not contribute to system inertia, and the roll-out Motors
of renewables is a significant challenge for grid stability in this regard. Thermal
A Inertia has historically been measured in electricity systems during system stress events Customer Demand
Details (i.e. power station trips), allowing for partial inertia data. In contrast, GridMetrix, developed \.
by Reactive Technologies allows for real-time and accurate inertia measurement. Continuously calculate to measure from generation and demand side
T Modulator induces imperceptible frequency stimulations in the power system by L . : .
injecting power pulses into the grid lllustration i Functioning of GridMetrix

I Distributed throughout the grid, Frequency Measurement Units (XMUs) monitor the
minute changes in the system frequency caused by the power pulses from the
modulator, which enables continuous inertia measurement

A Can either be used in network planning or in network operation.
A TRL 9 - Already deployed in several countries, including the UK, Australia and Japan.

compasslexecon.com _ o _ _ 63
Source: CL analysis based on interview with Reactive Technologies
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Grid

Inertia Measurement 1 Benefits

Grid inertia measurement enhances decision-making and enables system operators to
optimize the utilization of renewable power more effectively

Benefits of grid inertia measurement

A Maximisation of renewables infeed and reduction of curtailment, redispatching,
balancing costs:

In the absence of accurate and real-time data on the actual inertia in the system,
networks need to be operated with significant security margins to ensure system
resilience. This can lead to excessive curtailment of renewables. For instance,

traditional inertia estimates limit RES penetration in the grid to 60-70% of the real
time electricity mix. Above this, renewable output typically needs to be curtailed.

On the other hand, having accurate and real-time inertia data allows grid
operators to plan the optimal amount of energy needed for inertial reserve
ensuring cost-effectiveness and efficiency at the lowest points. Real case studies
show a 30% increase in assumed inertia by moving from estimates to measuring
inertia.t

In the UK, NGESO & Reactive estimate R e a ¢ t lnertia Blesasurement
technology is saving 18 m tonnes CO2 annually (more details in section 2.2).

A Accurate measurement data improves system investment planning by allowing
better sizing of additional stability assets (e.g. synchronous condensers)

compasslexecon.com

This can provide substantial investment savings, as it corresponds to significant
investment volumes (e.g. in the UK, procurement by NGESO of inertia services
from synchronous condensers to ensure grid stability?).

Inertia (GWs)

Active grid inertia measurement is done continuously
and in real-time, as compared to imprecise
measurements based on estimates?

“Hidden” Distribution Grid Inertia
can account for of Total
System Inertia

350

300

250

200

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

Actual Total System Inertia directly measured by Reactive
Conservative Inertia estimate of hidden inertia by TSO
Inertia from synchronous (Transmission) generation
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Source: CL analysis based on [1] interview with Reactive Technologies, [2] see for instance: NGESO - NOA Stability pathfinder, [3] Reactive Technologies (2024)



https://www.nationalgrideso.com/industry-information/balancing-services/pathfinders/noa-stability-pathfinder#Phase-1-(concluded)
https://reactive-technologies.com/accurate-grid-inertia-measurements-grid-operators/
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2.2

Estimation of the potential of IGTs through case studies
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S L .
== Advanced Power Flow Control i Case study

nationalgrid 1N the UK, National Grid has deployed SmartValves across five circuits in congested
network areas to free-up 2 GW of additional grid capacity.

Context of introduction Project description

A The UK is facing congestion issues due to the increasing penetration of renewables
and the locational mismatch between production and generation in the country. oY _
Rising congestion in the UK has led to a steep increase in annual transmission were initially deployed by National

network constraint costs going from 170 m£ in January 2010 to 1.3 bn£ in January Grid and Smart Wires in 2021 on five
2022. circuits across three substations, at

275kV and 400 kV.

A In a second stage, a project extension
was decided in Autumn 2021 following
the success of the initial deployment,

A 48 modular SSSC (SmartValves)

A Mainly driven by RES deployment and especially onshore and offshore wind,
NGESO projections indicate that transmission congestion costs will rise steeply in
the first half of this decade, independently of the scenario, and could reach 2.3 bn£
per year by 2026 (estimation prior to energy crisis, not considering its potential price

effect). involving the deployment of
additional SmartValves at two of the
Constraints and other balancing serviec substations.

3.0

KPIs

g
)

A These two deployments of SmartValves respectively free up
1,5GW and 0,5 GW of additional grid capacity, without the
need for new infrastructure projects

2.0

£bn (12 month rolling total)

A This targeted deployment represent ~5% of the total peak
demand in the UK (46 GW in 2022)
0.0

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 A This can be interpreted as ab5% increasein overall
Total cost of other services B Transmission Constraints netWOI’k CapaCity

0.5
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https://www.smartwires.com/
https://www.nationalgrid.com/stories/journey-to-net-zero-stories/working-smarter-get-net-zero
https://www.nationalgrideso.com/document/258871/download
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B § Advanced conductors i Quantified case study
In Belgium, advanced conductors enable a twofold increase of load transfer capacity in

high-voltage lines
Context of introduction Project description

ALocated in the centre of Europe, Bel gi umo’sAfterghg preiagt stariin 291p,dhe g8QKV highyoftadsi s s i o n
is an important connection between electricity markets in northern and southern connection between Zeebrugge and Zomergem was put into
Europe. More transmission capacity is needed, because of the nuclear phase-out service at the end of 2017.2
(to be completed by 2035%) and the rise in electricity imports and exports (see A With one of the main project goals being the construction of a
picture below). 47 km high-voltage connection (380 kV), Elia relied on two

types of High Temperature Low Sag (HTLS) conductors

enabling a doubling of the load transfer capacity.3

A As owner of the entire transmission system and 94% of the high-voltage distribution
network, Belgian TSO ELIA has the responsibility to accommodate the increasing
electricity demand, which is projected to grow by 70% until 2050. As such, ELIA
executed the Stevin-project between Zeebrugge and Zomergem, which aims at the
four main goals presented in the figure below.

The importance of Stevin for the Belgian electricity grid?2 KPls
United Kingdom Essential link for the energy A Increase in load transfer capacity through advanced
@ supply at the port of Zeebrugge conductors by a factor of two
Enables additional AConsistent with Eliadés objec|ti
@ decentralized power generation capacity of some circuits in the existing 380-kV overhead line
in coastal region transmission system from approximately 2000 A to 4000 A3
@ Connects 2000 MW offshore A Consistent with information from manufacturer of ACCC-
wind power conductors*
. _ A This can be interpreted as a 100% increase in line capacity
o @ Strengthens interconnection )
Zomeen with UK through subsea cables A Consistent with the 50%-150% range found in the literature
Sources: CL analysis based on: [4] CTC Global (2023) ACCC Conductor 67
compasslexecon.com [1] World Nuclear Association (2024) Nuclear Power in Belgium

[2] Stevin (2024)
[3] T&D World (2017) Elia Addresses the Need for More Capacity in Belgium



https://world-nuclear.org/information-library/country-profiles/countries-a-f/belgium.aspx
https://www.stevin.be/stevin-in-het-kort/stevin-in-de-tijd/
https://www.tdworld.com/overhead-transmission/article/20970140/elia-addresses-the-need-for-more-capacity-in-belgium
https://ctcglobal.com/accc-conductor/#:~:text=Increases%20capacity%20and%20carries%20twice,strands)%20in%20any%20conductor%20size.
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B High Temperature Superconductors i Quantified case study
In Germany, superconductors are installed and tested to prepare larger-scale applications

Context of introduction

P

roject description

A Large cities are facing the challenge of rapidly increasing electricity demand, but at
the same time having limited space for construction works.

A Superconductors can provide a solution for this problem: Without significant
additional construction, they can be laid out in the existing underground conduits of
the electricity network. In addition, they can transmit power at lower voltages than
conventional cables and therefore require far smaller substations.?

A Wires made from superconductor materials conduct well over 150 times the amount
of electricity that can be conducted by copper or aluminium wires of the same size,
making superconductors a way of reducing the need for network expansion.?

[llustration of a superconductor

Source: CL analysis based on:
compasslexecon.com [1] Consentec (2021) The Benefits of Innovative Grid Technologies

[2] SWM (2023) Das kénnen Hochspannungs-Supraleiter
[3] Industrie Energieforschung (2023) SuperLink: Innovatives Hochtemperatursupraleiter-Konzept in Minchen

A

A

Il n t he Spperaipke ctl| dcal energy ut
a superconductor of 12 km length in Munich, making it the
longest superconductor in the world.

The superconducting cables will be designed such that they fit
into already existing underground conduits.

KPIs

A

A

A 0.5% lower total system losses when transmitting energy at

A 30% reduction in congestion costs estimated, if

10% lower energy losses compared to conventional
conductors with 400 kV3

30% lower energy losses compared to conventional
conductors with 110 kV3

a distance of 500 kilometres?!

superconductors were to be I

South EHV conneétion ASuedlLi
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https://www.currenteurope.eu/wp-content/uploads/2021/12/currENT_Consentec_BenefitsOfInnovativeGridTechnologies_FinalReport_20211208_clean.pdf
https://www.swm.de/magazin/innovation/supraleiter
https://www.industrie-energieforschung.de/news/de/hochtemperatursupraleiter_superlink
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Bl Storage as a Transmission Asset I Quantified case study
In Germany, Gridbooster batteries provide an alternative to costly redispatch

Context of introduction Project description
A The German transmission network is highly congested, with increasing transmission A The 250 MW Gridbooster to be constructed throughout 2024 at the
needs from generation sites in the North to industrial end users in the South bringing gri d Kupberzellhn (fiSout hern Ger many) i s
the network closer to its limits. Congestions are mainly managed using redispatch regular operation in 2026.3

mechanisms to increase power generation behind the congested line and decrease

generation before it A It will serve as a reactive safety buffer for EHV-lines in the

transmission grid, providing relief to congested parts of the network

A Managing congestion by decreasing cheap generation in the North (redispatch) and in case of line outages. This way, lines can be used at full capacity

increasing more expensive conventional generation in the South resulted in as the Gridbooster battery takes care of maintaining system

congestion management % \Whilegsidesphnsi8n.isktudkim 0 i secufitp 2 3

permitting procedures, Gridbooster batteries can balance the system in case of

contingencies and reduce congestion management costs i by freeing up additional

line capacity that was previously reserved for security reasons (under the N-1 KPls

criteria).2

A In typical configurations with double circuit transmission lines, a
Conceptual m oKaigfdrzeltd Gridb doster i failure of the parallel circuit may well result in a 30% increase in

- line loading. To prevent a violation of operational limits in such a
case, lines have a maximum loading of roughly 70% of their
thermal rating?

A Hence, with Gridboosters, lines could be operated at full capacity,
representing a ~40% increase in maximum line capacity*

A 1300 MW of storage capacity on the German transmission grid
couldreducer edi spatch costs By 130 [md

Source: CL analysis based on: [4] Note: 100%/70%-1 =40% 69
[1] Bundesnetzagentur (2024) Quartalsbericht Netzengpassmanagement, Viertes Quartal [5] Fluence (2020) Redrawing the Network Map: Energy Storage as Virtual Transmission

[2] Consentec (2023) Grid Boosters as innovative solution to optimize power grids
[3] TRANSNET BW (2021) Netzbooster-Pliotanlage Kupferzell
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https://www.bundesnetzagentur.de/SharedDocs/Downloads/DE/Sachgebiete/Energie/Unternehmen_Institutionen/Versorgungssicherheit/Engpassmanagement/QuartalszahlenQ4_2023.pdf?__blob=publicationFile&v=2
https://info.fluenceenergy.com/consentec-report-part-one-download
https://www.transnetbw.de/de/netzentwicklung/projekte/netzbooster-kupferzell/mediathek
https://info.fluenceenergy.com/hubfs/Collateral/Storage%20as%20Transmission%20White%20Paper.pdf?hsLang=en
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=|= DLR i

Quantified case study

In Norway, DLR allows to take full advantage of transmission line capacities

Context of introduction

A Confronted with an increasing electricity demand that is projected to double by
2050, the Norwegian grid is close to its maximum capacity. In addition, large price
differences persist between Norwegian regions.

A While planned measures including the installation of new power lines and the
upgrade of existing lines to higher voltages are being pursued in Norway, they take
several years to complete. On the contrary, Dynamic Line Rating (DLR) can be
implemented very quickly.

Capacity of three lines since the implementation of DLR in June 2023
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Source: CL analysis based on:

[1] Statnett (2023) Increasing line capacity by 20% using data science

[2] Statnett (2022) Smarter Transmission Grid Capacities with Weather Data
[3] ENTSO-E (2024) Dynamic Line Rating (DLR)

Project description

A The first sensors for DLR were installed in 2019. So-called limit
forecasts maximising the current that can be transported on the
respective lines have been used for the first time in June 2023.

A Although a maximum capacity increase of 20% can be
achieved, there is a large variation in the maximum line
capacity increase that comes through DLR. The most important
factor explaining the maximum capacity is the average wind
speed. Statnett aims to improve capacity predictions through
more granular models in the future.

KPIs

A Maximum of 20% increase in line capacity through DLR

A Average capacity increase of the three lines through DLR
roughly consistent with ENTSO-E findings, where DLR leads

totypicalampaci ty gai ns iil8% dvar 90% pfe
the time
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https://datascience.statnett.no/2023/12/11/increasing-line-capacity-by-20-using-data-science/
https://datascience.statnett.no/2022/05/04/smarter-transmission-grid-capacities-with-weather-data/
https://www.entsoe.eu/Technopedia/techsheets/dynamic-line-rating-dlr
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DLR T Quantified case study

Context of introduction

A As the first instance in New York where DLR technology will be used to operate

transmission lines in real-time, LineVision partnered with National Grid to bring DLR
to four 115kV transmission lines in congested Upstate New York. DLR deployment
was critical to transmit power from a growing number of renewable energy projects
that would otherwise be stuck waiting for interconnection.!

In the long term, National Grid plans to invest 4 bn$ to build substations and rebuild
transmission | ines P howsveralleViatinglgidsongestionanr
the short-term is done cheaper and faster by using DLR because the technology
can be installed in only a few months, as statedby L i n e Vi GED blud€os
Gilmer3,

Li neVi DLRoStéZashboard with forecasted ratings?

Site 15 VIEW DETAILS Site 16 VIEW DETAILS Site 17

Site 18 VIEW DETAILS Site 19 VIEW DETAILS Site 20

In the US, DLR allows to take full advantage of transmission line capacities

Project description

A The project has become fully operational in May 20241. It marks
the largest operationalization of DLR in the US and the first in
New York State.

AThe i ndineRatdoe DLIR software and se
provide data being continuously refined through machine
learning, informing on conductor temperature and hourly DLR
g r i fbrecasted up to 240 hours into the future.l

A According to a report from the department of energy, DLR
investments come with a payback period of one year, compared
to 13-15 years for traditional upgrades.3

KPIs

A Average transmission capacity increase of over 30%
through DLR.# At maximum, LineVision estimates that DLR
can increase the line capacity up to 40%!?

A Along with five miles of circuit rebuilds, the DLR project is
projected to reduce curtailments by over 350 MW while
increasing capacity by 190 Mw*

Source: CL analysis based on: [3] Power Grid International (2024) 6 L ehvangi ng f rui t 6: | n senhthecingtécle U. S. 6 | ar % est
compasslexecon.com [1] LineVision (2024) LineVision Operationalizes Dynamic Line Ratings in New York to Increase  deployment 1
Transmission Capacity and Grid Safety for National Grid [4] PR Newswire (2022) National Grid and LineVision Deploy Largest Dynamic Line Rating Project

[2] Utility Dive (2024) National Grid announces $4B plan to upgrade upstate New York power grid in the United States



https://www.linevisioninc.com/news/linevision-operationalizes-dynamic-line-ratings-in-new-york-to-increase-transmission-capacity-and-grid-safety-for-national-grid
https://www.linevisioninc.com/news/linevision-operationalizes-dynamic-line-ratings-in-new-york-to-increase-transmission-capacity-and-grid-safety-for-national-grid
https://www.utilitydive.com/news/national-grid-announces-4b-plan-to-upgrade-upstate-new-york-power-grid/710992/#:~:text=National%20Grid's%20%244%20billion%20%E2%80%9CUpstate,Black%20River%2C%20the%20company%20said.
https://www.power-grid.com/td/transmission/low-hanging-fruit-inside-the-u-s-largest-grid-enhancing-tech-deployment/#gref
https://www.power-grid.com/td/transmission/low-hanging-fruit-inside-the-u-s-largest-grid-enhancing-tech-deployment/#gref
https://www.prnewswire.com/news-releases/national-grid-and-linevision-deploy-largest-dynamic-line-rating-project-in-the-united-states-301653906.html
https://www.prnewswire.com/news-releases/national-grid-and-linevision-deploy-largest-dynamic-line-rating-project-in-the-united-states-301653906.html
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Digital twins i Quantified case study
In Spain, a digital twin is used for a precise estimate of the transmission capacity

Context of introduction Project description
Al bizads transmission |lines are heavily |l oadddhei projmmdr whise etxBnlneh eevde uvwhid eaw &
Additionally, in terms of their location, they differ from regular 400 kV and 220 kV allows to monitor energy assets in real-time, without requiring
transmission lines. Part of the lines are in areas with dense vegetation, while others are sensors or other hardware.! It was executed on four
in urban areas, making the ampacity calculation for the lines challenging. transmission lines in total, a 400 kV, a 220 kV and two 66 kV

A To help the Spanish TSO REE optimise their future investments in transmission lines city-nested distribution-like lines.

and evaluate the maximum capacity that the lines can transport, Enline was tasked to A It involved the quantification of the maximum power
set up a digital twin of the lines in Ibiza, enabling more precise capacity estimates. transmission considering the physical, regulatory and

Two of the four transmission lines modelled through the digital twin operational limitations of each transmission asset.

Fi-400 : A The data used for the quantification included customer-supplied
electrical data from two connecting substations and
o meteorological data from virtual/physical weather stations.

nt KPIs

San: Ra?;el

$ . A The use of digital twin resulted in this case in a ~20%

Jm@ \i iveis L ) ) increase in transmission capacity, on average

e
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compasslexecon.com Source: CL analysis based on:
[1] Enline (2022) Enline LiveView


https://www.enline.energy/solutions/liveview
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Digital twins i Quantified case study
In Switzerland, a digital twin of the transmission network helps to maintain security of supply

Context of introduction Project description

A The Swiss power network owned by Swissgrid extends for 6,700 km, including 380 and A At the beginning of the project, the entire grid was documented
200 kV lines. Given Switzerlandés mount ai no usingtflightswighihelicoptersrequipped with laseresystamsiaridy o
all times and providing maintenance in the network when necessary can be infrared cameras.
challenging. A Based on this data, Swissgrid is now using the software tool

A To account for increasing electricity demand and to ensure timely maintenance, iFudoameso, to create digital t wi
Swisgrid hired Fugro to create a complete 3D-modelof Swi s s gowerdiresand planning of grid expansion, maintenance and vegetation
their surroundings, enabling conduction modelling, condition analyses, timely management.

rTlaint.enance and g_rid simulations. . _ A Through the accurate 3D-model of the Swiss power lines and
Digital view of power |Imodeecsthedgridough Fugt

with the help of additional software, the model also applies
clearance calculations of the power lines to all objects, ground
and vegetation, allowing Swissgrid to simulate different
operational conditions and detect problems at an early stage.

KPls

A This can be interpreted as lowering the cost of operational
vegetation management by up to 40%

compasslexecon.com Source: CL analysis based on: 73
Fugro (2023) Swissgrid boosts efficiency using 3D power grid model



https://www.fugro.com/expertise/case-studies/swissgrid-boosts-efficiency-3d-power-grid-model-fugro
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Grid Inertia Measurement 1 Quantified case study

In Great Britain, continuous precise grid inertia measurement decreases curtailment costs

Context of introduction

Project description

A With an increasing integration of Renewables in the electricity grid, inertia in the
system decreases. This holds the risk of higher rates of frequency changes, in

turn increasing the risk of generation losses and power oscillations.

A To prevent these risks, Reactive Technologies has developed a measurement

technology with which inertia from the generation- and demand-side is
continuously measured through small power changes.

A Using this technology, Reactive Technologies and the National Grid ESO in
Great Britain have partnered in the project on System Inertia Measurement
(ASI Mo) , wh-yearlagrderaedt totpmvida livé operational inertia
measurement.

Blind test results from project SIM3

compasslexecon.com [1] E-Cigre (2019) https://www.e-cigre.org/publications/detail/symp-aal-2019-symposium-aalborg-2019.html

350

- National Grid
inertia estimate

8

Reactive
Technologies
inertia
measurement

| v,U
Il" 1'Ar M"

Inertia (GVAs)

: W lr‘
e

nnnnnnnnnnnnnn

nnnnnn
Q‘ﬂq o

v PP P P P P P P P P P
B0 60 GO P G (P 1P (P PP P P (PP
81 a0 1 G0 G 0 0 0 0 0 a2 a2

N O 0
5% @ o o
007 200 0 0 o

s

Source: CL analysis based on:

AProject fASI MO was successfully com
demonstrated that inertia of the electricity grid can be measured in a

safe, reliable,andcost-e f f ect i ve manner. | n ABI
Reactive Technologiesd inertia mea
National grid ESO, the technology

first continuous ways to measure system inertia.

A Reactive Technologies now provides live operational inertia
measurement within a 6-year agreement to National Grid ESO. It
measures and identifies actual inertia of the whole system. This
enables better planning and modelling as well as operation of high-
renewabl es systems, and constitute
commit ment -ctac bao nfoz erper ati on by 202

KPIs

A Operational data shows that traditional inertia techniques
underestimate inertia by 10-30% in GB. The use of inertia
measurement ensures that significant financial and CO2 savings
are achieved.

A Financial savings come from minimising costs of curtailment and
reserve services and amount to at least 14 m£ annually.?

A CO2 savings come from minimising curtailment and minimising the
need to replace curtailed RES with additional synchronous fossil

generation. Saving 18 million tonnes CO2/annum. ?
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[2] Reactive Technologies (2023) Reactive Technologies and National Grid ESO Recognised as Clean Power Energy Transition Changemakers at COP28

[3] National grid i Reactive Technologies (2017) Project SIM i _Inertia Measurement



https://www.e-cigre.org/publications/detail/symp-aal-2019-symposium-aalborg-2019.html
https://reactive-technologies.com/news/cop28-changemakers/
https://smarter.energynetworks.org/projects/nia_nget0192
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These technologies, when applied to existing assets, have significantly
Increased network capacity without the need for new infrastructure

Technology Country | Range - % increasein line/ Case study description Comment on additionality
system capacity

Advanced power N L7
flow control 2 S
Advanced . I
conductors

Storage as a
transmission asset

Dynamic Line

Rating
Grid Inertia N LA
Measurement 2 IS

High temperature
superconductors

5% increase in wider network
capacity

100% increase in line capacity

40% increase in line capacity

Over 30% increase in average
transmission capacity

Up to 30% assumed grid inertia,
allowing for higher share of RES

and reduced curtailment

UK 1 Deployment of 48 SmartValves in

congested network areas

Belgium 1 Upgrade of 380 kV connection

with HTLS conductors

Germany i 250 MW Gridbooster planned at

gr i d Khptetzelld

USA1 DLR software and sensor platform

The total increase in capacity depends on the level
of congestions.

Progressive roll-out, replacement of ageing power
lines first.

CAPEX intensive solution, typically used in the
most congested zones.

Increase depends on specific weather conditions.

deployed on 115 kV lines in New York

UK'1 Commercial service operational since
saving

2022,
emissions annually.

~5-. 5%

Increase comes from additional inertia from system
o f loatl Rrdysachieval@e through inertia
measurement.

High Temperature Superconductors allow for bulk transport of electricity. For instance, a 500% to 1000% increase in line capacity can be
achieved

curtailment.

A IGTs can increase the capacity on a certain line by up to about 170%, adding the possible effects of advanced conductors, dynamic line rating and SATA.
A In addition, advanced power flow control systems can increase the overall system capacity by about 5% and grid inertia measurement can significantly reduce RES

A Note that those figures are general estimations, and actual figures can significantly differ on a case-by-case basis as electricity networks are location-specific.

compasslexecon.com
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