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Abstract

This annual CETO report provides an overview of key technological trends and market developments
affecting the electricity grid. Recognizing the critical role of grid infrastructure in the ongoing energy
transition and the substantial investments needed for its expansion and modernization, the report
focuses on three core technological areas. It provides an update of the 2023 CETO analysis on

High Voltage Direct Current (HVDC) technologies, with a specific focus on HVDC converters, breakers
and cables. In addition, building up on last year's assessment of AC wires and cables, it analyses
switchgears, another fundamental physical asset of the grid. Finally, the report analyses grid-
enhancing technologies and their potential to increase grid efficiency and reduce future investment
needs.



Foreword on the Clean Energy Technology Observatory

The European Commission set up the Clean Energy Technology Observatory (CETO) in 2022 to help
address the complexity and multi-faced character of the transition to a climate-neutral society in
Europe. The EU’s ambitious energy and climate policies create a necessity to tackle the related
challenges in a comprehensive manner, recognizing the important role for advanced technologies
and innovation in the process.

CETO is a joint initiative of the European Commission Joint Research Centre (JRC), who run the
observatory, and Directorate Generals Research and Innovation (R&I) and Energy (ENER) on the
policy side. Its overall objectives are to:

— monitor the EU research and innovation activities on clean energy technologies needed for the
delivery of the European Green Deal

— assess the competitiveness of the EU clean energy sector and its positioning in the global
energy market

— build on existing Commission studies, relevant information & knowledge in Commission services
and agencies, and the Low Carbon Energy Observatory (2015-2020)

— publish reports on the Strategic Energy Technology Plan (SET-Plan) SETIS online platform

CETO provides a repository of techno- and socio-economic data on the most relevant technologies
and their integration in the energy system. It targets in particular the status and outlook for
innovative solutions as well as the sustainable market uptake of both mature and inventive
technologies. The project serves as primary source of data for the Commission’s annual progress
reports on competitiveness of clean energy technologies. It also supports the implementation of and
development of EU research and innovation policy.

The observatory produces a series of annual reports addressing the following themes:

— Clean Energy Technology Status, Value Chains and Market: covering advanced biofuels,
batteries, bioenergy, carbon capture utilisation and storage, concentrated solar power and heat,
geothermal heat and power, heat pumps, hydropower & pumped hydropower storage, novel
electricity and heat storage technologies, ocean energy, photovoltaics, renewable fuels of non-
biological origin (other), renewable hydrogen, solar fuels (direct) and wind (offshore and
onshore).

— Clean Energy Technology System Integration: building-related technologies, digital
infrastructure for smart energy system, industrial and district heat & cold management,
standalone systems, transmission and distribution technologies, smart cities and innovative
energy carriers and supply for transport.

— Foresight Analysis for Future Clean Energy Technologies using Weak Signal Analysis
— Clean Energy Outlooks: Analysis and Critical Review

— System Modelling for Clean Energy Technology Scenarios

— Overall Strategic Analysis of Clean Energy Technology Sector

More details are available on the CETO web pages



https://setis.ec.europa.eu/index_en
https://energy.ec.europa.eu/topics/research-and-technology/clean-energy-competitiveness_en
https://setis.ec.europa.eu/publications/clean-energy-technology-observatory-ceto_en
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Executive summary

This report analyses three key technologies of the electricity grid, each characterized by different
levels of maturity and deployment. A summary of the main findings for each technology is reported
below.

HVDC Components
HVDC systems have a fundamental role in the network infrastructure for two reasons:

— HVDC systems contribute to the smooth integration of new renewable sources and the support
to an efficient operation of a decarbonized grid.

— The HVDC link can act as a controlled transfer channel when the AC system is experiencing
issues (e.g., voltage instability, frequency deviations or faults) by maintaining a constant power
flow, preventing unintended power oscillations that could exacerbate AC system instability (e.q.,
during faults or load imbalances) and providing inertia and damping by decoupling the DC and
AC systems, allowing the AC grid time to recover.

The study includes the main physical components of HVDC systems, i.e., HYDC converters, DC circuit
breakers and cables. Most HVDC technologies have reached operational maturity (TRL 9), while
emerging solutions like High Temperature Superconductor (HTS) cables and ultra-high-voltage
(UHV) systems require further validation.

Regarding the costs, HVDC becomes cost-competitive with AC especially at distances greater than
300 miles (483 km) due to lower losses and reduced infrastructure. The biggest part of a HVDC
project cost are for materials (57%) and substations (26%).

When it comes to the European position in the global market, Europe holds ~30% of the global
HVDC converter station market, with Germany (20%) and the UK (15%) leading investments. Key
European manufacturers in HVDC cables include NKT, Nexans, Sidkabel, and Prysmian. In 2024,
Europe HVDC Cables Market was valued at USD 3.8 billion and the European circuit breaker market
at USD 4.2billion.

Horizon Europe is funding 3 projects between 2024-2028 under the topic HVAC, HVDC and High-
Power cable systems with a total grant of 20.29 MEuros. These focus on advanced cable systems,
predictive models, and grid unification. Privately, large transmission operators are also investing in
HVDC systems. Amongst them TenneT (Dutch-German TSO) and the UK’s National Grid are leading
large-scale tenders (€30 billion and £59 billion, respectively) for HVDC infrastructure.

The European position is strong in regional projects and R&D but it lags China in UHVDC innovation
and supply chain scale. Moreover, there are still many challenges due to the high upfront costs with
long payback periods material shortages in Europe especially for copper, aluminium and
semiconductors, which are exacerbated by rising demand and finally the long lead times (2-3 years
for cables and transformers) due to limited manufacturing capacity.



Switchgear

Switchgear is a crucial component for the grid, as it is used to control, protect and isolate electrical
equipment. It protects critical electrical equipment by switching on and off.

The main drivers for the switchgear market are: the expansion of the distribution and transmission
grids; the upgrade of ageing grid infrastructure; modernization of the grid; growth of digital
technologies; increase in RES to be integrated within the grid.

Switchgears are categorised depending on their voltage level, their insulation, their installation and
the end-user application.

Switchgears are part of the grid for decades and the Technology Readiness Level is TRL 9 for
typical switchgear products. However, there are efforts to make switchgears more environmentally
friendly with insulation materials that have a lower CO2 footprint. For such switchgears, research is
ongoing, thus the technology readiness level is lower. In this report, we refer to the total production
of switchgears within the EU and beyond, and we also list the main materials for switchgear
manufacturing.

We also examine the current switchgear market and its growth perspective for the future. In
general, the market is growing and this is expected to continue for the coming years.

EU manufacturers are among the main players for switchgears manufacturing, holding a significant
share in the overall switchgear market.

Grid-Enhancing Technologies

Grid-Enhancing Technologies (GETs) encompass a range of hardware and software solutions
designed to increase the capacity, efficiency and reliability of the existing electricity grid
infrastructure. This report focuses on three of the most promising GETs:

— Dynamic Line Rating (DLR): determines the actual thermal capacity of transmission lines using
real-time and forecasted environmental data.

— Advanced Power Flow Control (APFC): enables the redirection of electrical power between
transmission lines, helping to reduce congestions and eliminate bottlenecks.

— Topology Optimization (TO): a software-based solution that reconfigures the grid layout using
existing network switches to improve system reliability and efficiency.

The Technological Readiness Level varies across these GETs, generally ranging from 6 to 9. Several
real-word operational projects have already been deployed (in particular for DLR) while others
remain at the prototype or demonstration stage, with a mature technological market yet to emerge,
especially for TO.

Preliminary analyses indicate that GETs have significant potential to reduce or defer costly network
expansion investments, with global estimates of up to € 700 Bn in avoided infrastructure costs. In
addition, GETs could alleviate some of the supply chain issues related to the growing demand for
materials used in network assets, particularly copper, aluminium and steel.

The EU is a global leader in terms of GET-related patenting, scientific publications and public R&D
funding. European companies also hold strong market positions as providers of GET solutions.



Nevertheless, several challenges must be addressed to fully unlock the potential of GETs. These
include incompatibilities of GETs with current grid planning methodologies, the lack of proper
incentive mechanisms for grid innovation and the difficulties of scaling up initial pilot projects into

broader deployment.

SWOT Analysis

Table 1. CETO SWOT analysis for the competitiveness of HVDC systems

Strengths
HVDC is economically viable for long-distance
transmission

- HVDC lines require fewer conductors and narrower
routes. This means less land is used, less visual
impact, and lower costs for land acquisition

Weaknesses
Patent leadership by China (State Grid, CSG) and
the U.S. (General Electric) highlights EU reliance on
non-European innovators

- China leads the way in ultra-high-voltage direct
current (UHVDC) technology

- Shortage of skilled labour for offshore HVYDC
installations

Opportunities

- The TYNDP 2022 contains transmission projects
with over 43,000 km of potential additional cables
and lines, of which 25,000 km (58 %) are DC

- Innovative solutions with improved raw material
use are emerging, including higher capacity cables
and superconducting cables for long-range bulk
transmission of power without energy losses. In
addition, raw material use for related
infrastructure would be significantly lower.

Threats

- Critical raw materials needed for HVDCs constitute
scarce resources with sovereignty risks for Europe

- China has emerged as a global leader in HYDC
development and can sidestep the supply
constraints facing other regions.

Source: JRC 2025

Table 2. CETO SWOT analysis for the competitiveness of Switchgear

Strengths

—  EU companies hold an important market share in
switchgears

- Switchgears have a TRL 9 for typical switchgears
and TRL 7 - 8 for switchgears with advanced
technologies, like SF6-free insulation

Weaknesses

- Strong presence of non-EU manufacturers in the
market, with China leading the switchgears
exports at worldwide level

- Non uniform growth among EU Member States
regarding switchgear production

Opportunltles
The switchgear market is growing and is expected
to grow in the following years at worldwide level.
Opportunities can be:

—  Expansion of the grid

—  Upgrade of ageing infrastructure

—  Grid modernization

— Increasing share of RES

—  Growth of digital technologies for the grid

Threats

- Reliance on raw materials for switchgears
imported from third countries

Source: JRC 2025




Table 3. CETO SWOT analysis for the competitiveness of Grid-Enhancing Technologies.

Strengths

EU is global leader in GET technological
development, both in terms of patents and
scientific production

EU companies in general hold a strong market
position

Weaknesses

Descending trend in R&D investments and
research outputs in the last 2-3 years

No significant market presence of EU companies in
the sector of Topology Optimization

Op

portunities
Promising non-CAPEX-intensive solutions for
reducing or deferring network expansion
investments
Possibility of alleviating supply chain issues in the
procurement of material for networks assets
(copper, aluminium, steel)

Threats

Lack of incentives for non-CAPEX-intensive
technologies such as GETs

Insufficient recognition and reward for innovation
within traditional regulatory frameworks
Difficulties of scaling up initial pilot projects into
broader deployment.

Source: JRC 2025




1. Introduction

1.1 Scope and Context

This report on Electricity Grids is part of the annual series of reports from the Clean Energy
Technology Observatory (CETO). It builds on previous EU studies in this field and updates the
previous CETO report [link]. It provides an overview of the current state of electricity grids, with a
specific focus on HVDC components, switchgears and grid-enhancing technologies. For each of
these technologies, the analysis examines their technology readiness level, energy capacity, costs
and research funding. The report also includes a value chain and market analysis, covering issues
like market status, trade dynamics and resource efficiency.

Electricity grids play a crucial role in achieving the objectives of the European Green Deal and the Fit
for 55 package. The EU has set ambitious targets for renewable energy and emissions reduction,
and electricity grids are expected to contribute significantly to these efforts. Grid technologies are
also key elements in the Clean Industrial Deal and the Net Zero Industry Act. Under the NZIA, HVDC
components, switchgears and grid-enhancing technologies are specified as primarily used
components, however their corresponding manufacturing benchmarks are not in the scope of this
report.

The report is organized into five main chapters. Chapter 2 examines the state of the art and future
developments of HVDC, Chapter 3 examines switchgears, whereas Chapter 4 analyses Grid
Enhancing Technologies. Chapter 5 concludes the report by synthesizing key findings and
highlighting strategic opportunities and challenges.

1.1. Methodology and Data Sources

The present report contains a separate section for each of the analysed technologies. Each section
follows the general structure of the CETO technology reports and is divided into several subsections
aiming to present and evaluate the technology along its value chain:

Technology State of the art and future developments and trends;
Value chain analysis;
EU position and global competitiveness.

The report uses the following information sources:

Existing studies and reviews published by the European Commission and international
organisations;

Information from EU-funded research projects;

EU and international databases;

EU trade data, trade reports, market research reports and others;
JRC own review and data compilation;

Details of specific sources can be found in the corresponding sections.
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https://setis.ec.europa.eu/document/download/94f55b5b-106c-4b82-b3a8-5e9c2bf5d89b_en

2. High-Voltage Direct-Current Components

High-Voltage Direct Current (HVDC) systems are playing an increasingly significant role in
supporting the decarbonisation of the energy system. Thanks to their increased capacity and lower
losses over long distances (see Figure 1) with respect to their AC equivalents, they can strengthen
efficiently the interconnectivity of the energy system by linking distant power networks with
different frequencies and significantly facilitating the interconnection of large offshore wind plants.

HVDC is necessary for reaching very remote renewable resources and interconnecting power
systems, with better stability. HYDC interconnectors (links) are used as a first line defence when AC
disturbances occur (voltage instability, frequency deviations or faults) (EU Network Code
2017/2196, 2017) . They are easier to integrate asynchronous systems with no frequency-related
issues and reactive power, appropriate for long-distance, high-capacity transmission. HVDC lines
require fewer conductors and narrower routes. This means less land is used, less visual impact, and
lower costs for land acquisition.

HVDC are more efficient in long distances due to lower frequency, resistive, and reactive losses
(ChinGlobal, 2025). Specifically, for High-Voltage Alternating Current (HVAC) grids, transmission
losses of approximately 6-10% are calculated per 1,000 km. On average, the losses on the HVDC
lines are roughly 3.5% per 1000 km, contrasted with 6.7% for comparable AC lines at similar
voltage levels (Siemens, 2017). HVDC lines also experience losses at the converter stations, which
range between 0.6-1% of the power delivered. In a side-by-side comparison, the total HVDC
transmission losses are still lower than AC losses for long-distance lines (lower by 30%-400%,
typically). In a research study contacted by Berlin University, HVDC transmission lines, were
assumed with 2% static losses at the substations and additional losses of 3% per 1000 km (Fabian
Neumann, 2025)

Figure 1. Comparison of energy losses in AC and DC overhead lines.
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2.1. Technology Status and Development Trends

2.1.1. Technology Overview
In its basic structure (see Figure 2), a HVDC system includes:

- Circuit breakers: HVDC circuit breaker is a switching device that interrupts the flow of normal and
abnormal DC. DC breakers are more complex and expensive that the AC ones due to the absence of
zero crossing and the need of fast electronic switches for high currents. (ChinGlobal, 2025)

- HVDC converters, including AC/DC and DC/AC converters and equipment for reactive power support
and filtering. The AC/DC and DC/AC converters can generally use two different topologies: Line
Commutated Converters (LCC), a well-established technology relying on thyristors, and Voltage
Source Converters (VSC), which are more recent and provide greater controllability. VSCs can
generate Alternating Current (AC) voltages without the need to rely on an AC system. This allows for
independent rapid control of both active and reactive power and black start capability. VSCs
maintain a constant polarity of the Direct Current (DC) voltage and control the DC current flow. This
ability enables the application of cross-linked polyethylene (XLPE) cables. (ENTSOE-E, 2025c)

- HVDC conductors, which can either be onshore (overhead or underground) or offshore (mainly
submarine cables). A high-voltage direct current (HVDC) electric power transmission system uses
direct current (DC) for the transmission of electrical power instead of the more common alternating
current (AC). It allows efficient electricity transmission across long distances and supports offshore
wind farm integration, particularly for large, distant offshore farms where underwater AC cabling is
not feasible (IEA, 2025)

Sub-technologies of HVDC cables include:

- HVDC Mass Impregnated (MI) cables are a very consolidated and traditional technology
mainly deployed for subsea applications. Initially, Ml cables were used with LCCs. Currently,
this technology is mainly deployed for Extra High Voltage (EHV) DC subsea applications. The
latest developments in Ml cables allow voltages of up to 600 kV.

- Extruded cables are insulated using XLPE as an alternative to oil or MI. Thermal properties
of XLPE allow a continuous maximum conductor temperature of 90°C and a maximum
short circuit temperature of 250°C and, therefore, higher transmission capacity per cable
compared to other technologies. (ENTSO-E, 2021)

- High Temperature Superconductor Cables: These conductors are placed in a pipe with
vacuum (cryogen) which thermally isolates the superconductor from the remaining
environment. They carry five times the current of a conventional cable system with the
same outer dimensions, and they do not emit any heat to the environment. (ENTSO-E,
2021)
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Figure 2. Generic HVDC transmission project layout.
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Source: JRC re-elaboration of figure in (Alassi, 2019)

2.1.2. Technology Readiness Level

Table 4. Technology Readiness Level (TRL) of primary energy transmission technologies
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HVDC circuit breakers are less mature than their AC counterparts, mostly due to the challenge of
breaking direct current in absence of zero-current crossings. Currently, High-Voltage DC breakers
are being demonstrated in relevant environments (TRL6) while Extra-High-Voltage (345kV and
above) DC breakers are still at an experimental stage (TRL 3). According though to IEA datasheets
(updated April 2025) the HVDC breakers have reached the first of a kind commercial stage with TRL
8. (IEA, 2025)

Line Commutated Converters (LCC) are a well-established technology that has been used in HVDC
systems since the 1970s and nowadays can operate on lines up to a length of 2000 km. Voltage
Source Converters (VSC) have been developed more recently but they are being utilised in most of
the new HVDC projects as they allow rapid control of active and reactive power. These converters
generally achieve a TRL of 8-9, with the exception of DC/DC converter which are currently only
being validated in lab (TRL 4).
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HVDC transmission has nowadays reached a significant level of maturity. As indicated in the
technology factsheets by ENTSO-E (ENTSO-E, 2021), the bulk of the HVDC-related technologies
have already been proven in the operational environment of actual system (TRL 9). |IEA indicates
that the HVDC power transmission has reached proof of stability. (IEA, 2025)

In terms of conductors, Mass Impregnated (MI) cables represent a very consolidated and traditional
technology for HVDC system, used for both on-shore underground connections and off-shore
applications (TRL 9). Crosslinked Polyethylene (XLPE) cables, i.e. conductors with extruded insulation,
are seeing an increased diffusion as they can operate at a wide range of temperatures and are
particularly resistant to corrosion and vibrations. XLPE cables operating at 320kV are a very mature
technology (TRL 9) while their application at 525kV is still being validated (TRL 5) and their use at
600 kV is at an experimental stage (TRL 3). Lastly, High Temperature superconductor (HTS) cables
have a TRL of 5-6. The literature provides a TRL of 5 as testing on integrated systems is still
limited, but the recent demonstration of the FP7 funded Best Paths project, with a range of at least
6 (ENTSO-E, 2021). IEA is in line here with a TRL of 6-7 (precommercial demonstration).

2.1.3. Installed capacity

The TYNDP 2022 contains transmission projects with over 43,000 km of potential additional cables
and lines, of which 25,000 km (58 %) are DC. Moreover, HVDC projects, which are currently in the
planning or construction phase, are mainly VSC-based. Approximately 30 (VSC-based) HVDC
projects are already operational in Europe as shown in Figure 3 below on the left. A projection to
2050 shows a possible total installed capacity in the magnitude of 1 TW, assuming the growth rate
remains similar to currently experienced growth rates (up to 2030).

Figure 3. Trend of European HVDC-VSC projects. Left: cumulative projects by year; right: cumulative installed
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EU member states recognize the pivotal role of HVDC technology. HVDC cable transmission
emerges as the primary technology for bringing offshore wind power to European shores, tapping
into an estimated potential of 380 GW in northern European waters. In April 2023, several European
countries in proximity to the North Sea (Germany, Belgium, Denmark, Netherlands, France,
Luxembourg, Norway, UK, and Ireland) signed the Ostend Declaration on the North Seas as Europe’s
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green power plant (Ostend Declaration, 2023), committing to combined targets for offshore wind
installed capacity in the North Seas of at least 120 GW by 2030 and of at least 300 GW by 2050.
These targets pose a significant extension to the Esbjerg Cooperation from May 2022 between
Germany, Belgium, Denmark, and the Netherlands, which defined offshore wind capacity targets of
65 GW by 2030 and 150 GW by 2050 for the four countries combined.

Globally, according to IEA (IEA, 2023) the total length of HVDC lines has reached 100 000 km and a
total transmission capacity of more than 350 GW (Figure 4). HVDC lines have almost tripled since
2010, although they still represent only 2% of the total transmission infrastructure.

Figure 4. Global HVDC transmission lines by country/region and line type
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Notes: UG = underground cable; SC = subsea cable; OH = overhead transmission line; km = kilometre; GW = gigawatt.
Data are for year-end. “Capacity” refers to global HVDC transmission capacity, but excludes the capacity of HVDC back-to-
back systems, which are used to link two AC networks. Data for 2023-2030 are based on announced projects.

Sources: |IEA research; RTE International (2022).

Source: (IEA, 2023)

2.1.4. Technology costs

In (De Santis, 2021) a capital cost of 933.34 $/km-MW is indicated for a transmission project of
1610 km (1000 miles). Such cost is given by the sum of four main components, each with a
different impact on the total: the biggest cost factors are materials (57%) and substations (26%)
while the contribution of labour (11%) and Right-of-way (6%) is less pronounced. The same authors
also provide a comparison between the costs of AC and DC high-voltage line over different
connection lengths, as shown in Figure 6. It can be seen that cost parity is achieved at around 300
miles (483 km). Over longer distances, the additional costs of the transformer substations required
for the HVDC connections are compensated by the increased efficiency and lower losses provided
by the direct current link. (Figure 5).
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Figure 5. Comparison of transmission costs vs distance for AC and DC technologies.
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According to the (ENTSO-E, 2024), the connection of the target generation to the energy system by
2030, more than 11.000 km of cable routes (both AC and DC cables) will radially connect 87 GW in
European Member States at an overall cost of approximately 85 bn € for transmission

infrastructure assets.

Table 5. Equipment and costs needs from 2025 to 2050

2025-2030 2031-2040 2041-2050 Total 2025-2050

w/o DC breakers | w. DC breakers | w/o DC breakers | w. DC breakers | w/o DC breakets | w. DC breakers | w/o DC breakers | w. DC breakers
Cable routes (both AC and DC) 11,600 km 11,600 km 24,000 km 27,600 km 12,800 km 14,700 km 48,292 km 53,904 km
Offshore DC converter stations 39 39 82 76 51 43 172 158
Offshore AC substations 67 67 47 Ll 23 15 137 123
Onshore DC converter stations 39 39 79 83 49 54 167 176
DC circuit breaker sets 0 0 0 18 0 16 0 34
Costs (depending on technology 85bn € 85bn€ 196 bn € 201bn € 112bn € 117bn€ 393bn€ 403bn €
and configuration)
Cost range due to +30 % .. +100 % +30% .. +100% +30 % .. +100 % +30 % .. +100 %
uncertainties

Source: (ENTSO-E, 2024)

These total investments of 393-403 bn € will provide the European consumers with more than
1,600 TWh of clean energy every year, making offshore wind the third energy source in the

European energy system.

2.1.5. Public RD&I and Private funding

In Europe there is no aggregated information on RD&I funding on HVDC technologies. Nevertheless,
there are numerous European funded research projects regarding HVDC. Horizon Europe within the
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topic HVAC, HVDC and High-Power cable systems (Cordis, 2024) is currently funding 3 2024-2028
projects with a total grant of 20,29MEuros. The projects are expected to contribute to one or more
of the topics of innovation in cable systems, predictive models for cable systems aging (fraction-of-
life lost, remaining life), life and reliability, monitoring and fault location systems, Cost-Benefit
Analysis for different options of HVAC OHL conversion, technical innovations and design
methodologies of hybrid HV AC/DC overhead lines, and in Pan-European grid studies and unification
of voltage level of the converted OHLs from HVAC to HVDC.

Furthermore, HVDC related projects are running under the topics: LCE-05-2015 - Innovation and
technologies for the deployment of meshed off-shore grids, HORIZON-CL5-2022-D3-01-09 - Real
Time Demonstrator of Multi-Vendor Multi-Terminal VSC-HVDC with Grid Forming Capability (in
support of the offshore strategy), and HORIZON-CL5-2021-D3-02-08 - Electricity system reliability
and resilience by design: High-Voltage, Direct Current (HVDC)-based systems and solutions. Funded
projects under these topics are the PROMOTioN - Progress on Meshed HVDC Offshore Transmission
Networks, InterOPERA “Enabling interoperability of multi-vendor HVYDC grids” and the Project HVDC
WISE “Reliable and resilient AC & DC grid design to accelerate the integration of renewables across
Europe”.

The on-going EC funded R&D project SCARLET (Superconducting cables for sustainable energy
transition, 2022-2027) is going to develop a demonstrator for 1 GW medium voltage (+ 50 kVDC
and 10 kA) high-temperature superconductive cable. The project also tests a high-current
superconducting fault current limiter module for grid protection (IEA, 2025)

Globally, we also encountered difficulty in finding information on RD&I trends, especially when it
comes to private funding. The U.S. Department of Energy’s (DOE) in 2023 within the Transmission
Planning grants awarded $100 million for transmission planning, including HVDC projects. In 2024
the Office of Electricity (OE) and Office of Energy Efficiency and Renewable Energy (EERE)
announced the selection for four groundbreaking HVDC transmission research and development
projects that will help affordably integrate more renewable energy generation onto the grid via
HVDC lines. The approximately $11 million program, called the Innovative DEsigns for high-
performAnce Low-cost HVDC Converters (IDEAL HVDC) seeks to reduce transmission system costs
by 35 percent by 2035, and promote widespread technology adoption. The U.S. Department of
Energy’s HVDC COst REduction (CORE) initiative (2023) supports the research and development to
reduce High-Voltage Direct Current (HVDC) technology and long-distance transmission costs 35%
(DOE, 2024).

China is a global leader in High Voltage Direct Current (HVDC) research and development, driven by
its massive energy demands, renewable integration goals, and ambitions to export advanced grid
technologies. The research in China spans technological innovation, policy-driven development, and
international collaboration, with a focus on pushing the boundaries of Ultra-High Voltage Direct
Current (UHVDC) systems, as it also shown in the following chapter.

2.1.6. Patenting trends

Patent innovation in HVDC transmission systems is focusing on efficiency of power transmission
over long distances, affordable prices of transmission cables, as well as minimization of
maintenance and operation expense.

State Grid Corporation of China, China Southern Power Grid, and General Electric are the key patent
filers in HVDC transmission systems. China Southern Power Grid (CSG) has developed the UHV
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Flexible DC Converter Valve with large storage. The company manages all technical aspects of this
technology.

In terms of application diversity, Guangzhou Bureau of Extra High Voltage Transmission Company of
China Southern Power Grid leads the pack, while Schneider Electric and State Grid Information and
Telecommunication stood in the second and third positions, respectively. By means of geographic
reach, North China Branch of State Grid held the top position, followed by Changzhou Nr Electric
Power Electronics and ABB. (Technology, 2024)

In the European Patent Office there are more than 300 patents registered related to the HVDC
systems. (European Patent Office, 2024)

Figure 6. Analysis of patenting activities for HVDC sector. Bubble size represents patent volumes between
2010 and 2021.
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2.1.7. Assessment of EU R&l project developments

According to ENTSO-E (ENTSO-E, 2024) RDI is critical to address technical barriers, such as
integrating floating mechanical structures with HVDC stations while managing dynamic cable
constraints. Increased renewable energy integration necessitates advanced real-time grid
management to handle energy fluctuations. TSOs (Transmission System Operators) must enhance
power system stability through control/monitoring solutions, stability margin assessments, and
updated system protection schemes for contingency scenarios. Digitalisation is also pivotal for the
future of HVDC systems with predictive maintenance via enhanced monitoring and real-time data
analytics, emerging tools like satellite imagery, drones, robots, and sensors for cost-effective,
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remote asset monitoring and inspection and Virtual/Augmented Reality (VR/AR) for remote
maintenance, reducing site visits and operational costs. R&| developments on updated resilience
strategies are required, due to extreme weather conditions. Finally, focus shall be given on
sustainable materials and emission reduction like alternatives of SF6, retrofitting assets with eco-
friendly gases and leak detection and repair programs to phase out SF6 emissions.

Specifically, for technologies as VSC more research is needed to improve the technology in terms of
harmonic interactions, failure propagation, storage inertia, further development and standardisation
of the software interfaces, including neutral interoperability tests (ENTSOE-E, 2025c).

For HVDC breakers, the major issue is to define the abilities of breakers as the present
manufacturers of VSCs offer different technical solutions that are not compatible. Hence, the
agreement on the HVDC network parameters and interoperability of VSCs are key aspects.
Subsequently, the best and most appropriate technology of the breaker can be chosen and
developed further.

For Superconducting DC cables demonstrators of superconducting cables for Alternating Current
(AC) voltages above 145 kV and for Direct Current (DC) voltage 525 kV are needed, especially for
longer sections where the application of conventional cables is highly restricted for example routing
through industrial areas or for temporary applications to increase the flexibility of system extension
or bridge the faulty components.

2.2. Value Chain Analysis

Many materials are required in the supply chains of the components of the HVDC stations, including
silicon, steel, aluminium, copper, nickel, polymer and zinc.

The raw materials needed for the construction of HVDC overhead lines and cables are generally
similar in composition to the ones required for HVAC, as shown in Figure 9. As for their AC
equivalent, HVDC lines requires mostly aluminium and steel, whereas underground cables are
mostly made of copper and insulation. In a context of increasing material demand for the overall
grid infrastructure (from 4 Mt/year in the 2012-2021 period to 5 Mt/year in 2022-2031 of copper
and from 12 to 16 Mt/year in the same periods for aluminium), the HVDC lines exhibit lower
requirements with respect to their AC counterparts. In fact, HVDC requires fewer lines (only one or
two) compared to a three-phase AC system and HVDC systems are generally operated at higher
voltage levels, meaning that the same amount of material ensures higher transmission capacity. As
a result, an HVDC overhead line requires on average 5kg/MW/km of aluminium, less than half of its
HVAC counterparts (11kg/MW/km). The material savings are even more relevant in the case of
underground cables, where the 29 kg/MW/km of copper requirements for HVDC are about 70%
lower than in the HVAC case (101 kg/MW/km) (IEA, 2023).
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Figure 7. Typical material composition of overhead lines and cables by weight.
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When building all anticipated HVDC systems, the construction requires consumption of substantial
quantities of key metals and minerals, including aluminium and copper. Nevertheless, innovative
solutions with improved raw material use — whether compared to copper or aluminium cables - are
emerging, including higher capacity cables and superconducting cables for long-range bulk
transmission of power without energy losses. In addition, raw material use for related infrastructure
would be significantly lower. For example, a modern 2.4 GW, 525 kV offshore collector station
weighs more than 15,000 tons and costs up to € 1 billion. A collector station for a superconductor
cable that can carry the same amount of energy would operate below 100 kV and weigh and cost
less than half.

In addition, steel is used in the construction of the platform structures, which are often over-scaled
to withstand offshore weather conditions. However, steel platforms can be designed for potential
life. extension and refurbishment, aligning with circular economy principles

Besides manufacturing, the process of constructing new transmission lines can also be affected by
bottlenecks. Subsea cables, for example, require cable-laying vessels. The 45 cable-laying vessels in
operation worldwide can lay a total of 4 200-7 000 km of cable per year (depending on the type of
project). Depending on the future deployment of offshore wind and subsea interconnectors,
additional vessels could be needed, which, if their construction is not planned well ahead, could
create a shortage and delay projects. (Ready4DC, 2023)

2.2.1. Environmental and socio-economic sustainability

For HVDC technology the circular economy implies the sustainable and efficient use of resources
throughout the lifecycle of HVDC systems. The concept includes raw material extraction, product
design, production and remanufacturing, and waste management-decommissioning of HVDC
infrastructure to minimize environmental impact (Ready4DC, 2023)

A move towards greater sustainability for power grid components has been noted, which in some
cases may lead to supply chain issues. Several jurisdictions are considering phasing out the use of
certain materials such as lead and SF6 in grid equipment, which have limited alternatives. Avoiding
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supply bottlenecks for grid components will require the development of alternative replacement
technologies and the scale-up of their supply chains. (IEA, 2023)

2.3. EU Market Position and Global Competitiveness

2.3.1. Global markets and growth prospects

The leading producer of converter stations is Hitachi Energy (formerly ABB) in Switzerland, followed
by Siemens (Germany), General Electric (United States), Mitsubishi Electric (Japan), NR Electric and
C-EPRI Electric Power Engineering (China) and Bharat Heavy Electricals Limited (India). (IEA, 2023)

Europe has approximately 30% of the global market share in the HVDC Converter Station Industry,
with Germany leading with 20% of this share and investments exceeding the b€1, followed by UK
with 15% and budgets of over b€2 (Insights, Global Growth, 2024a)

Globally, the highest market share in HVDC converters is in Asia Pacific (approx. 35%), followed by
Europe (~30%) and North America (~22%).

In terms of cables, the main European companies include NKT in Denmark, Nexans in France,

Sidkabel in Germany and Prysmian in Italy. Outside Europe, the most relevant companies are
Sumitomo in Japan, General Cable in the United States, NBO and ZTT in China and LS Cable in
Korea.

Europe HVDC Cables Market was valued at USD 3.8 billion in 2024 and is anticipated to grow at a
CAGR of 5.06% from 2025 to 2033, (Market Data Forecast, 2024)

Europe circuit breaker market was valued at USD 4.2 billion in 2024 and is estimated to grow at a
CAGR 5.8% from 2025 to 2034 due to the increasing investments in renewable energy
infrastructure, urbanization, and the modernization of aging electrical grids. Rising electricity
demand across residential, commercial, and industrial sectors is propelling the adoption of
advanced circuit breaker technologies, showing a GAGR of 5.8% in the period 2025-2034. The shift
towards green energy solutions, including solar and wind power, requires reliable grid integration
and fault management, boosting the demand for circuit breakers. (Global Market Insights, 2024b)

The global HVDC Circuit Breaker market size was estimated at USD 874 million in 2023 and is
projected to reach USD 1761.74 million by 2032, exhibiting a CAGR of 8.10% during the forecast
period. (Semiconductor Insight, 2024)

The HVDC Transmission Market in general was valued at USD 12.98 Billion in 2024, and is expected
to reach USD 19.05 Billion by 2030, rising at a CAGR of 6.449%. (MENAFN, 2025)

Key Market Challenges

The HVDC transmission market faces a major hurdle in the form of substantial upfront capital
expenditure while the payback periods are long. Establishing HVDC infrastructure requires costly
equipment like converter stations, specialized cables, and advanced control technologies. The total
expense often reaches billions of dollars, which limits accessibility for financially constrained
entities and restricts adoption to well-funded or state-backed initiatives. Additionally, extended
project timelines and long-term return on investment deter short-term-focused investors.
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Further complications arise from the complexity of permitting, regulatory approvals, and
environmental assessments, which often cause cost overruns and delays. The limited pool of
qualified manufacturers, including a few dominant players such as Hitachi Energy, Siemens Energy,
and GE adds to the challenge by constraining competition and increasing dependency on select
suppliers. (Business Insights, 2025)

2.3.2. Resource efficiency and dependence in relation to EU competitiveness

In the past, the HVDC offshore infrastructure market has been driven by large interconnector
projects, decided on a case by-case basis, and radial connections in a limited number of markets.
This has not encouraged the investments necessary to scale up production facilities. Currently, the
demand exceeds the capacity of the supply chain. As a result, TSOs have noticed that the lead time
for construction has almost doubled. Among the network components, high voltage transformers,
port and yard capacities able to build large DC topsides and subsea cable manufacturing capacities
are the most critical ones. In addition, a lack of specialised workforce working with offshore is
another main limiting factor.

A full overview of the value chain necessary for network expansion should be considered. Critical
raw materials such as copper, intermediate products such as aluminium and steel, essential
components such as IGBT and semi-conductors all constitute scarce resources with sovereignty
risks for Europe (ENTSO-E, 2024)

Supply chain constraints for semiconductors are also a challenge. High-power semiconductors, vital
for HVDC converter valves and circuit breakers, have experienced shortages driven by market
volatility. Materials like silicon, steel, aluminium, copper, and nickel are also critical to
manufacturing various components. The anticipated surge in HVDC infrastructure demand over the
next decade risks exacerbating these supply chain pressures, emphasizing the need for strategic
planning to address material and workforce shortages.

Lead times for cables production have increased significantly, now extending up to two or three
years depending on the complexity of the project, compared to just one or two years a few years
ago. This increase is largely driven by high demand and more complex projects, such as long-
distance HVDC cables or submarine installations, which have put additional strain on procurement
timelines. Leading manufacturers in advanced economies have already committed their production
capacity through 2029. For example, since March 2023, NKT has confirmed high voltage contract
awards and booking commitments of more than USD 5 billion. This situation is not expected to
change in the immediate future. New manufacturing facilities for cables are not expected to be
operational until 2026 and building a new manufacturing facility typically takes around three to
four years.

China has emerged as a global leader in HVDC development, and its strategic investment in HVDC
technology has allowed it to sidestep many of the supply constraints facing other regions. Cable
manufacturers in China primarily cater to domestic demand, ensuring adequate supply for its
ambitious renewable energy projects. This contrasts sharply with the situation in Europe and the
United States, where limited production capacity and surging demand have led to bottlenecks.
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Figure 8. Average lead time for large power transformers, 2021-2024
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Figure 9. HVDC contract prices per km per kV, 2019-2024
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Some of the main supply chain challenges are:

- Technically Complex Manufacturing: Challenges in manufacturing due to technical
complexities

- Oligopoly in Supply Chain
- Few companies manufacturing critical components

The projected cumulative material demand for copper between 2023 and 2050 is estimated at 1.1
to 1.6 million tonnes and 200,000 to 300,000 tonnes of aluminium. Rising demand, along with
supply chain disruptions, has driven copper prices to $11,000 per tonne. This brings significant cost
pressure to manufacturers and transmission system operators (TSOs), increasing financial risks in
the sector.
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3. Switchgears

Switchgears play a fundamental role for the electrical grid, used to control, protect and isolate
electrical equipment. As its name implies, it is @ mechanical device able to switch on and off, control
and thus protect the rest of electrical equipment (Bothare, 2024). Switchgear is used to de-energize
equipment so that necessary work is conducted, like testing and maintenance but also to clear
faults downstream. Therefore, switchgear is linked directly to the reliability of the electricity supply
(wikipedia, 2025).

It is a combination of switches, circuit breakers, and fuses. Circuit breakers can open or close a
circuit under normal conditions. A circuit breaker uses the natural property of AC passing through
the value of zero every 10 ms, when a current extinction takes place through an interrupter (ENTSO-
E, 2021). Figure 10 shows a typical AC switchgear.

Figure 10. AC Switchgear
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Source: (ENTSO-E, 2021).

3.1. Technology Status and Development Trends

In the past, the conventional switchgear comprised of transformers, connectors and circuit breakers.
The modern switchgear uses magnetic actuation and the Internet of Things for the realisation of
the smart grid. In addition, there is a general shift to green and smart technologies, including
switchgears (Bothare, 2024).

There are several factors that push to the progress of the technology but also several constraints.

As for the driving factors, we list here some of them:

e The transmission and distribution utilities are anticipated to expand, requiring reliable
and secure power supply (GrandViewResearch, 2023). The growing demand for efficient
electrical distribution systems, especially in developing countries is a factor contributing
to switchgears market growth (imarc, 2024).

e The expansion of renewable energy sources and the integration of smart grid
technologies necessitate switchgear systems to accommodate complex power flows and
ensure grid stability (GrandViewResearch, 2023), (Mordorlntelligence, 2025),
(FortuneBusinesslinsights, 2019).
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Switchgears can help accommodating the variable nature of renewable power
generation, like intermittent generation patterns and bidirectional flows and contribute to
an adequate control and regulation of the generated power (imarc, 2024),
(Mordorlintelligence, 2025).

There is the need to upgrade aging infrastructure and replace outdated switchgear with
more efficient alternatives (GrandViewResearch, 2023).

Indeed, the grid modernization requires switchgears which are up-to-date and enable
control and monitoring of power plants and the grid itself. The replacement of such
equipment with modern one that can isolate and protect critical grid infrastructure is key
for ensuring security of supply (Bothare, 2024).

Grid modernization also has to do with promoting rural electrification, grids extension,
enhancement of grid resilience and reliability. Establishing new power transmission
networks will contribute to ambitious goals of a clean electricity grid (imarc, 2024).
Population growth, along with industrialization and urbanization leads to increasing
demand for electricity and the need for switchgears enhances due to its role in
controlling, protecting and isolating electrical equipment (GrandViewResearch, 2023),
(FortuneBusinesslnsights, 2019). Indeed, the construction of new power plants, new
transmission and distribution lines, commercial buildings will be a market drive for
switchgears and their components (Bothare, 2024), (FortuneBusinessinsights, 2019).
The quick growth of digital technologies, like loT and cloud computing are also a driver
for switchgears, which enhance energy management and operational efficiency
(GrandViewResearch, 2023). Indeed, switchgears incorporate loT solutions and artificial
intelligence tools, with such smart switchgears being increasingly employed for various
applications (Mordorintelligence, 2025). Artificial intelligence and the Internet of Things
are becoming popular for smart switchgears, especially in developed countries, showing
a significant growth potential of such technologies for switchgears (Insights G. M., 2024).
On the other hand, the necessity for smart grids and the need for digital monitoring,
automation capabilities and improved grid efficiency and resilience, are factors that
require the usage of digital tools, loT and artificial intelligence to be realised (imarc,
2024). For example, predictive maintenance, remote monitoring and condition-based
asset management are examples requiring technological solutions like the IoT (imarc,
2024).

The growth of data centres is expected to fuel the expansion of switchgears, with
increasing needs for secure power distribution and protection systems
(Mordorintelligence, 2025).

Moreover, the escalating demand for reliable and efficient electrical distribution systems
in developing countries is acting as another significant growth-inducing factor.

On the contrary, here are some restraining factors:

Harsh environmental conditions, like extreme heat, humidity and pressure can affect the
efficiency of switchgears, especially if they are installed in the outdoors
(FortuneBusinesslinsights, 2019).

Incorporating loT systems increases the cost of switchgears, which is a restraining factor
for future uptakes (FortuneBusinesslnsights, 2019). Another factor that contributes to
the increased cost, is the necessity for upfront investments for switchgears (Bothare,
2024).
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e A challenge lies in the value chain analysis of the materials used to construct the
insulation of switchgears, like the sulphur hexafluoride (SF6), which is a powerful gas
able to cause global warming (imarc, 2024).

3.1.1. Technology Overview

A circuit breaker is a necessary safety device to operate and control the electrical power grid.
Switchgears can be utilised in several applications, like transmission and distribution utilities,
residential, commercial and industrial uses (TheBusinessResearchCompany, 2025).

Substations are typically equipped with switchgears on both high and low voltage sides. Regarding
the low voltage side of the transformers, the switchgear can be situated in a building with medium
voltage circuit breakers for distribution circuits together with control and protection equipment.
Transformers and switchgears can also be combined in one housing, the unitized substation, when it
comes to industrial applications (wikipedia, 2025).

There are 3 basic designs of a circuit breaker (ENTSO-E, 2021):

e Life tank: the interrupter is placed inside an enclosure, which is insulated from ground
potential.

e Dead tank: the interrupter is placed within a ground metallic enclosure with insulation
gas, which is connected via bushings to the air-insulated substation (AIS) busbar.

e Gas-insulated high voltage switchgear (GIS): The interrupter is placed in a grounded pipe
filled with insulating gas. Other devices like disconnectors, voltage transformers and
earthing switches are connected to the circuit breaker.

The components of the switchgear are listed as follows (wikipedia, 2025):

e Power-conducting components, like switches, circuit breakers, fuses, lighting arrestors
that can conduct or interrupt the flow of electrical power

e Control systems such as control panels, current transformers, protective relays and the
relevant equipment that can monitor, control and protect the power-conducting
components.

The functions of switchgears are the following (wikipedia, 2025):

The main functionality of switchgears is protection. They interrupt short circuits and fault currents
due to overload, keeping isolated the unaffected circuits. They also provide enhanced system
availability, permitting more than one source to feed a load. The main component that interrupts
fault currents is a circuit breaker, which is found within a switchgear.

Switchgears can be categorised in different ways, as listed below (TheBusinessResearchCompany,
2025):

e By Product type: High Voltage, Medium Voltage, Low Voltage

e By insulation: Gas Insulated Switchgear (GIS), Air Insulated Switchgear (AlS), Other
Insulations

e By Installation: Indoor, Outdoor

e By end-user: Residential, Commercial, Industrial, Utilities
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Cateqorisation according to Voltage level:

High Voltage level:

Gas-Insulated Switchgear (GIS) and Air-Insulated Switchgear (AlS) can be high voltage level
switchgears. GIS are metal-encapsulated switchgear with high voltage components, able to function
properly in confined spaces. Such components can be circuit breakers and disconnectors
(TheBusinessResearchCompany, 2025).

Systems including high-voltage switchgear are related to voltages of more than 36 kV. High voltage
switchgears are usually used for high tension transmission lines, which can be the case of industrial
applications (Bothare, 2024).

Switchgears in this category are ranged between 75 kV to 230 kV (Bothare, 2024).
Medium Voltage:

In this group, we can find metal-enclosed switchgears, outdoor switchgears, ring main units (RMU)
and vacuum-circuit breakers (TheBusinessResearchCompany, 2025). We can find gas insulated
switchgears and bulk oil circuit breakers under this category (Bothare, 2024).

In general, the medium voltage switchgears are the most popular ones worldwide. This is mainly
due to the fact that in urban areas medium voltage transmission is the dominant one. The medium
voltage switchgears are usually ranged between 3.3 kV to 33 kV, although the theoretical values
covered by this category are between 1 kV to 75 kV (Bothare, 2024).

Low Voltage:

The main components for low voltage switchgears are molded case circuit breakers (MCCB),
miniature circuit breakers (MCB), switchboards and panelboards, distribution and fuse boards, air
circuit breakers, earth leakage circuit breakers (TheBusinessResearchCompany, 2025), (Bothare,
2024). Switchgear of this category involves voltage level below 1 kV (Bothare, 2024).

The low voltage switchgears are also popular among the other voltage categories. Such switchgears
are used in the process industry, manufacturing firms, suppliers of renewable energy, like the wind
and solar industry. In addition, the current projects on infrastructure renovation will contribute to
further diffusion of low voltage switchgears (InsightAceAnalytics, 2025).

Cateqorisation according to insulation:

Switchgears can have air, gas or other as insulation material (Bothare, 2024). Especially for Gas
Insulated Switchgears, these can be found in offshore platforms, industrial plants and hydropower
plants (The Business Research Company, 2025).

The gas based insulation segments are experiencing growth due to their usability. They are suitable
for areas with limited space or exposed to high level of pollution. In addition, their low running cost
and their safety characteristics make them attractive for several applications (InsightAceAnalytics,

2025).

Cateqorisation according to installation:

For indoor and outdoor installed switchgears, we can have Gas Insulated high voltage switchgear
(GIS), air-insulated switchgear (AIS) and other types of switchgears.

When the voltage is over 66 kV, outdoor switchgears are used. Due to the large spacing between
the conductor and the insulator, installation costs are increased. Outdoor switchgears function
efficiently under difficult climatic conditions (Bothare, 2024).
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For voltage below 66 kV, indoor switchgears are used, entailing an enclosed metal casing, thus
ensuring simple maintenance and high durability (Bothare, 2024).

Cateqorisation according to end-user:

Different end-user categories for switchgears can be: transmission and distribution utilities;
commercial and residential; industrial. Switchgears for transmission and distribution utilities are
very popular under this category (Bothare, 2024).

3.1.2. Technology Readiness Level

Switchgears have been present in the global market for decades, thus indicating a high technology
readiness level. Specifically for HV switchgears, they have been in use for more than 50 years and
have gone through continuous technological modifications and improvements. For Gas insulated
switchgears, the most common material to be used is sulphur hexafluoride (SF6), which has
superior dielectric and insulating properties with respect to solid and liquid insulation
(Subramaniam, Sahoo, Manohar, Raman, & Panda, 2021).

However, it is important that switchgears are up to date with the latest technological advancements
in order to accommodate the needs of the modern grid and integrate the increasing amount of
energy by RES (Subramaniam, Sahoo, Manohar, Raman, & Panda, 2021).

New technologies appear on the market and therefore, devices with gases as their dielectric, CO2,
02, air, can have an improved CO2 footprint with respect to SF6. A couple of examples of emerging
new technologies for switchgears are: the arc quenching using a vacuum chamber isolated with gas
of natural origin and the direct arc quenching in insulating gas, which resembles the SF6
technology. These technologies are under development (ENTSO-E, 2021).

As for the technology readiness level for SF6 switchgears, this is a circuit breaker technology that
has been developed over the last 50 years and has been used for several applications. Therefore,
this technology has been greatly advanced and advancements have also been made to limit the
SF6-gas emissions. The technology is considered reliable. On the other hand, SF6-free technology is
planned to be introduced in the following years and still needs further improvement. For this reason,
research and development activities can contribute to improve such technologies (ENTSO-E, 2021).

In general, the following classification can be made, as shown in Table 6.

Table 6: Technology Readiness Level classification of various switchgears.

Type of switchgear TRL
Medium, high and extra-high voltage switchgears 9

medium and high voltage SF6-free switchgears 7-8
Extra high voltage SF6-free switchgears 5-6

Source: JRC analysis 2025.

The technology readiness level (TRL) is taking into account live tank, dead tank and GIS switchgears.

Another category of switchgears is the gas-insulated switchgear for DC Application (DC GIS). They
are used when limited space is available, like in offshore HVDC converter platforms, onshore HVDC
converter stations and transition stations. Their technology readiness level is set at 6-7. They have
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a rated voltage range of +250kV to +550kV and a rated current range up to 5 kA with a lifespan
of 50 years approximately (ENTSO-E, 2021).

Development of switchgears:

Switchgears are becoming smarter with the inclusion of solutions like the loT and artificial
intelligence tools. Due to such solutions, any faults are predicted and corrective actions can be
taken. In addition, real-time data and visibility can increase system’s efficiency (Bothare, 2024).
With smart grid applications being a reality, switchgears are required to have advanced monitoring
and control units along with digital solutions. Thus, switchgears with advanced features is a new
trend (FortuneBusinessinsights, 2019).

Many medium voltage switchgears are ready for usage in the smart grid and they are more reliable
and safe. In addition, switchgears enable automated operations and energy management (Bothare,
2024). Furthermore, switching in vacuum is well-proven in medium voltage (René Smeets, 2021).
For HV vacuum breakers, the traditional design has gas as insulation. However, pure F-gas (C4-FN
and C5-FK) cannot be used in switchgear, with C5-FK being better compatible with MV applications
than with HV applications (René Smeets, 2021). While the low voltage switchgears dominate the
market, medium voltage switchgears are expected to have an increase in their CAGR
(GrandViewResearch, 2023).

With respect to switchgears insulation, oil and vacuum insulation are greatly developed, as they
compose the 54% of market share for 2022. Such switchgears can accommodate increasing
renewable energy sources and they can accommodate electric vehicles in an efficient way. The gas
segment as insulation material is also experiencing growth with the developing countries being the
most important driver. Gas insulation allows for an efficient monitoring and control of the electricity
network (GrandViewResearch, 2023). It is used for limited space areas, as it can occupy 10% of the
space required by an air insulated switchgear and it can offer great performance and power
handling capacity (imarc, 2024).

Regarding the installation of switchgears, outdoor switchgears are the most popular segment, due
to their extensive utilization in transmission lines and distribution substations (imarc, 2024).

With respect to the type of end use, the industrial usage of switchgears holds the largest market
share, as there is a growing demand for industries, like manufacturing, oil and gas, mining and
power generation to ensure the correct functionality of heavy equipment (imarc, 2024). Indeed, the
expansion of industrial facilities and automation technologies have created an increased demand
for sophisticated switchgears, ensuring secure power supply and an advanced operational safety.
Smart switchgears can enable monitoring capabilities and enhanced automation services,
facilitating industrial applications. Apart from the industrial sector, switchgears are experiencing
growth also in the commercial sector (Mordorintelligence, 2025).

Maintenance or replacement of switchgears:

For low voltage switchgears, a method applied is to wait until the equipment has failed in order to
repair or replace it. This method is suitable for this category of switchgears, especially when the
maintenance cost exceeds the cost of the equipment itself. However, for MV and HV switchgears,
this is often not a suitable method to follow, where preventive maintenance is usually followed.
According to it, maintenance is performed on a fixed date and time irrespectively of the switchgear
status. Another type of maintenance is the condition-based maintenance, performed according to
the conditions of the switchgear, as the name implies. This is done mainly by monitoring critical
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indicators and by performing maintenance actions when such indicators show decreasing
performance (Subramaniam, Sahoo, Manohar, Raman, & Panda, 2021).

Standards for switchgears:

The standard setting guidelines for manufacturers and users of switchgears is mainly the IEC
62271 standards family. IEC 62271-1 states the recommendations for actions to be taken after a
failure event. The IEC 62271-4 is describing commissioning, service, maintenance and equipment
end-of-life for gas insulated switchgears (Subramaniam, Sahoo, Manohar, Raman, & Panda, 2021).

3.1.3. Installed energy capacity and production generation

The installed capacity of switchgears in the EU and at worldwide level is evaluated based on grid
infrastructure rather than a single value. The EU has an advanced electrical grid, which supports
high-voltage transmission (400 kV, 220 kV) and medium/ low-voltage distribution (24 kV, 11 kV,
400 V). Specifically for transmission level switchgears, the 400 kV Gas-Insulated Switchgear
installations alone are above 100,000 MVA in breaking capacity. Some major projects, like Nordlink,
IFA2 interconnectors, use 63 kA-rated switchgears with total capacity of 1.4 GW per interconnector.
For distribution-level switchgears (24 kV — 40.5 kV), there are millions of MV switchgear panels to
support the grid. Cumulative capacity in the EU is evaluated at hundreds of gigawatts (GW) in
installed load capacity (ENTSO-e, 2025).

With respect to the production in the EU, Figure 11 shows the total production value in the EU and
the top producer countries in million of euros. As the figure shows, the total production shows an
increase in the last years, with the 2024 value set at 3381 million euros. Italy and Germany are the
top producers in the EU. Figure 12 shows the top EU producers including Italy and Germany for the
last decade.

Figure 11: Total production value in the EU and top producer countries in million of euros.
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Figure 12: Top EU producers (million euros)
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3.1.4. Technology costs

There are various factors that determine the cost of a switchgear, like the voltage range, power
rating and the manufacturer.

Usually, for MV and HV switchgears, their price ranges from 5,000 to 20,000 dollars; when more
advanced and/or sophisticated features are used, the cost can range between 50,000 to 200,000
dollars (Ji, 2025).

High Voltage switchgears can have an even more increased value. On the other hand, low voltage
switchgear for residential and light commercial applications can cost as low as 1000 to 5000
dollars (per panel), although similarly to the other categories, the cost can be higher with more
sophisticated features and for more demanding applications (Vekmar, 2024).

In general, the voltage rating of the switchgear influences its cost. Higher voltage equipment implies
higher cost, as there is the need for more robust materials and insulation. High voltage switchgears
require stricter standards to guarantee reliable operation. Custom made switchgears require
advanced features that can increase the cost.

Another factor that influences directly the cost of switchgears is the insulation used. Gas Insulated
Switchgears (GIS) tend to cost more than Air Insulated Switchgears (AIS), mainly because of the gas
cost, and especially when it comes to SF6 gas. In addition, SF6 gas has a high environmental impact
and there is the need for specialised equipment (ENTSO-E, 2021).

3.1.5. Public and Private RD&I funding

Switchgears is a topic that is receiving immediate attention by the scientific community, as it is a
crucial instrument for the modern grid and its safety. From the archives of European funded
projects (European Commission, 2025), it is clear that there are at least 15 European projects
having received funding and being directly linked to research for switchgears. The total budget
received for these projects is estimated circa to 100 million euro.

However, it is difficult to define the projects including research on switchgears in an indirect way;
for instance there are a lot of scientific projects performing research on the grid, and focusing
mainly on grid applications, i.e. energy management, energy efficiency using modern equipment,
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including switchgears. For instance, it results that there are 3784 projects dealing with grid
enhancement and 7880 projects dealing with grid management, many of which could involve
research on switchgears.

3.1.6. Patenting trends

According to the European Patent Office data (European Patent Office, 2024), the patents for
electrical machinery, apparatus and energy have been 16142 within 2024, with the equivalent
number at 14827 in 2023, thus showing an increase of 8.9%. The exact number for switchgears is
not available, however the collective number shows the trend and the importance of modern
infrastructure for the grid. Figure 13 shows the patent applications from 2015 to 2024 with respect
to the country/region of provenance. Under green colour and “EP” we can see the European patents,
whereas the other captions stand for: US - United States of America; JP — Japan; CN - China; KR -
South Korea; RoW - Rest of the World.

Figure 13: European patent applications from 2015 to 2024.
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3.1.7. Scientific publication trends

Switchgears is a topic that has greatly attracted the scientific interest and continuous to be a live
topic for research. Among the main publishers in the electrical engineering and energy field, there
are circa 4800 articles and 4500 conference papers published (MDPI, 2025), (IEEE, 2025),
(ScienceDirect, 2025).

Among the research topics that have been the most popular in the last years, we have identified the
following:

e Research on SF6, ways of eliminating this gas, creation of SF6-free switchgears, its
environmental impact.

o Digital tools incorporated with switchgears, i.e. artificial intelligence tools for fault detection,
discharge research, energy efficient switchgears.

e Research on high voltage switchgears, electromagnetic disturbance and maintenance.

32



3.2. Value Chain Analysis

In this Section, we give information mainly about the environmental and socio-economic
sustainability of switchgears, including main materials used for their construction, manufacturing
process and recycling issues. We present implications regarding the environmental impact of
specific materials and an overview of the energy intensity and labour productivity of switchgears.

Information like the value of switchgear market and its components, including prospects for
improvement, the main manufacturers at global and European level, are given in the next Section.

The value chain analysis for switchgears is summarised in Figure 14.

Figure 14: Value chain analysis for switchgears, (Lucintel, 2020)
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Feedstock Products / / Assembly / Retail
Components OEMs

Source: (Lucintel, 2020)

Figure 14 also reveals the steps of the production of switchgears, which includes multiple steps.
First of all, the switchgear needs to be designed, taking into consideration the needs of the
electrical system, the identification of the necessary switchgear characteristics and its layout
formulation. The next step includes procuring the correct materials/ elements, like circuit breakers,
disconnectors, transformers and other devices. This is followed by manufacturing of enclosures;
enclosures are fundamental for protecting the internal components and guarantee insulation.
Placing of components within the enclosure comes next followed by wiring and assembly. As a later
step, there is testing of switchgears, including functionality tests, insulation resistance, circuit
breaker operation tests. Finally, the switchgears are ready to be delivered for distribution and arrive
at the end customers (Lucintel, 2020).

3.2.1. Environmental and socio-economic sustainability

Switchgears are composed of various materials, which are selected for their properties. Here is a list
of materials and their characteristics (Joyelectric, 2024), (Derricott, 2024):

Conducting materials:

e Copper: this is commonly chosen for conducting purposes (conductors, busbars, contact
points), thanks to its electrical conductivity.

e Aluminium: it can be used instead of copper, as it is lighter and more cost-effective;
however, it has lower conductivity.

Together with steel, copper and aluminium can be used also for the mechanical parts (Joyelectric,
2024).

Insulating materials:

e Porcelain: it is used for insulation in high-voltage switchgears and dominantly in outdoor
settings.

e Polymer composites: used in modern switchgears for insulation; they have reduced
weight and improved durability.

e Epoxy resin: it is suitable for molding insulators and bushings.
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e SF6 Gas: it has excellent insulating and arc-quenching properties

Enclosure materials:

e Mild steel: it is popular for its strength, durability and cost-effectiveness. It can also be
use for corrosion resistance.

e Stainless steel: it is suitable where higher corrosion resistance is required. Stainless steel
has high corrosion resistance and is ideal for harsh environments, thus it is suitable for
outdoor installations; it is also offering operational reliability over long periods
(Joyelectric, 2024).

e Aluminium: it can be used for enclosures as it has lightweight and corrosion-resistant
properties.

Contact materials:

e Copper alloys: it is common for contact points and it can be a good balance for
conductivity and mechanical strength.

e Silver or silver alloys: they are commonly found on the surface of contacts thanks to
their excellent conductivity.

Arc quenching materials:

e Copper tungsten: it can be found for contacts that need to withstand high temperatures
and arcs.
e SF6 and vacuum: they can be used when necessary to extinguish arcs.

The main drivers for choosing the correct materials for switchgears are the environmental
conditions to which the switchgear will be exposed, the application requirements, like the
mechanical strength needed, the electrical insulation properties and maintenance issues. Costs are
also decisive for the selection of switchgears materials (Derricott, 2024).

Shortage in materials:

There are various factors that influence potential shortage or delays in materials for switchgears.

First of all, for copper and aluminium, there is an increased global demand, which may lead to
supply chain constraints. The same goes for steel and insulating materials. A problem for smart
switchgears, is the potential shortage in semiconductors.

In general, the increased demand for switchgears, due to the factors discussed in previous sections,
like the grid modernization, the renewable energy growth and the need to modernize old
infrastructure may lead to shortage in raw materials and issues for the switchgear production.

Lead times and recycling:

In (De Paola, Andreadou, & Kotsakis, 2024) it was reported that lead times are increasing for
transformers due to the increased demand and raw materials shortage. The same result goes also
for switchgears, with main manufacturers mentioning an increase in lead times (IEA, 2023).

Recycling and sustainability techniques:

Recycling strategies, as mentioned in (De Paola, Andreadou, & Kotsakis, 2024) for raw materials
can alleviate the situation in shortage of materials, i.e. copper and aluminium. In addition, designing
switchgears according to modern standards for energy efficiency and durability and following
proper end-of-life management techniques contribute to environmental sustainability.
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3.2.2. Energy intensity and labour productivity

Switchgears industry supports jobs creation through their manufacturing, installation and
maintenance. In addition, modern switchgears systems require advanced labour skills, thus
contributing to learning opportunities.

Energy intensity has to do with the energy consumed per unit of production, including assembly and
testing processes. Energy usage depends also on the automation processes used for switchgears
production; the more automated and efficient the process, the lower the energy intensity. Energy
efficient methods for switchgears manufacturing can reduce energy intensity.

The automated processes used for switchgears manufacturing along with advanced labour skills,
have also an influence on the labour productivity (wikipedia, 2025).

3.3. EU Market Position and Global Competitiveness

The switchgear market is expected to grow and its main drivers are summarised as follows:

e The grid has many components that are outdated and need replacement. Such
replacements with modern equipment are expected to increase the need for switchgears in
order to ensure safe disconnection of critical equipment and a correct monitoring of power
flow (GrandViewResearch, 2023).

e The development of urbanization and industrialization is leading to a growing demand of
electricity, which in turn renders switchgears a fundamental key for the smart grid
(TheBusinessResearchCompany, 2025).

e |n addition, the expansion of data centres also contributes to the growth in switchgears
demand, as they require smarter systems and components to protect critical infrastructure
(GrandViewResearch, 2023).

e There is a growing demand for the installations of electric substations in order to restore
normal power supply in case of emergencies. Mobile substations are also installed to
restore electricity, which is anticipated to benefit the switchgear market
(TheBusinessResearchCompany, 2025). As the grid expands and becomes smarter, there is
a growing need for complicated electrical substations to ensure power supply and voltage
stability (Bothare, 2024).

¢ The expansion of renewable energy sources and the construction of new facilities that take
advantage of onshore, offshore solar, wind and hydro sources is expected to drive the
continuous demand for switchgears (Bothare, 2024).

e Furthermore, the grid has many components that are outdated and need replacement. Such
replacements with modern equipment are expected to increase the need for switchgears in
order to ensure safe disconnection of critical equipment and a correct monitoring of power
flow (GrandViewResearch, 2023).

On the other hand, switchgear systems demand serious investments, which is an obstacle for
potential investors. This can be a problem for developing regions, as switchgears entail costs for
maintenance, installation and purchase. These costs may sum up at prohibiting levels for allowing
the switchgear market to thrive in specific areas (GrandViewResearch, 2023).

In the following, we firstly give a short overview of the switchgears market from an end-user point
of view and afterwards, we thoroughly present the geographical characteristics of the switchgears
market.
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Market from end user point of view:

The commercial and residential segment of switchgears is an important part of the switchgears
market and is expected to grow with respect to its CAGR in the future years (GrandViewResearch,
2023). Especially for the residential sector, the rising urban population together with the home
automation needs, the growing digitalization and the penetration of electric vehicles, render
switchgears a valuable component for modern electrical distribution and protection systems
(GrandViewResearch, 2023).

On the other hand, transmission and distribution utilities, which is the largest end-user segment, are
expected to grow at the highest CAGR (Bothare, 2024).

3.3.1. Global markets and growth prospects

Geographical characteristics of the switchgears market:

Asia Pacific;

Asia Pacific is the fastest-growing region in terms of switchgear market, expected to grow at 7%
until 2029, with leading countries being China, India, South Korea and Japan (Mordorintelligence,
2025), (FortuneBusinessinsights, 2019). Other countries pushing forward the switchgear market and
in general the industry growth are Australia and the Southeast Asian countries
(FortuneBusinesslinsights, 2019). It has been estimated that Asia Pacific dominated the market with
a share of 43.61% in 2019 (Insights G. M., 2024). For the near future years to come, it is expected
that the Asia Pacific region experiences the maximum CAGR, 8.1% (GrandViewResearch, 2023).

Europe:

The region that comes second in the list regarding the switchgears market (2024 data) is western
Europe (TheBusinessResearchCompany, 2025). In general, for the period 2019 - 2024, the
switchgear market in Europe has experienced a growth of around 6%. Smart grid applications and
solutions to mitigate CO2 emissions, like SF6-free for switchgears are common solutions in Europe
(Mordorlintelligence, 2025).

The growth in the European switchgear market is also due to several regulations for the integration
of renewable energy sources along with the management of existing long-standing transmission
and distribution networks. Countries playing a key role are among others, Germany, Italy, Spain, the
UK and France (FortuneBusinessinsights, 2019).

North America:

North America is also expected to experience a growth in the switchgear market, mainly due to the
increased investments in renewable energy sources and their integration (FortuneBusinessInsights,
2019). The region is anticipated to significantly contribute to the global market (Bothare, 2024),
with main countries the USA and Canada. During 2024, the share of the north American switchgear
market has been approximately 23%, where industries like oil and gas, chemical and power
generation sectors are dominating the field (MordorIntelligence, 2025).

Latin America:

Likewise the other regions, Latin America also experiences growth in the switchgear market, mainly
driven by the increasing integration of renewable energy sources, which are in turn favoured by
environmental conditions, like solar and wind. The region is experiencing investments by foreign
investors for the transmission network expansion and the growth in infrastructure development for

36



utilities, mining, oil and gas and construction. Countries that play a key role in the switchgears
market are for example Brazil, Chile and Mexico (Mordorintelligence, 2025).

Middle East and Africa:

Middle East and Africa is also a region with great potential for the expansion of switchgears market,
with the Kingdom of Saudi Arabia (KSA), Qatar, the United Arab Emirates (UAE) and Kuwait
anticipated to be the major drivers for switchgears expansion, as these countries are making
investments for the grid enhancements (InsightAceAnalytics, 2025). Especially for Saudi Arabia, the
country has made significant investments to expand infrastructure, including switchgears, and
upgrade its grid (Insights G. M., 2024).

However, the Middle East and Latin America are expected to hold a small share in the global market
(Bothare, 2024).

3.3.1.1. Current EU positioning in the global market

Some of the global and EU market players in the switchgear industry are (Bothare, 2024), (imarc, 2024),
(TheBusinessResearchCompany, 2025), (GrandViewResearch, 2023), (listed in alphabetical order in
Table 7):

Table 7: Switchgears manufacturers

ABB Ltd.
(multinational, based
in Switzerland)

Fortune Electric

(Taiwan)

IZVA LLC (Russia)

Schneider Electric SE
(multinational, based
in france)

Ltd (India)

(multinational, based
in Japan)

Corporation (Japan)

Abunayyan Holding | Fuji Electric Co. Ltd. [ Legrand India Private | Secheron
Company (Saudi | (Japan) Limited (India) (Switzerland)
Arabia)
Afcon (Israel) G&W Electric (USA) LS ELECTRIC Co. Ltd. | SEL (Italy)
(multinational, based
in South Korea)
Alan Electrical Limited | General Electric | Lucy Electric | Shihlin Electric
(UK) Company (multinational, UK | (Taiwan)
(multinational, USA | based)
based)
Alstom (multinational, | Havells India Limited | Matelec Group | Siemens AG
based in France) (India) (multinational, based | (multinational, based
in Lebanon) in Germany)
Anchor Electricals Pvt | Hitachi Ltd | Meidensha SIVAR (Russia)

Bharat Heavy
Electrical Limited
(India)

Hubbell (USA)

Mitsubishi Electric
Corporation
(multinational, based

in Japan)

Skema (Italy)
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BMC Manufacturing | Hyosung (South | Nissin Electric | SwitchGear Company
(Ireland) Korea) (multinational, based | NV (Belgium)
in Japan)
CG Power and | Hyundai Electric & | Noja Power | Tenaga  Switchgear
Industrial ~ Solutions | Energy Systems Co. | (multinatioal, based | (Malysia)
Limited Ltd. (South Korea) in Australia)
(multinational, based
in India)
CHEM (Taiwan) Industrial  Solutions | Orecco Electric | TIEPCO (Saudi Arabia)
Limited (Italy) (China)

based in Ireland and
USA)

Crompton  Greaves | Larsen & Toubro | Ormazabal (Spain) Toshiba Corporation

(India) (multinational based (multinational, based
in India) in Japan)

Eaton Corporation | Legrand (France) Powell Industries Inc. | Twyver  Switchgear

PLC  (multinational, (USA) (UK)

Elektrobudowa
(Poland)

KFB Holding Group
(Saudi Arabia)

S&C Electric Company
(USA)

Wahah Electric Supply
Company of Saudi
Arabia Ltd. (Saudi
Arabia)

Electroshield Samara
(Russia)

Source: JRC analysis 2025.

Out of the companies above, the major players are ABB, Siemens, Schneider Electric, General

Electric, Eaton corporation and Hitachi (Mordorintelligence, 2025). Only ABB, Siemens, General
Electric and Eaton hold more than 40% of the switchgears market share. Such big companies
usually invest in Research and Development, whereas they follow several business expansion

techniques (Insights G. M., 2024).

In the framework of upgrading existing switchgears and incorporating digital solutions and loT
capabilities, the companies are moving towards upgrading switchgears. For instance, there is
expansion in sustainable segments for switchgears, like gas-insulated and air-insulated
switchgears. In addition, many companies invest in research and development aiming at
environmental friendly solutions, like the development of SF6-free switchgear technologies
(Mordorlintelligence, 2025).

The switchgears companies are dominated by large multinational technology conglomerates, which
offer their technical expertise and global distribution networks to enhance their market position,
while they control the major part of the market share. In addition, there are numerous medium-
sized companies usually serving at regional level (Mordorintelligence, 2025). Advancements in the
field of switchgears have been achieved by the major companies, like (Insights G. M., 2024):

e ABB reported the net sales of USD 24.26 billion in 2024 (Q3). The company demonstrated
in the Abu Dhabi International Petroleum Exhibition and Conference its newest version of
air-insulated medium-voltage switchgear technology.
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e ABB designed a new software solution, the OPTIMAX 6.4, which is key component for new
digital energy infrastructure.

e Siemens has demonstrated switchgear models, like the 8DAB 24 and the NXPLUS C24,
setting standards with reduced carbon emissions and facilitating the integration of
renewable energy sources.

e Siemens expanded their digitally equipped medium voltage switchgear for decarbonising
power grids in October 2023. They presented F-gas free switchgear insulation. Siemens
launched the 8DAB 24 and upgraded the NXPLUS C24, both promoting green solutions in
the switchgear market.

e Schneider Electric reported in 2024 (Q3) a revenue of $28.99 billion. It has demonstrated its
innovative product, SureSeT MV switchgear for the Canadian market.

3.3.1.2. Market prospects

The switchgear market is experiencing a boom with its estimated values being very elevated and
the forecasts for the future being very promising. Different sources give different values for the
switchgear market, demonstrated in Table 8.

Table 8: The switchgear market in numbers and forecast for the future.

Rough $105.43 billion (FortuneBusinessinsights, 2019)

estimation

for 2019

Rough $98.12 billion (GrandViewResearch, 2023) $133.6 billion (Insights G. M., 2024)

Estimation

for 2022

Rough 94.6 billion (Bothare, 2024) $93.1 billion (Markets&Markets, 2025) | $144.6 billion (Insights G. M.,
Estimation 2024)

for 2023

Rough $87.67 billion (The | $99.8 billion | $116.9 billion (imarc, | $91.2 billion | $156.3 billion
estimation Business Research | (forecasted) 2024) (InsightAceAnalytics, (Insights G. M,
for 2024 Company, 2025) (Bothare, 2024) 2025) 2024)

Forecast for | $94.17 billion (The Business Research Company, 2025) $129.7 billion (Mordorintelligence, 2025)

2025

Forecast for | $119.9 billion with CAGR 5.2% (Markets&Markets, 2025)
2028

Forecast for | $119.24 billion with CAGR 6.1% annually (TheBusinessResearchCompany, 2025)
2029

Forecast for | $174.38 billion with CAGR 6.1% (Mordorintelligence, 2025)

2030
Forecast for | 153.2 billion with CAGR of 5.5% annually (Bothare, 2024) $242.53 billion, with CAGR 6.89%
2032 (FortuneBusinesslInsights, 2019)

Forecast for | $172.3 billion with CAGR 4.4% (imarc, 2024)
2033

Forecast for | $159.7 billion with CAGR 5.8% (InsightAceAnalytics, 2025) $317.5 billion, with CAGR 7.3% (Insights G. M., 2024)
2034

Source: JRC Analysis 2025.
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From the table above, it is seen that the switchgear market is estimated from most sources to be
worth around 90 - 100 billion dollars (2024 data), with a perspective to grow even further in the
future with values varying between 153 - 242 billion dollars for 2032. The estimated annual
growth rate is also forecasted at elevated values, for example 5-6% annually.

3.3.2. Trade (Import/export) and trade balance

With respect to trade, imports and exports of switchgears in Europe, Figure 15 shows the Extra-EU
trade balance in million of euros the last decade roughly. As it can be noticed, the trade balance is
around 450 - 650 million euros the last years, with the 2024 value set at 556 million euros. As top
countries in Europe, we have ltaly, Germany and France.

Figure 16 on the other hand shows the imports and exports between EU and extra-EU for the last
decade. As it can be observed, the exports are roughly between 700 — 1000 million euros, whereas the
imports are between 200 - 475 million years. The increase in both imports and exports in 2024 shows
the increasing trend in switchgears. Figure 17 shows the top importers and exporters of switchgears
within the EU and it also presents the global picture with China leading the list of exporters and United
States of America being at the top of importers.

Figure 15: Extra-EU Trade Balance in million Euros throughout the years.

Extra-EU Trade Balance [EUR Million]
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Source: JRC based on COMEXT data, 2025.

Figure 16: Extra-EU import and export in million euros.
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Source: JRC based on COMEXT data, 2025.
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Figure 17:

Top 5 EU Importers (20222024) [EUR Million]
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3.3.3. Resource efficiency and dependence in relation to EU competitiveness

Europe is technologically ahead in the switchgears field. The European Commission targets and
policies have supported technological growth. For example, the European Commission has approved
$29.69 billion for renewable energy initiatives in Germany.

Companies like Bosch, Siemens and Schneider electric have developed advanced switchgear
technologies. Such big companies incorporate energy storage and loT solutions and are building
switchgear systems for industrial projects and smart cities initiatives (Insights G. M., 2024).

Regarding materials resources, the EU imports raw materials from non-European countries. As we
have seen from previous subsections, the main materials needed for switchgears are copper,
aluminium and steel. With respect to these materials, we give some information about imports to
the EU.
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Copper:

The main countries from which the EU imports copper are:

e Latin American countries, like Chile and Peru, which are the two of the largest copper
exporters in the world.

e Australia and its regional trading partners.
e African countries, like Congo and Zambia, which have rich copper reserves.
e Russia, which despite political conflicts, has always been a copper supplier to the EU.

The EU is importing a mix of copper forms from these countries, like raw and refined copper. The
imports are necessary, because the EU does not produce enough copper to cover the demand. The
imports account for approximately to 60% — 80% of the total consumption (International Copper
study Group, 2024).

Aluminium:

The EU imports aluminium in various forms, like raw aluminium, semi-finished and finished
products. The imports are necessary, as the domestic production does not cover the demand. The
main countries from which the imports take place are:

e Non-EU European countries: Norway and lceland, which are considerable exporters of
aluminium to the EU.

e (anada, which is another major exporter to the EU.

e United Arab Emirates, which has a strong aluminium industry.

¢ India, which has growing production capabilities.

e Russia, which has traditionally been a major exporter of aluminium to the EU.

The imported aluminium accounts for approximately 50% - 60% of the total needs in aluminium in
the EU (European Aluminium, 2024).

Steel and stainless steel:

The EU produces steel, however, it still relies on imports from third countries to cover demand. The
main countries from which the EU imports steel are:

e China, which is the biggest steel producer worldwide and exports steel and stainless steeel
to the EU.

e South Korea, which exports significant values to the EU.

e India, which exports steel and stainless steel to the EU.

e Turkey, which benefits from existing trade relationships with the EU.
e Brazil, which exports raw and semi-finished products.

e Russia and Ukraine, although their exports to the EU have been affected by the war
conflicts.

The amount of steel imported by the EU accounts approximately to 20% - 30% of total
consumption. For stainless steel, this number accounts for 30% - 40% of EU’s total consumption
(The European Steel Association, 2024).
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4. Grid-Enhancing Technologies (GETSs)

The rapid growth of renewable energy generation and the electrification of key sectors such as
transportation and heating are fundamentally transforming energy production, transmission, and
consumption across the grid. These shifts are placing mounting pressure on existing transmission
and distribution infrastructure, prompting the urgent need for substantial investments in new assets
and upgrades to current systems. As a cost-effective and scalable alternative, Grid-Enhancing
Technologies (GETs) offer innovative solutions to improve the efficiency, intelligence, and resilience
of the existing grid. This report examines three of the most promising GETs: Dynamic Line Rating
(DLR), Advanced Power Flow Control (APFC), and Topology Optimization (TO) software, assessing
their potential to optimize grid performance and support the energy transition.

Figure 18. Electricity grid diagram with GETs
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Source: JRC elaboration of (Su, Gomez-Exposito, Chen, Terzija, & Gentle, 2025)
4.1. Technology Status and Development Trends

4.1.1. Technology Overview

4.1.1.1. Dynamic Line Rating

Dynamic Line Rating (DLR) refers to the use of real-time and forecasted environmental data to
determine the actual thermal carrying capacity of transmission lines at any given moment (Figure
19). Unlike static line ratings or Ambient Adjusted Ratings (AAR), which rely on conservative
assumptions and fixed weather conditions, DLR systems dynamically account for environmental
variables such as wind speed, ambient temperature, humidity, solar irradiance, and precipitation.
These factors, particularly wind cooling, can significantly increase a conductor’s ability to carry
current, yet are often overlooked when not directly measured or modelled.
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DLR systems employ a range of monitoring methods, including line-mounted and tower-mounted
sensors, sag/tension monitors, weather stations, and fiber optic cables. The data collected by these
sensors on key parameters such as line temperature and mechanical sag are then processed by a
centralized or cloud-based control system for computational modelling. This enables operators to
accurately assess line capacity in real time and forecast future availability, providing a clearer
picture of operational limits and supporting more flexible, responsive grid management.

By monitoring and responding to actual line conditions, DLR helps optimize the use of existing
infrastructure, reducing the need for costly upgrades while enhancing grid reliability and the
integration of renewable energy.

Figure 19. Comparison of maximum line capacity with static and dynamic line rating
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Source: (Sobhy , Megahed, & Abo-Zahhad, 2021)

4.1.1.2. Advanced Power Flow Control Modelling

Advanced Power Flow Control (APFC) technologies enable the redirection of electrical power from
congested transmission lines to underutilized ones, effectively addressing grid bottlenecks and
unlocking additional network capacity. Traditional power grids operate passively, with electricity
flows determined solely by the impedance of the different power lines. This leads to a certain
degree of inflexibility: if a single line is overloaded in certain operating conditions, it is not possible
to simply redirect the excess power towards other lines, even if these have spare capacity.
Advanced Power Flow Control solutions overcome this limitation and allow operators to adjust in
real-time the power flows across the network.

APFC systems are typically based on modular Static Synchronous Series Compensators (m-S55C),
which can be configured and scaled according to operational needs. These devices modify the
effective impedance of the lines by means of voltage injections, enabling power to be redirected
from overloaded to underutilized lines. This dynamic, distributed control enhances grid flexibility,
resilience, and efficiency.
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4.1.1.3. Topology Optimization

Topology optimization (TO) is a software-based grid-enhancing technology that improves system
reliability and efficiency by dynamically reconfiguring the grid’s layout to optimize power flow. By
leveraging the built-in redundancy of power networks, TO adjusts the on/off states of circuit
breakers to reroute electricity from congested lines to underutilized ones, reducing congestion and
enhancing grid resilience. TO is particularly effective in managing power imbalances caused by the
geographic separation of renewable energy sources and load centres. Typically deployed in both
planning and operational phases, TO involves evaluating the current grid performance, modelling
alternative topologies, and applying optimization algorithms to identify the most efficient
configurations. These solutions can be implemented in real-time or incorporated into operational
guides for specific conditions, such as planned outages or seasonal demand shifts. While
traditionally reliant on manual analysis, recent advancements enable TO tools to be deployed
offline within days or fully integrated into real-time control systems. Despite challenges in obtaining
accurate, up-to-date grid parameters, combining TO with other GETs (e.g., DLR) and data-driven
models can further improve its effectiveness in alleviating congestion, reducing renewable
curtailment, and supporting the clean energy transition.

4.1.2. Technology Readiness Level

Dynamic line rating is a mature technology, with a Technology Readiness Level (TRL) of 8. It has
been successfully deployed worldwide, and its performance has been extensively validated in terms
of efficiency, safety and effectiveness (ENTSO-E, 2025a).

In comparison, the TRL of modular Static Synchronous Series Compensators (m-S55C), and more
broadly of Active Power Flow Control (APFC) solutions, varies depending on the voltage level and
configuration. For transformer-less SSSC above 110kV, the TRL is at the technological
demonstration stage (TRL 6), whereas transformer-less SSSC up to 110 kV have reached full
technological maturity (TRL 9) (ENTSO-E, 2025b). APFC projects have been successfully deployed in
several countries, including the United Kingdom, United States, Australia, and Colombia.

Topology optimization also appears relatively mature, with TRLs of 7-8, and some projects already
operational in the United States.

Table 9. Current TRL of Grid-Enhancing Technologies

TRL (Technology Readiness Level)
Sub-Technology 1 2 3 4 5 6 7

Dynamic Line Rating

Advanced Power Flow
Control Monitoring

Topology Optimization

Source: JRC analysis, 2025.
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4.1.3. Production and case studies

Providing accurate and up-to-date aggregate metrics on the deployment of GETs is challenging due
to the diversity of specific implementations, the lack of standard definitions and the relatively
recent adoption of these technologies. To offer some qualitative insights into general production
trends, the category “Boards, panels, consoles, desks, cabinets and other bases, for electric control
or the distribution of electricity”, as defined in (European Commission, 2025), has been used as a
proxy. Two notable trends emerge from Figure 20. First, a relatively slow increase in yearly
production value occurred between 2013 and 2021, with total production rising from €2160 M to
€2712 M (+25% in 8 years). Second, a much faster increase is observed from 2021 to 2024, with
production growing by 53% in just 3 years. As further indicated by patenting activity and scientific
metrics presented in subsequent sections, these data suggest that the technological field is
maturing and transitioning from experimental and prototype demonstrations to extensive real-world
implementations. Additionally, production value is gradually becoming more evenly distributed
among the MS, with the two largest producers (Germany and Spain) accounting for 42% of total
value in 2024, down from 51% in 2013.

Figure 20. Total production value in the UE and top producer countries (EUR Million) for “Boards,
panels, consoles, desks, cabinets and other bases, for electric control or the distribution of
electricity”
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The analysis has also considered alternative sources that explicitly focus on GETs and provide
surveys of projects and test cases, such as the one summarized in Figure 21.

Figure 21. Reported projects with Grid-Enhancing Technologies
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Source: (Su, Gomez-Exposito, Chen, Terzija, & Gentle, 2025)

Most GET projects are concentrated in North America and Europe, with a significant number of new
deployments emerging in China, India and Australia. In Europe the recorded projects comprise 19
dynamic line rating initiatives, 7 power flow control projects, and 2 topology optimization projects.
An overview of the most relevant and advanced projects for each of these sub-technologies is
provided next.

4.1.3.1. Dynamic Line Rating

e Austria: DLR covers about 15% of the Austrian transmission grid, with an estimated saving
of €12 M in 2016 (Idaho National Laboratory, 2022).

e Belgium: system-wide DLR solutions, involving 150 sensors across 30 transmission lines,
increased exchange capacities with neighbouring countries, achieving €180 k in savings
over just four hours, with projected annual savings of €44 M (The Brattle Group, 2025).

e France: DLR deployment on a 63 kV wind power network boosted wind generation by 50%
and avoided a €24 M line replacement project (Idaho National Laboratory, 2022).

e Germany: DLR is widely used on heavily loaded high-voltage lines, enabling up to 200% of
their rated capacity (ENTSO-E, 2025a).

e Italy: Terna installed DLR on 380/220 kV lines and on lower voltage lines with high RES
penetration for managing local congestion. Each deployment saves ~€1 M/year in curtail-
ment costs, with short investment payback periods ranging from a few months to two years
(Idaho National Laboratory, 2022).

¢ Norway: DLR has been applied since June 2023, increasing with line capacities by up to
20% (Statnett, 2023).

e Slovenia: The DLR system covers 29 lines at different voltage levels (110kV, 220 kV, 400
kV). On average, it increases the nominal capacity of lines by 15-20% (ENTSO-E, 2025a).

e Spain: Experimental repowering of existing power lines. Using data from 7 DLR sensors, the
transmission capacity of existing corridors was increased by 15-30% over a three-month
testing period (ENTSO-E, 2025a).
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e USA: DLR systems installed on two double-circuit 119 kV lines in upstate New York avoided
the rebuild of 26 miles of transmission, increased transfer capacity by 190 MW, and re-
duced renewable curtailments by approximatively 350 MW (The Brattle Group, 2025).

4.1.3.2. Advanced Power Flow Control

e Greece: modular PFC devices installed on the 150kV transmission network in the Pelopon-
nese region enabled the transfer of 29% of power from overloaded lines (Idaho National
Laboratory, 2022).

¢ Ireland: pilot project with 3 PFC units installed on a 110kV line (Idaho National Laboratory,
2022).

e Australia: the TSO uses APFC to overcome thermal capacity limits, increasing the flow of

renewable energy between two states and unlocking expected customer savings of $180 M
(WATT Coalition, 2024).

¢ Colombia: Digital power flow control via m-SSSC devices enabled the connection of over
400 MW of distributed renewable generation in Medellin and the surrounding Antioquia re-
gion (Smartwires, 2023).

e Great Britain: the TSO has deployed more than 50 m-555C units, freeing about 2.0 GW of
additional grid capacity, roughly 5% of total peak demand in the UK (ENTSO-E, 2025b).

e USA: Preliminary tests for SSSC installation on the 115 kV Sturgeon Pool-Ohioville line in
New York State were successful. The final goal is to add 219% series compensation on a
345 kV line, enabling full capacity deliverability of interconnecting generation (EPRI, 2020).

4.1.3.3. Topology Optimization

e USA: in December 2022, during critical weather conditions, topology optimization via trans-
mission switching increased transfer capacity to a major metropolitan area, releasing up to
845 MW of available but stranded generation (newgrid, 2024).

e USA: in November 2023, a reconfiguration solution for a 345 kV line under maintenance
reduced regional congestion costs by $3.5 M, with associated production cost savings of ap-
proximatively $1.1 M (newgrid, 2024).

e Belgium: the TSO Elia developed the first proof of concept of ToOP, a topology optimization
software for congestion management aimed at reducing redispatch costs and enhancing
system flexibility (Elia Group, 2024).

¢ Netherlands: the TSO Tennet is developing the GridOptions tool for day-ahead congestion
management, currently at the minimum viable product stage (Viebahn, et al., 2024).

4.1.4. Public RD&I funding

It was not possible to retrieve specific funding data on GETs. However, the broader category “Grid
communication, control systems and integration” considered by the IEA in its budget and
expenditure reporting (IEA, 2011) includes GETs and can be used as a suitable proxy to assess the
main in public RD&I funding. From Figure 22, it can be observed that total EU public investments in
Research, Development and Demonstration (RDD) have steadily increased during the 2016-2021
period, reaching around €90 M in 2021. The MS with the most significant contributions include
Austria, Belgium, Germany and France. Notably, investments show a decreasing trend in 2022 and
2023 (with 2024 results still provisional). This decline, which is also mirrored in the evolution of
scientific publications, may suggest that GETs have reached a certain level of scientific maturity,
with recent efforts shifting towards pilot testing and commercial scale-up.
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At the global level, RDD investments peaked in 2021 at €231 M, followed by a marked reduction to
€160 M in 2022 and €173 M in 2023. The geographical distribution of investments over the 2014-
2024 decade is reported in Figure 23, showing that the EU leads with 37% of the total, followed
by Japan (19%), Canada (15%), US (10%) and China (8%).

Figure 22. Public RDD investment in the EU per MS
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4.1.5. Private RD&I funding

The analysis of private RD&I funding, particularly Venture Capital (VC) investments, is based on
Pitchbook data. Since no specific category exists for GETs, the dataset relies on an ad hoc selection
of 41 companies from a larger group identified through the keywords “power grid”, “smart grid” and
“grid infrastructure”. The relatively small number of relevant companies and the strong influence of
individual investments or grants should be taken into account when assessing the variability and
representativeness of the results. Based on this premise, the data in Figure 24 show that global VC
investments in 2024 have reached €200 M, considerably higher than in the previous five years. The
largest VC-related investment was a €43 M grant awarded to Switched Source by the U.S. Depart-
ment of Energy. Significant activity was recorded in Norway, where eSmart Systems and Heimdall
Power received €30 M and €23 M, respectively. Within the EU, VC investments peaked in 2023,
when Ampacimon (Belgium) and Safegrid (Finland) received €10 M and €6 M, respectively. Despite
growth in recent years, the EU still accounts for less than 10% of the global VC investments.

Figure 24. Total VC investments by region (EUR Million)
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4.1.6. Patenting trends

The European Union has been a global leader in patenting grid-related technologies over the past
decade, accounting for more than 20% of all grid-related International Patent Families (IPFs), i.e.,
collections of patent applications covering the same or similar technical content. A comparison with
other world regions is provided in Figure 25.
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Figure 25: Share of international patenting (dark green bars) and revealed technology advantage (green
squares) by main world region and main type of grid-related technologies
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between the share of IPFs in a specific technology and the aggregate IPF share across all
technological fields, reported on the right y-axis. The data indicate that the EU patenting activity in
grid-related technologies is approximately 10% higher than the general average. Significant
differences emerge when comparing the physical and smart grids subsets of the considered
patents. EU patents related to physical grids (hardware components) account for more than 25% of
the global total, well above the EU’s overall average share of EU in all technologies. By contrast, EU
activity in smart grid topics is only marginally above the global average. A closer examination of

physical grid patenting provides insights into the penetration of smart features (including GETs)

over time, as reported in Figure 26.
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One of the most notable trends is the increase of smart features in physical grid technologies in
recent years, particularly in areas such as storage integration and transmission/distribution. In the
latter, smart features applied to stationary applications (e.qg., advanced power control and
monitoring) correspond to around 10% of the total. A more detailed view of smart grid patenting
and in particular of selected digital technologies for grids is provided in Figure 27.

Figure 27: IPFs on selected digital technologies for grids
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For example, forecast and decision technologies (including GETs such as DLR and TO) have shown a
sharp increase in IPFs since 2011, with further strong growth observed from 2019 onwards.
However, as shown in Figure 28, the EU’s contribution in this area (around 15%) is below its
aggregate average share outlined earlier in this section. A country-level breakdown highlights
Germany (33%), France (13%) and Italy (4%) as the main EU contributors to IPFs in forecast and
decisions technologies.

Figure 28: Global origin of enhanced electricity grids patents
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4.1.7. Scientific publication trends

A comprehensive analysis of scientific publications that encompasses all GETs is difficult to
conduct, as this categorization often does not appear as a relevant keyword in publication
databases. For this reason, the study has been conducted separately for each of the specific
analysed technologies (DLR, APFC and TO). Two general trends appear quite evident:

1. The scientific output has been steadily increasing since 2001, reaching its peak in the period
2019-2021 and then experiencing a limited decrease.

2. The EU has a strong worldwide leadership in terms of authorship contributions.
A breakdown of the results for each technology is provided next.
Dynamic line rating

DLR scientific publications have increases significantly from 2001, reaching a total of 200 yearly
publication in 2020 (+400%). A slight decrease can be observed from 2021 to 2024 (the last year
with complete data), which may suggest that DLR has reached technological maturity and that
opportunities for further scientific refinements are therefore more constrained.

Figure 29: Number of yearly scientific publications on DLR
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Out of the 2930 considered scientific publications, the most relevant authorship contributor is the EU
(715), followed by China (651), USA (597), India (198) and UK (194).

Advanced Power Flow Control (APFC)

The scientific output related to APFC has been relatively modest, with 496 publications recorded
between 2001 and 2025. The historical trend is broadly similar to that of DLR but, in this case, the
sharp increase in scientific production appears to have started somewhat later (around 2011), and
the annual figures show greater year-to-year variability.
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Figure 30: Number of yearly scientific publications on APFC

451

40 |

354

304

25

20

N A e A T . e < EEE B, B, B, B, Y, D, B,
B B % W W R h R B Y R, B % B % % % % % R R e R Y R

Source: JRC elaboration of Web of Science data

The EU leadership in terms of authorship appears particularly evident in this technology, with 444
contributions in 496 outputs. The second country in terms of contributions is the USA (43), followed
by China (43), UK (35) and Canada (15).

Topology optimization

As in the previous case, also the scientific outputs on grid topology optimization exhibit a
substantial increase from 2011 (5 publications) to 2021 (60 publications). After a small decrease in
2022 and 2023, publications were up again in 2024.

Figure 31: Number of yearly scientific publications on topology optimization
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There is a very strong leadership of the EU in terms of authorship contributions (761 in 675 total
outputs). The second county for contributions is China (53), followed by the USA (39), the UK (22) and
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Switzerland (21). In the case of EU, authorship contributions outnumber papers, as multiple authors
typically contribute to each publication.

4.1.8. Assessment of R&l project developments

Several Horizon Europe activities are investigating a diverse range of different GET-related topics.
Some of the most relevant ongoing projects include InterSCADA (6.7 M€ budget), developing
interoperable and modular AC-DC automation systems, AI-EFFECT (5.7 M€ budget), designing Al-
powered solutions for the energy sector, and eFORT (9.3 M€ budget), focusing on smart digital
platforms for improved safety and reliability of the network.

The research activities in this field are funded by the cluster “Climate, Energy and Mobility”. An
analysis of its 2023-2025 Work Programme (European Commission, 2024) indicates that 5
different projects are specifically addressing research questions related to GET, for a total budget of
39.9M€, of which 33.8 M€ are EU contributions. Other 12 projects tackle related scientific topics,
such as digital twins of the grid, federated data platforms and network monitoring systems, for a
total budget of 106.45 M€ (with 92.15 M€ EU contributions).

4.2. Value Chain Analysis

The deployment of GETs has significant potential to increase the efficiency and capacity of the
European electricity network while reducing costs. If adopted swiftly, GETs could boost overall
network capacity by 10-20% by 2030 and by 20-40% by 2040, according to recent estimates
(Compass Lexecon, 2024).

In terms of costs, the grid investments required to achieve decarbonisation targets are estimated at
€1,000 Bn each for both transmission and distribution networks by 2040, as outlined by
(Eurelectric, 2024). However, the integration of GETs could offer substantial cost savings.
Projections in (Compass Lexecon, 2024) estimate that GETs could reduce the need for physical
network expansion by as much as 35%, translating into approximately €700 Bn in avoided
infrastructure investments by 2040. This evaluation does not account for the deployment costs of
the GETs which, however, are estimated to be cheaper than their equivalent conventional
reinforcements (U.S. Department of Energy, 2022).

In terms of value chain, the large-scale deployments of GETs would reduce the growing demand of
material for network assets, such as aluminium and copper for cables and steel for transformers,
alleviating the associated supply chain criticalities, highlighted for example in (De Paola, Andreadou,
& Kotsakis, 2024)

Despite these promising advantages, several challenges must be addressed to enable widespread
adoption of GETs. One significant obstacle is the current lack of incentives for choosing non-CAPEX-
intensive solutions, which are often deprioritized in favour of traditional capital expenditure
approaches. Additionally, there is insufficient recognition and reward for innovation within the
regulatory frameworks governing the electricity sector. Another critical issue is the incompatibility of
GET with the planning methodologies typically used by network operators, which often do not
account for the flexibility and performance capabilities that GET can provide. The operators in some
cases can be reluctant to adopt relatively untested technology in place of well-established

solutions. Finally, innovative projects frequently face a "death-by-pilot" scenario, where technologies
are tested in isolated pilot projects but fail to achieve broader deployment due to systemic barriers.

55



4.3. EU Market Position and Global Competitiveness

EU companies maintain a strong market position and competitiveness in the GET sector. For what
concerns DLR, several of the leading companies are European, including Microtronics and Micca
Informationtechnology (Austria), Nexans and Ampacimon (Belgium), Gridpulse (Slovenia), Energiot
(Spain), Sentrisense (Sweden), Laki Power (Iceland) and Heimdall (Belgium). Outside Europe, the
most important companies are in the US (LineVision, Atecnum, Lindsey Systems, Luna Innovations)
and Japan (Sumitomo Electric).

European companies maintain a strong position also for APFC solutions. The main European
manufacturers of the necessary grid hardware include Siemens (Germany), Eaton Corporation
(Ireland), Ingeteam (Spain) and Hitachi Energy (Japan, but still Europe-based). Outside Europe, the
main companies are General Electric and Smartwires (USA), Mitsubishi Electric (Japan), Hyosung
Heavy industries (Korea), NR Electric and ZDDQ (China).

The market for Topology Optimization software appears to be quite limited at the moment. From
our research, the only commercial provider with existing operational projects is newgrid (USA).

4.3.1. Global markets and growth prospects

It has not been possible to find data on investment and market size which refer specifically to the
GET sector. However, some relevant information and trends can be inferred from the overall
investments in grid digital technologies, reported in Figure 32.

Figure 32: Worldwide investments in grid digital technologies
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Investments in the Analytics and in the Automation and management systems sector, which
includes GETs such as DLR and APFC, have been growing consistently in the last 10 years. In 2015,
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the total investments for these two categories amounted to about $12 Bn while in 2022 they had
reached a total of $16 Bn (+50%), with a Compound Annual Growth Rate of +4.26%.

Additional information for the specific case of APFC can be derived from recent reports on Flexible
Alternating Transition Systems (FACTS), a broader category of hardware and technological solutions
for regulation and control in transmission lines (Sobhy , Megahed, & Abo-Zahhad, 2021). Recent
reports estimate the 2024 market value of FACTS to be between €1.26 Bn (The Business Research
Company, 2025) and €1.37 Bn (imarc, 2024), with an estimated CAGR over the next 8-10 years
comprised between +5.5% (Verified Market Research, 2024) and +7% (Allied Market Research,
2023). It is reasonable to assume that the growth of the APFC will follow a similar trend, with a
slight increase in CAGR with respect to the +4.26% recorded for the whole grid digital technologies
in the last 10 years. Limited additional information have also been retrieved for the case of DLR. A
recent report (Fact. MR, 2024) states that the current market value for DLR sensors amounted to
€76.3 M in 2024 and is expected to reach €1.32 Bn in 2035, with a CAGR of 29.7%. This growth
rate, significantly higher than in the other analysed sectors, can be explained by the currently small
market size and by the expected widespread commercial implementation of DLR solutions in the
near future.

57



5. Conclusions

As Europe transitions towards a more sustainable energy future, the need for an expanded and
modernized electricity grid becomes increasingly urgent. It is estimated that additional 80 million
km of grid connections will be required worldwide by 2040 to meet decarbonisation targets, with
investments amounting to trillions of euros. In this context, the present report has focused on key
technologies of the grid infrastructure, including established assets (switchgear), increasingly
common technologies (HVDC) and promising new approaches (GETs). The main conclusions
regarding each of the analysed topics are reported below.

HVDC Systems

Most of the HVDC technologies have reached operational maturity, such as converters (both
VSC and LCCs) and MI and XLPE (cables at 320kV). There are still some technologies that
require further validation, for instance HVDC breakers which are still maturing, XLPE cables
for voltages of 525kV and higher, and HTS cables.

Europe holds ~30% of the global HVDC converter station market, with Germany (20%) and
the UK (15%) leading investments. Europe is the second market player globally in HVDC
converters after the Asia Pacific region. Key European companies in HVDC cables include
NKT, Nexans, Stidkabel, and Prysmian.

There is no data regarding RD&I on HVDC technologies in Europe

Europe’s HVDC Cables Market was valued at USD 4.7 billion in 2023 and is anticipated to
grow at a CAGR of 19% from 2024 to 2032, complemented by the increasing focus on
deployment of renewable energy sources together with grid modernization.

Europe is facing resource dependencies in relation to HVDC technology. Critical raw
materials such as copper, intermediate products such as aluminium and steel, essential
components such as IGBT and semi-conductors all constitute scarce resources with
sovereignty risks for Europe. Furthermore, patent leadership by China (State Grid, CSG) and
the U.S. (General Electric) highlights EU reliance on non-European innovators.

Switchgear

The Technology Readiness Level for switchgears is: TRL 9 for typical MV and HV
switchgears. For switchgears built with novel technologies and insulating materials with low
environmental impact, like SF6-free switchgears, the technology readiness level is lower.
TRL 7 - 8 for MV and HV SF6-free switchgears and TRL 5 - 6 for extra HV SF6-free
switchgears.

The worldwide switchgear market is in the USD 100 billion range, with different sources
giving different values and values for 2024 fluctuating from EUR 88 - 150 billion. It is
estimated that it will grow to around 200 billion dollars for 2032 - 2034.

All regions, Asia Pacific, Europe, North and South America, Middle East and Asia are
reporting growth in the switchgear market, with Asia Pacific expected to be the fastest
growing region for the switchgear market.
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The major players in the switchgear market are: ABB, Siemens, Schneider Electric, General
Electric, Eaton Corporation and Hitachi.

The annual extra EU trade balance is positive and estimated at around EUR 450 - 650
million for the last decade, with the value for 2024 at 556 million euro. The top countries
within the EU are Italy, Germany and France. At worldwide level, China is the major exporter
of switchgears.

The total production in the EU for switchgears accounts to EUR 3381 million for 2024. The
leading countries are Italy and Germany.

Grid-Enhancing Technologies

GETs can potentially reduce the need for physical grid infrastructure expansion by up to
3509, alleviating supply chain issues for grid assets and delivering significant economic
savings through avoided infrastructure investments.

Europe holds a leading position in the research and development of GETs, as confirmed by
several metrics for scientific publications, public RD&I funding and patenting.

This leadership is generally reflected in the strong market position of the European
companies, particularly in the areas of DLR and APFC. The situation is less clear for TO
software, where the market and competitive landscape appear less mature.

Some barriers remain to the rapid uptake of GET solutions. The main regulatory obstacles
include the lack of incentives for system operators to adopt non-CAPEX-intensive solutions,
and the absence of reward mechanisms for innovation. Additional challenges include the
incompatibility of GETs with some of the current planning methodologies and the recurrence
of “death-by-pilot” scenarios, where it is difficult to demonstrate the transition from re-
search to commercialization.
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