e-HIGHWAY 2050

Modular Development Plan of the Pan-European Transmission
System 2050

Contract number 308908 Instrument Collaborative Project

Start date 1st of September 2012 Duration 40 months

WP 3 Technology portfolio to meet the 2050 scenarios

D3.1 Technology assessment from 2030 to 2050

SEVENTH FRAMEWORK
PROGRAMME

P HicH Ware
o 2050

Revision: Final

Due date of delivery: 315t August 2014

Revision Organisation Date
Written by A. Vafeas, T. Pagano, E. Peirano (Technofi) 25-07-2014
Checked by E. Peirano (Technofi) 29-08-2014
Validated by G. Sanchis, B. Betraoui (RTE) 10-10-2014

Project co-funded by the European Commission within the Seventh Framework Programme

Dissemination Level

PU Public X
PP Restricted to other programme participants (including the Commission Services)

RE Restricted toa group specified by the consortium (including the Commission Services)

co Confidential,only formembers of the consortium (including the Commission Services)




e-Highway2050 - D3.1

Document information

General purpose

Deliverable 3.1 (D3.1) deals with the assessment of the most impacting technologies for the power
systeminthe EU28 at the 2050 time horizon. The scope of power systemtechnologiesis the following:
generation, storage, transmission (passive and active transmission technologies) and demand.

The assessment of the power system technologiesconsistsin the construction of a database displaying
variables (i.e. technical performances, costs, environmentalimpact, etc.) that characterize the different
technologies from todayto 2050. The core of the deliverable provides general principles explaining how
the database was designed and populated with data. A dedicated chapter addresses the costs of
transmission technologies.

The present document is complemented by annexes. These annexes are organized in pairs, i.e. a TAR
(Technology Area Reports, Word files) with a database (Excel files). A TAR addresses a particular
technology or a set of technologies, for example HVDC converters, and provided explanations on the
hypotheses, methodologies, models, etc., used to build the associated database (Excel file). The
collection of all Excel files constitutes the e-Highway2050 technology data base.

The results displayed in D3.1 result from a collective work performed within Work Package 3 under the
management of TECHNOFI.

Disclaimer

The techno-economicdatabase developedand presented in D3.1addresses the technology input data
needs whichthe project’s partners will use to meet some of their computationaltasks. Atthe time of
submission of D3.1 (August 2014), these computational tasks are ongoing, thus contributingto a
pragmatic validation of these input technical and cost data (with a specific attention paid with
transmission technologies). Numerical results coming from such intensive computations may show
specificsensitivity to some of the data sets (especially costs) and/or the needforextra datato address
a limited number of new technologies. Under such circumstances, the deliverable D3.1 will be
upgraded accordingly with relevant addenda. Consequently, D3.1 might be complemented by the end
of the computational tasks with this set of addenda.

Key contributors

Data gathering:
- Generation: Eurelectric/VGB Power Tech, EWEA, IEN.

- Storage: Eurelectric/VGB Power Tech and University of Comillas.
- Demand: TECHNOFI.
- Transmission: Europacable, T&D Europe, TSO Pool (Amprion and RTE).

Quality review:
- WP3: RSE, RTE, KUL, TECHNOFI (Quality Pool), Amprion and three internal workshops (WP3
partners).
- Stakeholders’ feedback: 15" April 2014 workshopin Brussels.
- E-Highway2050: according to the quality rules set by the project (Quality Management Plan).

Confidentiality

D3.1 was confidential untilthe project end. Project partners agreedfora public access afterthe project
end.
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Executive summary

Deliverable 3.1 (D3.1) deals with the assessment of the most impacting technologies for the power
systeminthe EU28 at the 2050 time horizon. The scope of power systemtechnologies is the following:
generation, storage, transmission (passive and active transmission technologies) and demand. This
assessment consists in the construction of a database displaying data (i.e. technical performances,
costs, environmental impact, etc.) that characterize the different technologies for the next four
decades, i.e. fromtoday to 2050. The construction of the techno-economicdatabase is the resultofa
collective work performed within Work Package 3 underthe management of TECHNOFl and involving
key European stakeholders of the electricity value chain (manufacturers, TSOs, academia).

The technology assessment reflects the common views of the e-Highway2050 experts regarding the
most likely evolutions of the selected technologies mainly in terms of technical performances,
maturity, and costs, thereby providing the project partners with datato feed the different simulation
tasks (e.g. scenario quantification, grid simulations, cost benefit analyses).

The data gathering process for generation and storage technologies was mainly carried-out by a
professional association, partner of the project (Eurelectric with its subcontractor VGB Power Tech)
and an academic institution (University of Comillas) for electrochemical storage technologies. A
professional association (EWEA, European Wind Energy Association) delivered the data for wind
energy. The Institute of Power Engineering (IEN) completed the data sets for generation with spedific
data related to biomass-fired CHP (combined heat and power) plants. The data gathering process for
demand-side technologies (electric vehicles, heat pumps and lighting) was performed by TECHNOFI.
Fortransmission technologies,data were provided by T&D Europe for active transmissiontechnologies
(HVDC converters, FACTS, transformers, etc.), Europacable for cables (passive transmission
technologies) and a pool of TSOs (RTE and Amprion), partners of the project, for overhead lines
(passive transmission technologies).

The construction of the data base was implemented by performing tasks relevant for the following
three steps: 1) selection of a set of technologies relevant for the e-Highway2050 context (scenarios),
2) selection of aset of variables (costs, performances, etc.) foreach technology, and 3) construction of
the trajectories (from today to 2050, for each decade, i.e. today, 2020, 2030, 2040, 2050) for each
variables and each technology. The main conclusions and outcomes of this construction process are
detailed hereafter.

Generation technologies

Eurelectric/VGB Power Tech proposeda qualitative technology assessment of a portfolio of generation
technologies considered as relevant for the project. Levelized costs of electricity (LCOE) were provided
for each generation technology (2013 figures and estimated figures for 2030 and 2050). Thanks to a
specificmethodology, allowing variance reduction, the accuracy range for the proposed 2050 figures
remains within a £20% range, as maximum deviation.

An evaluation of the innovation and improvement potential of generation technologies at the 2050
time horizon was also proposed following a consistent approach based on the identification of the
main factors impacting the improvement potential (and the costs) of generation technologies.

Carbon Capture and Sequestration (CCS) For hard coal, lignite and gas turbine power plants with
CCS, several options are possible. The technology to be implemented will probably be the well-
known post-combustion technique. Future demonstrations shall focus on system optimizationand
improvements are expected in terms of component design (increase of efficiency, material
development) and simplification of the overall design. The investment costs could be reduced, for
instance for of a hard coal power plant with CCS, one could reach about 2600 €/kW, in 2050 (3000
€/kW, today).
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Photovoltaic The Eurelectric/VGB Power Tech assessment of future investment costs for PV power
plants was subject to debate: a target of 1600 €/kW, at 2050 was proposed, even though this
target is already reached today. Experts argued that this conservative position (building on a
scenario where market economy prevails, i.e. there are no incentives along the whole PV value
chain) could be challenged by a study (yet to be published) by Energiewende and the Fraunhofer
Institute where projected costs could reach vales much lower than the ones observed today.

Wind power Wind energy manufacturers foresee bigger, lighter and more cost-effective wind
turbines forthe nextdecades. Improvements are expected in more adapted wind turbine designs
for large-scale offshore operation while low wind speed sites will be developed onshore. The
industry expects a major trend to easy-to-maintain and more reliable systems with the aim to
reduce the amount of moving parts through the evolution of drive trains and conversion systems.
The main innovations will be driven by materials, structural design and composites breakthroughs.

Electricity demand-side technologies

A two-step methodology was developed around the concept of criticality of an end use [the criticality
of a given end-useis characterized in terms of energy (volume of electricity consumed) or power (load
profile)]. This approach supported the selection of the mostimpacting demand-side technologies with
regard to the forecasted electricity consumption at 2050. Three demand-side technologies were
selected: heat pumps for space heating/cooling end uses (residential and commercial sectors), electric
vehicles (EVs) for the electro-mobility end-use (transport sector); LED/OLED technologies for the
lighting end use (residential and commercial sectors).

ForEVs, the total electricity demand in 2050 could range from 200to 300 TWh/year, with a penetration
of Battery EVs (BEVs) ranging from 50 to 160 million units. Regarding heat pumps, a strong consensus
exists among experts on the improvement of performances (Coefficient of Performance) in both
heating/cooling modes by 2050, despite some different appraisals of the extent of the performance
gains (+20 to +60%). Electricity demandrelated to heat pumps could range from 170to 300 TWh/year.
For the lighting end-use (LED), a reduction by a factor 4 in terms of electricity consumption seems
achievable at the 2050 time horizon.

Electricity storage (centralized and decentralized) technologies

Three technologies of electricity storage have been considered: PHS (Pumped Hydro Storage), BESS
(Battery Energy Storage Systems), and CAES (CompressedAir Energy Storage) technologies. The future
deployment of such technologies depends on the evolutionof some drivers, exogenous to the storage
industry, e.g. the penetration of electric vehicles and intermittent renewable energy sources, the
emergence of smart and micro grids and the evolution of the regulatory context.

For BESS, the forecasted development, in terms of costs and performances, slows down at around
2020 or 2030 since the progressin mature technologies should saturate after roughly twenty years of
development. For diabatic CAES, relatively flat costs and performance profiles have been adopted to
describe future trends since the technology is relatively mature, and no significant changes are
expected. Foradiabatic CAES, costs and performancesimprovements are expected up to 2030 thanks
to a larger market and economies of scale. Most components are already available and only
incremental innovations are foreseen. After 2030, costs and performances should remain unchanged.
It is foreseen that the improvements in design and performance will be offset by the increasing
intensity of operations due to the penetration of renewables.

Passive transmission technologies
Cables

At the 2050 time horizon, the most significant progress is expected forthe HVDC XLPE technology.
Research and Development in Mass Impregnated (MI) HVDC cables has already reached an
asymptote and no significant improvement are expected in the future. For XLPE HVDC cables,
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voltage levels of underground and underwater links should increase considerably and with
switchgear equipment gaining market experience, meshed HVDC networks will thus become
available. These technologies will facilitate the building of an HVDC overlay network, which will be
a significant contribution to future full integrated electricity markets in Europe.

The majortechnical evolution expected for XLPE HVAC cables isan increasein transmission capacity
beyond today’s 500 kV technology. With these improvements, partial undergrounding solutions
will complement overhead lines in sensitive areas thus strengthening Europe’s meshed AC
transmission networks.

High Temperature Superconducting (HTS) cables will eventuallybecome available and Gas Insulated
Lines (GIL) may be deployed, both in specific projects but not in an electricity highways context.

Overhead lines

Designing an overhead line (OHL) will remains a difficult optimization exercise which is specific for
each reinforcement project. One should take into account many factors such as the type of
conductors, the tower design, the environmental issues (including social acceptance), etc., while
minimizing costs.

Differentreinforcement solutions are possible for HYDC OHLs, ranging from 320 kV to 1100 kV. For
the standard reinforcements to be considered for HYAC OHLs, two-conductor technologies (AAAC
and ACSS) are proposed for double circuit OHLs at 400 kV (4 conductor bundle), with a possible
extension at 750 kV if proven necessary in the grid simulations and cost benefit analyses to come.

Active transmission technologies

The portfolio of active transmission technologies is integrated in the database according to different
families: HVDC converters (VSC and CSC), FACTS (shunt and series compensation), transformers (PST
and tap changers) and breakers, and protection and control.

For HVDC systems, an increase of the existing rated voltage and power is expected. Incremental
improvements of CSC (Current Source Converter) technologies are foreseen from today’s levels. In
parallel, the performances of the VSC technology (Voltage Source Converter) will be significantly
increased (higher capacity, lower losses) at a level close to the conventional CSC technology. As a
consequence, VSC could become the predominant HVDC technology in Europe at the 2050 time
horizon.

For FACTS, the SVC technology, as a mature technology, will experience incremental improvements
while the STATCOMtechnology could seesignificant incremental improvements (higher rated voltages
and powers with decreasing losses). FACTS deployment should be accelerated in Europe and with a
constant growing penetration of shunt FACTS, while series FACTS may becomealso an option for TSOs
in the future.

Both Phase Shifting Transformers (PST) and tap changers are conventional and mature technologies.
Incremental improvements will therefore be driven by evolutions of market requirements.

For protection (at substation level and at system level), there will be a need to adapt protection
components and systems to new market requirements. New material could emerge, which changes
the possibility to commercialize solutions, such as Fault Current Limiters (FCL) with superconductive
materials.

Future costs of transmission technologies

Estimating likely evolutions of costs of transmission equipment, beyond a short-term “grid planning”
time horizon, remains a complex exercise. Several sources propose models for estimating costs of
technologies according to their maturity. Theselearning curve or experience curve based modelshave
been exploredin-depthforgeneration and demand technologies. Theypredict cost dropping rates per
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time period according to the market penetration of the technologies. Scientific literature the on
experience curve approach applied to power transmission is less abundant?.

Predicting costs of transmission technologies is a difficult exercise since several exogenous factors
mightsignificantly impact the forecasts, i.e. the prices of commodities such as copper (cost multiplied
by a factor 3 in few years) or the price of oil. Furthermore, each transmission project is very spedific
andthe costs depend largely on the selected technologies and on local constraints(terrain, labor costs,
social acceptance, etc.). When considering the cost structure of transmission project, one can observe
that the variations in costs due to different initial conditions (terrain, etc.) can offset by an order of
magnitude the uncertainties related to the forecast exercise. This means that a lot effort should be
spent on the initial conditions, i.e. attention must be paid to at least two key factors: the arche typal

configuration (the precise description of the installed transmission system) and the geographical factor
(terrain).

Time evolution of cost trajectories can then be modelled by a systematic breakdown of costs in five
distinct components (equipment, installation, civil work, project management, authorizations and
right of ways) whose evolutions can be calculated thanks to tentative forecasts of a series of indices:
commodity prices for energy and metals, labour and engineering costs as well as dropping rates
(experience curve approach or other proxy).

If costs need to be forecasted fora variant of a given archetype, itis proposed to resort to multipliers,
e.g. for other power, terrains, conductors, etc.

1 One could mention the FP7 EC-funded IRENE40 project aiming at building a technology database of power transmission
systems with simple cost evolution models until 2050.
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Glossary and acronyms

Database

Data type

Datasheet

TAR

TRL

A comprehensive set of data for each decade (from today to 2050) characterizing
power system technologies (organized per technology and data type).

Classes of data such as technical performances, environmental impact and public
acceptance, costs (there are eight data types).

Excel file including a set of data for one technology retained in the e-Highway2050
scope. ltis related to a Technology Assessment Report (TAR).

Reportdetailing the assumptions and comments relative to the data displayedin the
datasheet(s).

Technology Readiness levelis an index used to assess the maturity of each evolving
technology during its development and in early operations.

Technology Area

The scope of power system technologies is organized according per function:
generation, storage, transmission and demand. Seven technology areas have been
considered in the e-Highway2050 project.

Generation technology area

A generationtechnologyisany centralized or decentralized power technology generating electricity.

RES
PV
csp
OCGT
CCGT
IGCC
CFBC
PFBC

Nuclear Power

Cccs

Renewable Energy Sources

Photovoltaic

Concentrated Solar Power

Open Cycle Gas Turbine (steam turbine and combustion turbine)
Combined Cycle Gas Turbine

Integrated Gasification Combined Cycle
AtmosphericCirculating Fluidised Bed Combustion

Pressurised Fluidised Bed Combustion

Generation 1: early prototypes, all nuclear reactors before 1967.
Generation 2: commercial power nuclear reactors built between 1967 and 1996.

Generation 3: advanced Light Water Reactors built between 1996 and 2011. Based on
developments of generation 2 with significant evolutionary design improvements.
Generation 3+: evolutionary designs. Improvements of generation 3 (economics and
safety).

Generation 4: nuclear reactors under research, not expected for commercial
exploitation before 2030.

Carbon Capture and Storage (or sequestration) is a process capturing waste CO, from
large pointsources, such as fossil fuel power plants, transporting and depositing it to
a storage site with no possibility to enteragaininthe atmosphere.

Storage technology area

In thisreport storage refersto electricity storage technologies (both centralised and decentralized).

BESS
SOH

Battery Energy Storage System
State of Health
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SOC

ESG

ESS

PHS

SMES

CAES

A-CAES
AA-CAES
PEMFC, SOFC

D3.1

State of Charge

Energy Storage Generation

Energy Storage System

Pumped Hydro Storage

Superconducting Magnetic Energy Storage

Compressed Air Energy Storage

Adiabatic Compressed Air Energy Storage

Adiabatic-Air CAES.

Proton exchange membrane fuel cell (PEMFC) and Solid Oxide Fuel Cell (SOFC)

Demand technology area

Demand-side technology

Any technology consuming electricity.

Demand-side enabling technology

Sector

Technologies needed to monitor and control demand-side technologies, e.g. smart
meters, concentrators, communication channels and protocols, etc.

Residential, Commercial (sometimes called Services), Industry and Transport sectors
are considered.

Electricity end-use

Electricity is consumed in a variety of uses by technologies, appliances, devices,
processes. Electricity end-uses represent a segmentation of these uses by final
consumers in the residential, commercial, industry, transport sectors.

“Technology mix” of an end-use segment

Criticality

Volume effect

In a given end-use segment, the typical technology/appliances/device consuming
electricityis called the typical average “technology mix”: it should be understood as a
theoretical “average” system addressing the considered electricity end-use.

A criticality is any major modification of the demand main characteristics at different
time and space scales (daily load curve, yearly consumption, etc.) resulting from the
use of electricity, following an evolution of a demand-side technology or of a typical
use. Criticality might result either from a significant evolution of a given end-use
(decrease or expansion of the end use), or from the evolution or emergence of a
specific technology meeting this end-use (evolution of performances or new
technology).Therefore,the criticality can be related to energyor power (load profile).

Criticality is measured by the threeindicators definedbelow: “volume effect”, “energy
efficiency improvement effect”, “load controllability potential”.

For the residential sector, number of units of typical technologies/appliances/devices
required to meet a given end-use (in EU27 in 2050). It is thus defined by a
dimensionless number characterizing the energy consumption of the considered
electricity end-use segment (in EU27 in 2050) assumingatypical average “technology
mix”. This definition is generalized to the commercial and industrial sector.

Efficiency improvement effect

Itis characterized by the evolutions of alevel of electricityconsumed per unit over the
period 2012 to 2050, where a unit is a typical average technology mix meeting a
considered end-use.
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Load controllability potential

Drivers

It measuresthe ability of aremote operatorto control part of the load of a given end-
use.

Drivers are factors impactingthe electricdemand at 2050. They have been organized
into four categories: technology efficiency (improvement of electricity consumption
due to incremental innovation or a breakthrough technology), socio-economics and
demography” (any evolution of the end-user’s electricity needs in nature or in
volume), shift to/from electricity (any change in electrification or new uses -or shift
fromindustry toservices-)ICTand power (expected convergence of the ICT world and
the power system, which will overall increase the ability to control the electric load).

Transmission technology area: lines

OHL

HTC

HVAC
AAAC
ACSS
ACSS/TW
ACCR
ACCC
MMC
PMC
TACSR
KTAI
KTACSR
GTACSR
GZTACZR
TACIR
TACSR
TAl
ZTACSR
ZTACIR

Overhead Lines. Conductors caring electricpower (withtheirassociated technologies:
towers, isolators, etc.) under given operating conditions (voltage, current, climatic
conditions such as temperature).

High Temperature Conductor. Conductors capable to withstand high operating
temperatures, and allowing higher current density than conventional conductors at
equal cross sectionresultinginahigherpowertransferonaline. Several types of high
temperature conductors can be considered such as ACSS, ACSS/TW, ACCR, ACCC,
GZTACSR, KTACSR, ZTACSR, ZTACIR.

High Voltage Alternating Current

All Aluminum Alloy Conductor

Aluminum Conductor Steel Supported

Aluminum conductor Steel Supported, Trapezoidal shaped Wire strands
Aluminum Conductor Composite Reinforced

Aluminum Conductor Composite Core

Metal Composite Conductor

High Performance Organic Composite Core conductor

Thermal resistant Aluminum alloy Steel reinforced

High Strength Thermal Resistant Aluminum Alloy

High strength thermal resistant Aluminum alloy Steel reinforced

Ultra thermal resistant Aluminum alloy Steel reinforced

Gap type Ultra thermal resistant Aluminum alloy Steel reinforced

Thermal Resistant Aluminum Alloy Conductor, Invar Reinforced

Thermal Resistant Aluminum Alloy Conductor, Steel Reinforced

Thermal-resistant Aluminum (aluminum zirconium alloy)

Aluminum Clad Steel Reinforced

Aluminum Clad Invar Reinforced

Transmission technology area: cables

AC
CIGRE
DC
DTS

Alternate Current
International Council on Large Electric Systems
Direct Current

Distributed Temperature Sensing
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EHV
GIL
GW
HTSC
HV
HVAC
HVDC
IEC
IGBT
LCC
mi
MVA
MVAR
Mw
N,
PD
SCFF
SCFF-PPL
SFe

U

Uo
Um
XLPE

Extra High Voltage

Gas Insulated Line

Giga Watt — power unit

High Temperature Superconductor Cable
High Voltage

High Voltage Alternate Current

High Voltage Direct Current

International Electric Commission
Insulated Gate Bipolar Transistors

Line Commutated Converters

Mass Impregnated

Mega Volt Ampere — Apparent power unit
Mega Var — Reactive power unit

Mega Watt — active power unit

Nitrogen

Partial discharges

Self Contained Fluid Filled

Self Contained Fluid Filled - Paper Polypropylene Laminated
Sulfur Hexafluorid

AC Rated Voltage Phase to Phase

AC Rated Voltage Phase to Ground
Maximum AC Rated Voltage Phase to Phase
Cross Linked Polyethylene Insulation

Transmission technology area: active equipment

HVDC Converters Components (CSC and VSC) used to convert electrical current from Alternating

CsC

VSC

FACTS

PST

Current (AC) to Direct Current (DC) mode and vice-versa.

Current Source Converters. Conventional, mature and well established HVDC
converter. CSC require a synchronous voltage source. CSC s also known as LCC (Line
Commutated Converters).

Voltage Source Converters are self-commutated converters using devices? suitable for
high power electronics applications. The VSC technology can rapidly control both
active and reactive power independently from each other.

Flexible Alternating Current Transmission System. A power electronic based system
and other static equipment that provide control of one or more AC transmission
system parameters to enhance controllability and increase power transfer capability
(IEEE). The main FACTS technologies can be classified in shunt controllers, able to
provide reactive power compensation and voltage control, series controllers suitable
for a more effective control of active power flow ratherthan shunt device and hybrid
type controllers.

Phase Shifting Transformer

2 Gate Turn-Off (GTO) thyristors, Integrated Gate Commutated Thyristor (IGCT) and Insulated Gate Bipolar Transistor (IGBT)
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RTTE Radio and Telecommunications Terminal Equipment refers to different solutions for
line measurementin the system. Thesetechnologies are the information transmission
media that is used to transport data between different nodes in the transmission
system and the protection and control s centers that is built up in the systems.

RTTR Real Time Thermal Rating

PMU Phasor Measurement Unit. Measures the voltage and current simultaneously in a
node and time stamps this measurements by a GPS clock signal.

SvC Static VAR Compensator
STATCOM STATic Syncrhonous COMpensator

WAM Wide Area Monitoring. Data concentrator components that receive the information
fromall connected PMUs and then transform the datato a ‘real -time’ view of all power
flow and voltage and phase angles in the system.

Common glossary
Archetype: A very typical example of a certain person or thing (Oxford dictionaries)
Archetypal configuration:

Formulation used in this study to specify a particular technology with well-defined
characteristicsin orderto be able to provide a cost estimation as of today (and in tum
cost projections). The term technology variant is also used as a synonym.

Technology family and variant

Classes and sub-classes respectively of a technology area. Example: for the storage
technology area, BESS is a technology family and Lithium lon batteries represent a
variant.

Contextualisation

Contextualization means the fine-tuning of the values of a given variable describinga
set of technologies at the 2050 time-horizon (for instance, costs or efficiency)
according to a given e-Highway2050 scenario.
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1 Introduction

1.1 Purpose

Thisdocumentaims at characterizingthe generation, storage and demand-side technologies selected
by the e-Highway2050 project in Work Package 1 (WP1). It consists of a series of technology
assessment reports and of a techno-economic database organized by technology (these reports and
data sheets are provided in electronic form as annexes: a complete list of the different filenames is
giveninchapter 7). The database coversthe nextfourdecades, inline with the e-Highway2050 scope
(from today to 2050). More specifically two complementary objectives are addressed in the present
report:

- to provide other Work Packages of the project with valuable information on cost and technical
performances of power system technologies, e.g. with estimations of a level of uncertainty and
the underlying assumptions for the next decades;

- to provide the power system stakeholders with structured information on cost and technical
performances of technologies beyond the end of the project according to the exploitation rules
which will be agreed upon before the project completion.

The database characterizing most technologies relevant for the power system ata mid/long-term time
horizon (over the next four decades) should provide answers to the following questions, consistent
with the two above mentioned work packages objectives.

For the e-Highway2050 partners:

- Which technologies are the most likely to play a significant role in the next decades forthe power
system (from generation to demand including storage and transmission)?

- Fora given technology considered as of interest for the power system at that time horizon:
o What could be a likely evolution of costs (CAPEX/OPEX)?
o How could this technology evolve (development and technological evolutions) ?

- What is the degree of uncertainty on the provided figures?

- To which extent the values provided by the partners in charge (mainly professional associations
representing manufacturers) of the data gathering process are representative of a wider
perspective gathering all stakeholders of the electricity value chain?

For stakeholders of the power after the end of the e-Highway2050 project:

- How will the e-Highway2050 database be updated and by whom?
- Who will be granted access to the database?

This second list of questions will be addressed according to the project exploitation rules to be agreed
upon by the e-Highway2050 consortium before the project end.

1.2 General organisation of the deliverable
The present deliverable is organized in two parts.

- A main document focusing on the description of the technology areas at 2050 as well as the
rationale for selecting/prioritizing the related portfolio of technologies.

o Chapter 2 recalls the challenges of the European power system and the e-Highway2050
scenario-based approach to address the possible evolutions at the 2050 time horizon. It
alsoincludes an overview of the impacts of each retained scenario on the technologies to
be considered and the methodology used to build the technology database.

o Chapters 3 detailsthe architecture of the database and the management of uncertainties.
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o Chapter4explainsthegenericprocessfor gathering, building, and cross-checking the data.

o Chapter5focuses onthe approach followed to forecast trajectoriesof costs for aselection
of transmission technologies and systems.

o Chapter 6 describes the quality process to validate the data.

o Chapter 7 explains how to use the database.

- Annexes which are organized per provider

Key contributors are detailed below. The corresponding matrix between technology areas and key
providersis asfollows, cf. Table 1. TALmeans Technology Area Leader, i.e. the partnerin charge of the

data construction process for the technologyorthe family of technologies; ¢ means contributor to this
process and the r refers to a reviewer activity.

Table 1 —Key providersand role in the data construction process

PARTNER VG8 u. EUROPA |  T&D 50 UALITY
TECHIN0| / Ecﬂ*;féE EWEA | TECHNOFL | comiias | BN | casLe | europe | pooL QPOOL
SUPPLY BLOCK/ FOSSIL
FUEL TAL r
SUPPLY BLOCK/

NUCLEAR AL r
SUPPLY BLOCK

RENEWABLES:/WIND ¢ TAL r
SUPPLY BLOCK: OTHER

RENEWABLES Lt r
SUPPLY BLOCK: CHP TAL c

DEMAND TAL C cr
STORAGE ¢ TAL

TRANSMISSION: LINES TAL r
TRANSMISSION: CABLES TAL or r
TRANSMISSION:ACTIVE ¢ TAL or r
OPEX-DRIVEN INNOV. c r

For generation and storage technologies, the data gathering processwas carried-out by a professional
association and its members, partner of the project (EURELECTRIC - VGB Power Tech) and an academic
institution (University of Comillas)for data on battery storage technologies. A professional association
(EWEA) provided inputs regarding wind energy. Current involvement of WP3 partners includes also
the Institute of Power Engineering (IEN) on the data trajectories 2013-2050 of combined heat and
power generation technologies.

The data gathering process for demand-side technologies was carried out by Technofi.

For the transmission technology area, the involved partners were T&D Europe foractive transmission
technologies, Europacable for cable technologies and a pool of TSOs partners (the TSO pool) of the
project for overhead lines.

A listof annexesis given hereafter (a complete list of the different filenames is given in chapter 7).

- For _Generation: the Eurelectric-VGB Power Tech report is supplemented by a series of
corresponding datasheets® which detail the characteristics of the selected technologies. The TAR
on Wind Energy has been written by the European Wind Energy Association (EWEA).

- ForStorage:the Comillas University report on electrochemical storage is supplemented by a series
of corresponding data sheets which detail the characteristics of the selected storage technologies.

3 Data sheets: Excel fileswhere the data is displayed (cf. chapter 7)
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- For demand-side technologies: a methodological report details the rationale for selecting the
critical end-uses and related demand-side technologies. For each of the three selected demand-
side technologies, aTAR describes the specificassumptions for gathering, building, cross-checking
and validating the data. These reports are supplemented by associated data sheets.

- For passive transmissiontechnologies: EUROPACABLE’s TAR on cable technologies, supplemented
by a series of corresponding data sheets, details the characteristics of the selected cable
technologies. The TAR on overhead lines, supplemented by a series of corresponding data sheets,
details the characteristics of the selected overhead line technologies.

- For active transmission technologies: T&D Europe’s TAR is organized per family of technologies
(e.g. transformers, FACTS, etc.) and supplemented by a series of corresponding data sheets.

A specific work compiling available literature on costs of transmission technologies and their likely
evolutions over the 2013-2050 period has been carried out by Technofi. It is detailed in chapter 5.

1.3 Approach

The technology assessment reflects the common views of the e-Highway2050 experts about the main
evolutions of the selected technologies in terms of technical performances, maturity, and costs. In
particular, the construction of the database was a collective process involving the key stakeholders of
the electricity value chain (manufacturers, TSOs, academia) and available scientific and technical
literature.

Data gathering, modelling and calculations were mainly ensured by professional associations per
domain of expertise: Eurelectric (generation and storage), EWEA (wind power), IEN (CHP), University
of Comillas (storage), T&D Europe (active transmission technologies), Europacable (cables), RTE and
Amprion (overhead lines) and TECHNOFI (demand). The data validation tasks were carried out by the
e-Highway2050 consortium members (via a Quality Pool including project partners and intemal
workshops) as well as by external stakeholders via a dedicated workshop held on April 15% 2014 in
Brussels.

It should be noted that for some specific renewable energy technologies (wind power and CHP with
biomass), different points of view from professional associations (either partners of the e-
Highway2050 consortium or external actors) have been gathered and presented. In orderto take into
account complementary or possibly divergent visions regarding future evolutions of these
technologies on cost and performances until 2050, it was decided to present these specific point of
viewsin separate reports ratherthan synthetizing an “average” view (i.e. EWEA report on wind power
and IEN report on biomass-fired CHP). In case of possible dissent, the point of view of the technology
leader (TALin the Table 1 above) should be retained.

The specifications of the database resulted from an inter-WP task, including mainly leaders of Work
Packages WP1, WP2 and WP6, as the first users of the database. Indeed, the present work is closely
related to the WP1 deliverables on scenario definition and boundary conditions.

Possible adjustments of some data might be necessary duringthe final year of the project to take into
account specificneeds of the e-Highway2050 partners in charge of the simulations. As aconsequence,
the present report will be amended when required.

In the following chapter, a link between the five e-highway2050 scenarios and the selected sets of
technologies is provided. This will help the reader to consider the present deliverablein a general
framework.
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2 The technology database in the 2050 vision of the power system

The technology (generation, transmission, storage, demand) database is an enablingtool in support of
other critical tasks of the project, in particular simulations tasks where techno-economic data is
neededto carry out scenario quantification computations, system simulations, cost benefit analyses,
etc., cf. Figure 1. The database is also closely related to the e-Highway2050 scenarios since the
rationale forselecting the technologies of interest forthe power system at 2050 has been built upon

Scenario \>
Figure 1: The e-Highway 2050 general process

definition /'>

2.1 Thefiveretained e-Highway2050 scenarios

Five “extreme butrealistic” scenarios have been built as a result of a process combiningthe so-called
Strategies (endogenous options upon which decision makers have control) and Futures (exogenous
uncertainties upon which decision makers have no control). The key criterion for such a process was
to retainthe most challenging scenarios with respect to theirimpact on the powersystem at 2050, cf.
Table 2. The five retained scenarios therefore define an envelope of possible extreme evolutions for
the powersystem at 2050: whateverthe comingevolution of the powersystem at 2050, the resulting
constraints on the grid will always be less stringent than the ones resulting from these extreme
scenarios.

Table 2 - The five e-Highway2050scenarios

Scenario title

Scenario short description

Challenges for the grid

Large scale RES: focus on the deployment of large-scale
RES technologies. A high priorityis given to centralized
storage solutions accompanyinglarge-scale RES
deployment.

High level of electricity
demand. High variability due to
renewable generation to be
balanced.

Big and
mar ket

High GDP growth and market-based energy policies:
Internal EU market, EU wide security of supplyand
coordinated use of interconnectors for cross-border
flows exchanges in EU. CCS technology is assumed
mature.

Increase of electricity demand.
Variability in generation to be
balanced.

Large
fossil
fuel

Large fossil fuel deployment with CCS and nuclear
electricity: electrification of transport, heatingand
industryis consideredto occur mainlyatcentralized
(largescale) level. No flexibility is needed sincevariable
generation from PV and windis low.

Increase of electricity demand.

100% RES electricity: 100% renewable electricity with
both largescaleand small-scalegeneration units, as well
as links with North Africa. Both large-scaleand small-
scalestoragetechnologies areneeded to balancethe
variabilityin renewablegeneration.

High level of electricity
demand.

High variability in generation to
be balanced.

Small and local: the focusis onlocal solutions dealing
with de-centralized generation and storage, as well as
smartgrid solutions mainly atdistribution level.

Lower electricitydemand but
high level of renewables.
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2.2 Resulting technology challenges per scenario

For each of the five scenarios, some general considerations can be anticipated with respect to the
expected constraints for the grid:

- higherlevel of electricity demand mainly due to new uses and electrification of transport/heating
forinstance,

- increasing needs for balancing due to the intrinsic intermittency of renewable generation,

- increasingrole of the distribution grid in case of massive penetration of decentralized generation
and/or decentralized storage,

- possible new imports of electricity from neighbouring macro-area (Africa for solar power and
North Sea wind power).

The table below lists the criticality of technological challenges pertechnology areafor each of the five
retained e-Highway2050 scenarios. Some examples (non-exhaustive list) of typical technological
solutionsthat need to be considered forthe pan-European power systemat 2050 are highlighted. This
analysis will guide the rationale for selecting the most relevanttechnologies forthe power system at
2050.

The color code consistsin a graduation of intensity based on the scenario color: four-grades from N/A
(blank) to +(first degree-light color); ++(second degree with a higherintensity color); +++ (third degree
with the darkest color).

Table 3 —Criticality of challenges for the technology area for each e-Highway2050 scenario.

Chall : Chall :
. Challenges: generation allenges Challenges: demand- 2 en.ge_s
Scenario . storage . . transmission
technologies . side technologies .
technologies technologies
Criticality: ++ Criticality: +++ Criticality: ++ Criticality: +++
eeys , ety - Demand-side - HVDC XLPE Cables;
- Large PV and wind - Large-scale
. management - HVDC VSC
parks (onshore; centralized .. .
- Efficiency of - Overlaygrid
offshore) storage (PHS, ) )
appliances, EVs,heat | - Windand PV short
CAES)
Pumps term forecast
Criticality: ++
e - Long distance HVDC
e Criticality: ++ .
Criticality: ++ . - Revamping of
s - Demand-side .
. Criticality: ++ - Large-scale overhead lines
Bigand . ) management .
market - Carbon sequestration centralized . - Coordinated use of
- Efficiency of . .
andstorage storage (PHS, apoliances EVs. heat interconnections for
CAES) PP T cross-border
Pumps
exchanges
- Market design
Criticality: + e e
el . Criticality: +++ Criticality: +
= - Nuclear (security and - Efficiency of - Revamping of
=] lifetime) - Criticality: N/A : )
fuel . appliances, EVs, heat | overhead lines
- Carbon sequestration
Pumps
andstorage
Criticality: +++ Criticality: ++ .
s o . Criticality: +++
Criticality: + - Large-scaleand - Demand-side
. - HVDC, PST, FACTS
- Phasingout of nuclear small-scale management .
- Overlaygrid
storage
Criticality: +++ Criticality: +
T AT = tors,; -R i f
Criticality: ++ Criticality: ++ Aggrega OTS eva mpm.g °
. . - Demand-side overhead lines
- Decentralized - Decentralized .
eneration storage (batteries) management; - Comre i
g & - Active distribution operations (TSO/DSO
network - Flexibility
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The construction of Table 3 is illustrated in Table 4 below for one particular scenario, i.e. the “100% electricity RES” scenario. This extreme scenario with 100% RES
penetration*isinline with the scenario named “High RES”> inthe EU Energy Roadmap 2050. The described approach wasimplemented forall the five scenarios: based
on this first macro analysis, a detailed process for selecting the technologies of each technology area was then implemented, cf. Chapter 2.3.

Table 4 —Key features of the “100% RES electricity” scenario and associated technologies

Key features of the scenario

- eConsequences in terms of technological challenges
"100% RES electricity"

eBoth large scale and small-scale RES generation: offshore wind parks in the North

The globalcommunity has not succeeded inreachinga global agreement for Sea and Baltic Seas and solar power inthe Desertec project in North Africa (share of

climate mitigation. Fossil fuels consumptionis generally medium to high centralized renewables is assumed at 60%) combined with EU-wide deployment of

worldwide which makes fuel prices high. Still, Europe is fully committed to its de-centralized RES (including CHP and biomass)solutions (decentralized

target of 80-95% GHG reductionandthe CO2 costsin EU are high due to these renewablesat40%). Phasingout of nuclear. No fossil fuelwith CCS.

strict climate mitigation targets. eBoth centralized storage solutions (PHS, CAES) and de-centralized s olutions needed

The strategyto achieve this target has a higher ambition than theLarge scale to balance the variabilityin renewable generation (deployment of centralized or

RES solutions scenariobymaking Europe's energy system 100% based on decentralized storage at 50%)

renewable energy. eDevelopment of forecast systems for anticipating RES generation variability (PV,
Wind)

On the consumerside, also high increase of energy efficiencyis needed. *Majorimprovement in e nergy efficiency

New uses ofelectricityin transport, heating and industry considered to occur *Demand side management and increased flexibility of new uses (e.g.

both atcentralized (large scale) and de-centralized (domestic) level will both electromobility)

reduce resultingenergy demand as wellas provide complementary flexibility eElectridity storage to address the variability of RES production from PV and wind.

and storage to account for variability of RES production from PV and wind

GDP growth in EU assumed medium while demographic change assumedto be

growth. A convergentand strong policy frameworkin place to ensure

successful development of available RES potential in all European regions. CO2 elmports of RESgeneration (solar) from North Africa will require a power

costs are highand Europe is fully committed to its target of80-95% GHG transmission connection to North Africa (HVDCtechnologies)
reduction. Only renewable sources are imported fromoutside EU. Strongdrive eIncrease of power transmission needs requiring electricity highways type solutions

towards 'greener' behaviours in the population with active involvement (overlaygrid, passive transmissionreinforcements or more active control)
towards more energy effidency, more use ofs ustainable energy and clean

transport etc.

4 1ts keycharacteristics have been defined as a result from Work Package 2 combining a FUTURE (GREEN EU) and a STRATEGY (100%R ES): seedeliverable D2.1
5 In which the RESreaches 83% with a remaining generationis supplied by fossil fuels -with and without CCS- and nuclear
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2.3 Thetechnological scope

As explained above, the exercise displayed in Table 4 has been carried out for each of the five e-
highway2050 scenario. This analysis shows the link between the scenarios and the main technological
families needed to develop the power system at the considered time horizon (2050). In the following, a
deeperinsightis provided to explain how the technology portfolio was built. For each of the technology
retained in the portfolio, a set of techno-economic data will be provided. This set of data will make the

technology data base.

2.3.1 Overview of the technology areas

The candidate technological options considered in the technology database are organized pertechnology
area. The addressed technology areas coverthe whole electricity value chain. Seven technology areas have
been initially considered (in the Description of Work of the Grant Agreement) organized into three main
categories, cf. Figure 2:

— generation-related technologies: generation technologies (centralized and decentralized) and
centralized storage technologies;

— network-related technologies: passive transmission technologies, active transmission
technologies and OPEX-driven innovation;

— consumption-side technologies: decentralized storage as well as demand -side technologies.

I Technology Assessment contrbutions (at 2030 and 2050 time horizons) |

Generation
technologies Storage . . . Storage Consumption.
g g . Passive Active Opex driven g E n p
(centralized technologies a q n . technologies side
. technologies technologies innovations : .
and (centralized) (decentralized) technologies
decentralized)
Eurelectric Eurelectric Europacable T&D Europe Technofi/Amprion Eurelectric Eurelectric
| GENERATION | | TRANSMISSION | | CONSUMPTION |

Figure 2: the e-Highway2050 technology areas covering the whole electricity value chain.

2.3.2 The technologies selected pertechnology area

The technologies selected for each technology area are the result of the analysis on the technological
challenges (Table 3and Table 4) raised by each of the five retained “e-Highway2050” scenario. They were
discussed with technology experts and are reported in the figure next page.

- The generation technology area includes technologies that are already mature or still under
development:

o fossil fuel generation: gas turbine, lignite, hard coal generation (with and without co-firing),
fluidized bed combustion with coal or lignite,

o renewable generation (centralized and decentralized generation): photovoltaic, CSP, wind
onshore, wind offshore, geothermal, biomass, hydropower (with and without reservoir),

o Combined Heat and Power.

- The storage technology area encompasses centralized and decentralized electricity storage solutions:
Battery Energy Storage System (BESS), Pumped Hydro Storage (PHS) and Compressed Air Energy
Storage (CAES). The main focus of interest has been:

o BESSs that are already mature technologies, close to commercialization, or promising
candidates for the time horizon set by the e-Highway2050 project including redox flow
technologies,
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ELECTRICITY GENERATION and STORAGE TECHNOLOGIES
Hydropower
Fluidized bed coal and lignite
with and without reservoir
o turhi"es IWith and w‘fo CCS]
Hard coal gen. (withand w/o Bi Batteries (centralised and
biomass co-firing; with or w/o CCS R decentralised)
Geothermal Combined heatand power Redox flow batteries
PASSIVE TECHNOLOGIES ACTIVE TECHNOLOGIES

HV AC and DC cables
{underground and submarine) Convertersfor HVDC CSC and VsC)
HV AC and DC overhead lines FACTS- Shunt and Series
Combination of Phase Shifting Transformers and
HVAC/HVDC transmission Transformers with tap changer
Protection and control at substations
and at system level

Pumped hydro-storage

Photovoltaic

Compressed Air Energy

Concentrated solar power (CSP)
Storage [CAES

Wind onshore and offshore

High Temperature Conductors

Gas Insulated Lines (GILs)
Superconductors

DEMAND SIDE TECHNOLOGIES

Figure 3: Technological scope of the e-Highway2050 technology database
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o diabatic and adiabatic CAES technologies (since they can be considered either already
commercial or promising candidates at 2050).

- The transmission technology area includes both active transmission and passive transmission
(cables and OHL) technologies. The selected active transmission technologies are:

o HVDCconvertertechnologies (self-commutated Voltage Source Converters (VSC) and line-
commutated Current Source Converter (CSC) with DC breakers) are considered for long-
distance power transmission with e.g. submarine cable links and interconnection of
asynchronous system.

o FACTS (both shunt and series FACTS have been covered),

o PST (Phase Shift Transformers) and transformers with tap changers together with the
switching gear and breakers,

o equipment for protection and control at substation and at system level.

The OPEX-driveninnovation areawas excludedfrom the technological scope for the following reason:
collecting data on such a topic would have required a review on a “per TSO” basis at the European
level and an aggregation to pinpointissues of commoninterest. Acomparison of breakdown of TSOs’
OPEX+CAPEX structure would have been beyond the scope of the project®. A topic of EU interest is
probably Condition-Based Maintenance (CBM) aiming at reducing the maintenance component of
OPEX.

2.3.3 Focus on the chosentechnologies

Foreach technology area, a prioritization allows addressing first the mostimportant ones. The process
of selection has been performed by experts of the project for generation, transmission and storage
technologies. For demand-side technologies, a dedicated methodology was used to select the most
critical technologies with respect to electricity demand at 2050 (cf. report demand
technologies_selection_a and report_demand technologies_selection_b in annex).

Figure 4 below describes the rationale for discarding a candidate technology from the portfolio. The
main reasons for not retaining a particular technology can be categorized according to two main
dimensions:

- afirstdimensionisthe degree of consensus regarding this technology. It may occur that different
classes of stakeholders disagree on the role that this technology will play in the powersystem at
the 2050 time-horizon,

- aseconddimensionisrelativetothe assessment of the commercial deployment of the technology
with the following cases (non-exhaustive list):

o technical legitimacyis not provenforat leastone class of stakeholders (manufacturers or
transmission operators), for instance superconducting technologies requiring additional
investmentin cryogenicsystems that might negatively impact the energeticbalance of the
transmission process,

o insufficient maturity for an operational deployment in 2050,

o necessity of heavyinvestmentin infrastructures ora full surrounding economy to enable
its deployment (example of hydrogen driven vehicles requiring a “Hydrogen economy”),

o the technology might be mature but at high costs due to scarce implementation,

6 Some benchmarking works are addressing this topic, such as:

- e3Grid (regulatory benchmarking of European Electricity Transmission System Operators on behalf of Coundl of
European EnergyRegulators (CEER), Work stream Incentive Regulation and Efficient benchmarking (WS EFB), 2008
ITOMS, The International Transmission Operations & Maintenance Study, consortium of international Transmission
companies that work together with UMS Group, identifying best transmission industry practices worldwide.

- ICTSO, the International Comparison of TSO, exchangesinformation on TSOs’ current and future operating practices for
benchmarking. Itis managed by a Steering Committee consistingof sixselected members and supported by KEMA.
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o someimplementation barriers (e.g. environmental or related to supply chain) may hamper

its development.

Strong consensus among stakeholders

",
N,
.
‘e

High consensus
for not selecting |
the technology

consensus for
selectingthe
technology

Negative assessment % Positive assessment

of the technology

Low consensus fbr
selecting the

5 .
........
.......
...............

Figure 4. Typology of technology selection by stakeholders.

r of the technology

The selected technologies are the onesforwhich at least one category of stakeholders considers that
this technology will play a major role for the power system at the 2050 time horizon (they are in the

three-quarter area highlighted in Figure 4).

Table 5next pages gives, foreach technology (all candidate options are presented by technology area),

the following information:

- the technology denomination and its possible variants (for selected technologies);

- the rationale for not selecting the technology (for discarded technologies).

2.3.4 Technologyareas, technology families and variants

Before moving to the architecture of the data base and the construction process, some terminology
issues need to be addressed. The technological scope is organized in a tree -like structure with three
differentlevels: thetechnology area, thetechnology familyand the variant, cf. Figure 5. In this example
the variant “Lithium lon batteries” belongs to the “BESS” technology family, which was retained in the
technology area of decentralised storage. This terminology will be reusedin the chapterrelatedto the

management of uncertainty (chapter 3).

Variant:
n batteri

Figure 5. Example of technology areas, technology families and variants.

29/08/2014

Page 26



e-Highway2050 - D3.1

Sectors

|

End use
segment

Table 5: The rationale for selection/discard in the technology portfolio

Candidate technologies

Retained technology and rationale for discarding (if any)

Electricity demand in residential sector

Base technologies: washing machines, dishwashers, dryers, washer-
dryers, refrigerators, freezers
D1 | White goods Expected innovations at2050: smartappliancesin Home Area Network | "White goods" end use not retained due to a limited impacton the
(HAN), radio-frequencyidentification (RFID), remote control evolution of residential electricity demandat 2050
capabilities for demand response programmes or consumption
optimisation, higher efficiency: European standards
. Base technologies:ovens . . " . S
Cooking . 8 . . . . "Cooking appliances" end use not retained due to a limited impact on the
D2 . Expected innovations at2050: smartappliancesin HAN, RFID, higher . . . . .
appliances - evolution of residential electricity demandat 2050
efficiency : European standards, etc.
Base technologies: halogen lamp, LED, OLED, bulb lamp
D3 Lighting Expected innovations at2050: smartlighting (presence, etc.); sensors, Two datasheets areproposed: LED and OLED as breakthrough technologies
lighting controls
Base technologies:solar heating, geothermal energy, heat pumps,
D4 Water biomass boiler One datasheet on Heat Pumps is proposed includinginformation on heat
heating Expected innovations at2050 :better performing heating systems with pumps for both water heating and spaceheating usages
renewables, smart thermostats water heaters
Base technologies: TV, computer, CableTV receiver, stereo recorder, . s g .
. Despite an expected significantimpacton peak demand, no technology was
Electronic telephone . .
D5 . . . . . . selected due to the multiplicity of appliances as well as the fast
appliances Expected innovations at2050: multiservice device:home energy . . i ] )
technological evolution with respect to the targeted time horizon.
management system, sensor plugandsocket, alarm
Base technologies: Heat pumps, insulation, electric heaters
D6 Space Expected innovations at2050: more effective insulation; efficiency of One datasheet on Heat Pumps is proposed includingseveral reversible
heating heat pumps, ; remote control capabilities for demand response technologies (air, water, ground sourced heat pumps)
programmes or consumption optimisation; micro-cogeneration
Base technology: Heat pumps
D7 Space Expected innovations at2050: insulation more effective insulation; One datasheet on Heat Pumps is proposed includingseveral reversible
cooling remote control capabilities for demand response programmes or technologies (air, water, ground sourced heat pumps)
consumption optimisation; higher efficiency; smart thermostats
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Sectors

Electricity demand in commercial sector

End use segment

Candidate technologies

Base technology: office equipment (laptop and communication
appliances)

Retained technology and rationale for discarding (if any)

Despite an expected criticality on energy due to the expected growth in
the next decades, no technology was selected due to the multiplicity of

D8 Office equipment | Expected innovations at2050:difficultto predictbut one can ) . S
- office equipment (communication, laptop, etc.) as well as the fast
foresee new uses of computer related technologiesin an . . . , .
. . . technological evolution with respect to the targeted time horizon.
evolving economy more and more service-oriented
Cooling and . R . . . .
oo Base technology: coolingand ventilation systems One datasheet on Heat Pumps is proposed including several reversible
D9 ventilation in . . - . .
. - Expected innovations at2050: efficient HVAC technologies (air, water, ground sourced heat pumps)
tertiary buildings
Base technology:
D10 Commercial Expected innovations at2050:sensors, remote control
lighting capabilities for demand-response programme and consumption
patterns Two datasheets areproposed: LED and OLED as breakthrough
Base technology: LED, electronic ballasts, PLC technologies
R Expected innovations at2050: intelligentoutdoor lightin
D11 Outdoor lighting *P c. 'nnovation I '8 u . 'enting
(steering on presence, weather, etc.), adaptivelightto
brightness, wireless protocols
. Base technology: refrigerators "Commercial refrigeration" end use not retained due to an expected
Commercial . . —_ N - L . .
D12 refrigeration Expected innovations at2050: remote control capabilities for limited impacton the evolution of electricity demand inthe commercial
& demand-response programme and consumption optimisation sector at 2050
D13 Heating in tertiary | Base technology: Heat pumps One datasheet on Heat Pumps is proposed including several reversible
buildings Expected innovations at2050: heating controls technologies (air, water, ground sourced heat pumps)
. Despite an expected increaseinthe coming decade of the consumption,
Base technology: cloud, data sharing the ?radeoff brt)etween energy efficienc imgrovement and deplo mpent
D14 | Data management | Expected innovations at2050: infrastructure optimisation, &y yimp proy

higher efficiency, digital signature

("volume effect") appears difficulttoassess. Fastevolution of the IC
Technologies adds to this complexity.
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Retained technology and rationale for discarding (if

Sector Id end use segment Candidate technologies

Base technologies: Recovery of Basic Oxygen Furnace (BOF) gas, BOF gas sensible
heat recovery.

ET))

Expected innovations at2050: energy saving, increased transportation capacity,
voltage stability,increasein power quality, integration with renewable energies

D15 Steel Expected innovations at2050:raw materials reduction and reuse of existing
products
o Base technologies: Pumps, material processing, material handling, refrigeration,
2 D16 Paper and Pulp compressed air, boiler, motor system, combined heat and power
§ Expected innovations at2050:improvement in pulp and paper making process
& Base technologies: Process heating/burners, compressed air systems, electric motor | Technology and processes inindustry have not been
-,% D17 Aluminium systems, pumping systems retained due to a low visibility on the "volume" and
> Expected innovations at2050: enhanced aluminum making process "energy efficiencyimprovement” effects.
E D18 Zinc N/A
E D19 Cement Dry process, clinker production (wet and dry)
'-é D20 | Chemical industry | Speed drives, refrigeration, compressed air, relighting, steam flow boiler
g Steam system, motor and pump system, refrigeration system, compressed air
g D21 Food processing system
= Expected innovations at2050:improvement in food making process
3? Agricultureelectricity consumption represents today
E D22 Agriculture Irrigation less than 2% of the overall electricity consumptionin
w Europe. No significantevolutionis expected.
Base technologies: battery, KERS, AC (Type 2, Type 3), DC fastcharging (CHAdeMO)
Electric vehicles charging, inductivechargin . .

D23 and plug-in Expeiteg innovations atg20§0: better performing andlong-lasting batteries;fast Two datasheets areproposed: Battery Electric Vehicle
+© ] ) o ) ) ) ! (BEV) and Plug-in Hybrids Electric Vehicle (PHEV)
S vehicles charging; smartcharginginfrastructure, remote interaction with SCADA systems,
2 integration with DER, new standard for fastcharging
S "Freight" end usenot retained due to a limited impact
£ D24 Freight Base technologies: Regenerative breaks on the evolution of transportelectricity demand at
= 2050
£ Base technologies: batteries; distributed inductiverecharge orin-road inductive " " . C
3 recharge Buses" end Lfse not retained due to.a.llmlted impact
> D25 Buses . . . . on the evolution of transportelectricity demand at
£ Expected innovations at2050:a mix of several alternative fuels needed to replace 2050
'g fossil fuels
% Base technologles: power converters, storage systems, regenerative braking, "Electrified railways” end usenot retained due to a

D26 | Electrified railways automation systems limited impacton the evolution of transport

electricity demand at 2050
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Group of
technologies

Candidate
technologies

Retained technology and rationale for discarding (if any)

Pumped hydro

Large scalehydro
storage, micro hydro,

One datasheet on largescale Pumped Hydro Storage facilities is proposed (smallscale PHS and sea water PHS were not

cS1
storage (PHS) sea water considered due to no obvious applicationsatlargescale)
Compressed Air CAES; (A)-CAES ; AA- . . . . . . .
cS2 P ) 2 data sheets on CAES areproposed for diabatic and adiabatic technologies (including AA-CAES)
Energy Storage CAES
6 data sheets for centralized and decentralized batteries: Lead-acid;Lithium-ion; Nickel cadmium (NiCd); Hot batteries
' o (Sodium sulfur and Zebra); Metal (Li&Zn) Air; Li S.
cS3 Batteries Hot Batteries, L|th|9m— Only commercial or pre-commercial technologies have been considered. Less mature technologies such as Li-Air have
lon, Ni-Cd, Lead-acid not been retained sincetechnological development time is of the order of magnitude of the targeted projecttime
horizon (30 years).
csa Redox flow Vanadium, Br-S 3 data sheets: Vanadium redox; Regenesys; Zinc bromine (ZnBr).
batteries (RegenesysTM), Zn-Br All availablecommercial or pre-commercial solutions have been considered.
Mechanical bearings,
go S5 Flvwheels activemagnetic Flywheels not retained sincemain applications areoutside the eHighway2050 scope (power applicationsfor quality of
§ Y bearings, passive supplyandbalancing -e.g., primaryreserve)
: magnetic bearings
ﬁ *Super capacitors notretained sincemain applications areoutside the eHighway2050 scope (power quality
g Other power . enhancement)
§ cS6 storage SMES, Super capacitor | *syperconducting Magnetic Energy Storage (SMES) not retained since most likely notavailable for commercial
applicationsat2050
Liquefied Hydrogen, Due to the highlevel of efficiency losses, hydrogen cannotcompete with the directuse of electricity. Nevertheless,
¢S7 | Hydrogen storage | solid metal hydrides, Hydrogen canbe used inthe transportsectorinthe long-term and inspecial nicheapplications (provided that
nanotubes infrastructures and technologies areavailable).
This technology is closelyrelated to the CSP technology which was not considered as a major generation technology in
cS8 Molten Salt the scenario quantification. Itis expected that the contribution of CSP electricity generation inthe energy mix will
remainmarginal at2050 horizon.
Power to gas technologies refer either to Hydrogen or methane production.
The caseof Hydrogen was not considered neither for electricity production (see above) nor for the electrification of
transport (assumptionin coherence with the technology selection for demand).
cS9 Power to gas The second option (methane) was not considered since not consistent with the decarbonization goals of the EU at
2050. However, forthe two scenarioswhere CCSis available("largefossilfuel"and "bigand market”) this technology
could be of interest.
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cS10

Pumped Heat
Energy Storage

Pumped Heat Electrical storage (PHES) makes use of a reversibleheat pump to store electricity (electricity to thermal
energy and thermal energy to electricity). The concept is rather straightforward and most components are already
available. Foreseen commercial applicationsareinthe range of few MW with responsetimes of the order of
magnitude of a minute with round trip efficiencies comparableto PHS. There are no commercial applications (or pilot)
inoperationso far:itis therefore very difficultto find reliable data which could be used to forecast the evolution of
performances and costs at 2050. As a consequence, PHES has not been investigated in the e-Highway2050 project. This
technology will probably findits applicationsin distribution networks: itcould be interesting for the X16 scenario.

cS11

Liquid Air Energy
Storage

Group of
technologies

Candidate

technologies

Hot batteries, Lithium
batteries, Lead

Liquid Air Energy Storage (LAES) is similarto PHES: electricityis storedinthe form of thermal energy (liquefied air with
a compressor)and recovered by evaporated high-pressureairtodrivea turbine. LAES is aninnovation atsystem level,
i.e.the components and subsystems beingalready availabletechnologies. As for PHES, there are no commercial
applications (onepilot)in operationsofar:itis therefore very difficultto find reliable data which could be used to
forecastthe evolution of performances and costs at2050. As a consequence, LAES has not been investigated in the e-
Highway2050 project. This technology (potentially covering power outputs rangingfrom 5to 50 MW) could be

interesting for both TSO and DSO applications.

Retained technology and rationale for discarding (if any)

1 B i

" ds atteries batteries, Nickel See cS3 above

& Batteries

§ Redox flow Vanadium, Br-S

° ds2 . (RegenesysTM), See cS4 above

] batteries

= Zn-Br

= Other power SMES, Supercapacitor,

o ds3 P P P See ¢S5-cS6 above

9 storage flywheel

e Liquefied Hydrogen,

ds4 Hydrogen storage solid metal hydrides, See cS7 above

nanotubes
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Technologies

Candidate technologies

Retained technology and rationale for discarding (if any)

Generation

Crystallinesilicon technologies: Multi-crystalline
Silicon, singlecrystalline Silicon, hetero-junctions (Si
based)

Onlycrystallinesiliconetechnologies havebeen considered. 2 datasheets for crystalline
technologies intwo configurations: PV (roof) and PV (system). Indeed this technology is
expected to represent most of the installed capacity even at 2050. Furthermore, since

Gl Photovoltaic Thin layers: Amorphous Silicon, CadmiumTelluride, these data are mostly used to compute production time series we can assumethat the
Copper Indium Gallium Selenide technical performances of PV alternativetechnologies (thin layers) willbein 2050 at a
. . o . similar level as thecrystallinesiliconetechnologies. The third technology option is
CPV: Gallium Arsenide (multi-junctions) . . . .
expected to remain marginal in continental Europe.
Parabolic troughs
- § 2 datasheets are proposed on parabolic through and central receivers
Central receivers
. We have assumed that the ParabolicTrough technology will be more competitive than
Linear Fresnel reflectors - L
G2 Concentrated the Fresnel technology due to better efficiencyat similar costs
Solar Power (CSP) parabolic dishes This technology is considered as notcompetitive in the time frame of the projectsince
too complex technically and therefore too expensive for grid connected applications
Integrated solar combined cycle: ISCC (the solar L . .
N lication f | E t
resource partially substitutes the fossil fuel) o application for mainland Europeis expected
Foundations:Jacket, tripod, monopile, bucket, gravit . .
G3 Wind offshore P P & Y 1 datasheet wind offshoreis proposed
Floating
G4 Wind onshore Wind onshore 1 datasheet wind on shoreis proposed
Only few countries in continental Europe (e.g. Italy) have suitable geological conditionsto
G5 Geothermal Organic Rankine Cycle (ORC) and Hot Dry Rock (HDR) allowimplementing such technologies which will remain marginal atthe 2050 time
horizonin Europe.
H : -of-
G6 ydr;)ivreL:n ° Small to medium hydro power 1 datasheet without reservoiris proposed
Hyd ith . .
G7 ydro WI. Large hydro power 1 datasheet with reservoiris proposed
reservoir
OCGT Open cyclegas turbine (steam turbineand 1 datasheet OCGT i q
G8 Gas turbines combustion turbine) atashee 'S propose
CCGT Combined cyclegas turbine 1 datasheet CCGT is proposed
Hard coal
generation (with
. Steam cycle . o o -
or without . . Five data sheets: steam cycle 600°C (2 datasheets), steam cycle 700°C, fluidized bed and
G9 IGCC Integrated gasification combined cycle

biomass co-firing;
with or without
CCS)

Fluidised Bed Combustion

IGCC
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steam cycle
G10 | Lignite generation | IGCC Integrated gasification combined cycle
Fluidised Bed Combustion
611 Oil for power Boilers This technology is considered as obsoletein power generation with respect to technical
generation performances
S Gas generation with CCS Four data sheets: st le600°C (two datasheet dst e 700°C (both f
612 Hard coal with CCS our aa.s (?e s: steam cycle (two datasheets) and steam cycle (both for
— - coal andlignite) and CCGT
Lignite with CCS
Generation 1: Early prototypes, all nuclear reactors
before 1967 : shipping port, Dresden, Magnox
These technology variants at2050 will be decommissioned (and obsolete)
Generation 2: Commercial Power nuclear, reactors
builtbetween 1967 and 1996: PWRs, BWRs, CANDU
Generation 3: Advanced LWRs, reactors built between .
G13 Nuclear power 1996 and 2011: CANDUS, System 80+, AP600 2 data sheets for generation Ill areproposed (LWR and HTR)
Generation 3 +: Evolutionary designs: ABWR, 1 data sheet for generation I11+is broposed
ACR1000, AP1000, APWR, EPR, ESBWR § prop
Generation 4: Revolutionary Designs, after 2030 1 data sheet for generation |V is proposed
Nuclear power < 400 MW: Small nuclear modular This option was not retained sincethe level of investment is not balanced by the
reactors revenues of electricity production (power) as inthe caseof largescalenuclear
Direct combustion: bagasse, wood
G14 Biomass 1 data sheet (direct combustion)is proposed. Gasification of biomass was notconsidered
Gasification: Combustion of syngas sincedifficultto foresee a massive deployment
615 Biogas Anaerobic digestion: Combustion of methane ingen- Not relevant for largescale production of electricity. For small scaleapplications this
& sets technology is considered as non-competitive even at the 2050 time horizon.
. Competitiveness of marine technologies even at 2050 horizon will not be achieved.
Marine . . . . s . . .
G16 technologies Wave, tidal Furthermore the technical potential for tidal applicationswill remain low, whilefor wave
& applications efficiency of conversion devices will remainanissue
617 Combined heat Waste to energy Five data sheets: waste to energy, small and medium steam turbines (woodchips and
and power Small and medium size steam turbines straw)
A th
di?’?ric;)uteerd These technologies could playaroleinonly one out of the five eHighway2050 scenarios
" I local"). Fuel cells (eith ith CH4 or H2) onl li ith t
G18 | generation (incl. | Fuel cells:SOFC, PEMFC; micro-turbines (*small andlocal®). Fuel cells (either wi or H2) onlya coupling with power to gas
deployment could be relevant.
hydrogen fuel . . . S .
cells, etc.) Micro turbines potential remain limited due to economic performances
G19 Nuclear fusion Not retained sincenot mature at 2050
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Technologies

Candidate technologies

Retained technology and rationale for discarding (if any)

Active transmission

Al CSC : Current Source Converters for HVDC
A2 VSC : Voltage Source Converters for HVDC
HVDC
A3 . DC breakers Two data sheets areproposed for CSC and VSC type converters for HVDC
technologies
Ad Tapping
A5 DC/DC Converters
A6 Shunt: SVC, STATCOM Two data sheets areproposed on shunt type FACTS including SVCand STATCOM
A7 Series: TCSC, SSSC, TSSC One.data. sheet is proposed on series type of FACTS andthe rationalebehind this limitationis
FACTS detailed inthe technology assessmentreport.
No data sheet is proposed on these devices sincethey are of academicinterestput not seen as
A8 Combined devices: DFC, UPFC/IPFC, TCPST commerciallyviablesincethe other FACTS and HVDC technologies cover these features (see the
related technology assessmentreport in annex).
Transformers, PhaseShift transformers and Transformers .
A9 AC breakers, . Three data sheets are proposed on PST, tap changers and circuitbreakers
with tap changer
PST
A10 | Protection and HVDC - DC breaker Included and described in the report for HVDC technologies
ALl control at AC breaker ; FCL (High Temperature One data sheet is proposed on the AC Breakers (see A9) while the FCL areexplained to be of
substations Superconducting FCL; Solid state FCL; Hybrid) | academicinterest rational behind this limitationis given in the technology assessmentreport.
Protection and
Al12 | control at RTTE; WAMS/PMUs Two data sheets areproposed on RTTE and PMU_WAM
system level
Al3 OTHER Offshore substations design Not considered as an activetransmission technology
Al4 Other HV substation equipment Not considered as an activetransmission technology
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id Technologies

Candidate technologies

Retained technology and rationale for discarding (if any)

c1 XLPE HVDC cables Voltage levels of DC underground and subsea cables will increase considerably
(underground and submarine) With switchgear equipment gaining market experience, meshed HVDC networks will become available
o Cable XLPE HVAC 380-420kV cables Further increaseintransmission capacity abovetoday’s 500kV. Partial undergrounding will complement overhead lines
technologies (underground and submarine) inmore and more sensitiveareas thus strengthening Europe’s meshed AC transmission networks.
3 (underground | Mass Impregnated HVDC cables | Mainlyused with LCC Converters but alsowith VSC. Ml Cables will still continueto be used for many years. Europacable
and (underground and submarine) does not expect major development of this technology
submarine) Self-Contained Fluid Field SCFF cables arepractically abandoned for land applications. Europacable would not expect any future land SCFF cable
c4 (underground and submarine) projects to be realisedinthe 2050 perspective. Europacable expects similarscenario for submarineapplications,
& despite the fact that SCFF is still deployed for some specific submarine connections up to 50 km.
Europacableconsiders GlLto be suitablefor specific applicationsto carry very high power for shortlengths. GIL
- Cc5 Gas Insulated Lines technology will only offer a very limited contribution to the eHighway2050 network. This said, they may be deployed in
.g specific projects ensuringsafeuse
- S ducti duct . . . . .
2 Other type of u.percon ucting conductor Europacabledoes expect that High Temperature Superconducting Cables will eventually become available for wider
S Ccé6 (high temperature orlow .
.,, cables or of scaledeployment notablyinurbanareas
o design temperature)
'§ c7 Partial undereroundin Europacableexpects partial undergroundingto be the most pre-eminent evolution of the Europe’s AC Networks up to
= 8 8 2050.
:% cs Hybrid HVAC-HVDC solutions This.hybrid type optionis justified by socio-economic reasons (social acceptance) optimizing the use of existing
€ corridors
"
§ Copper and Aluminum (400 kV ; Copper ?s penalized by its weight and cost; aluminum perforr'nances'are not enough to .under'take mechanical '
= o1 constraints of EHV OHL ; For all type of conductors : 1100 kV is considered of too high visual impactto be considered as
E ) -classi a realistic solution ; for the same reason, 750 kV will be considered for only classical conductors
é_"& 02 clg:;;ﬁ:ta(‘)srsslc Almelec (400 kV ; 750 kV) Good compromise between technical and mechanical aspects with possibilities of optimized design (Z wires)
03 Aluminiumand Steel (400kV) . . o .
Its mechanical properties make them optimised conductors for mountain areas only
04 Almelec - Steel (400 kV)
It presents a very good mechanical strength and a quite high power flow capacity;this conductor has been selected to
05 ACSS (400 kV) S .
represent the HTLS technology in this project
06 | overhead MMC (400 kV) §imi|ar perfprma.nces.compa red to ACSS with a lower weight, but the costhas been considered too high => useful only
lines: high invery specific situations
) Good mechanical strength with a relativelow weight, this conductoris penalized by its electrical performances (far
O7 | temperature PMC (400 kV)
conductors lower than ACSS ones)
08 (G)TACSR (400 kV) The good per.forma nces with low sagareallowed only with Gap type version; but this version present difficulties for its
implementation
09 ZTACIR (400 kV) Equivalentcapacity of ACSS conductor, but it presents lower mechanical performances andits costis higher
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2.4 Overview of the methodology for assessing technologies for future power system

Once the technology portfolio has been determined, a general framework must be provided to build the
database that will characterize each technology. The approach to build a technology characterization
database for the next forty years has three different building blocks.

1. Defining the technological scope: What are the most relevant technologies to be considered for the
powersystem at 2050 in each of the area of the electricity value chain (from generation to demand)?
This point has been developed above in section 2.3.

2. The characterization variables: What are the critical parameters that are needed to characterize each
selected technology? The level of details needed by the canvas should be in line with the needs of
future grid simulations.

3. Uncertainty management: How to cope with the increasing uncertainty intrinsic to the time horizon
addressed by the e-Highway2050 project?

The two last points are addressed in the next chapter (chapter 3) and the general data construction process
is detailed in chapter 4.

The technological scope refers to the wideness of the database, the characterization variables toits depth
in terms of appropriate granularity, and uncertainty management addresses the time dimension: data
forecasting a forty-year period will include some assumptions resulting both from the scenarios and best
guess or modelling from experts.

These three dimensions are clearly independent, as shown in Figure 6 next page. The wideness of
technology areasisillustrated in browncolor for the four consideredtechnology areas (generation, storage,
transmission and demand-side technologies). The depth of the database is represented in blue color with
examples of variables characterizing the selectedtechnologies, including technical performances and costs
at 2050. Finallythe vertical axisis forillustration purpose: each data or range of data at the intersection of
the horizontal plane (one technology X one variable) is qualified by a qualitative degree of confidence
resulting from its uncertainty. This degree is estimated in the context of the five scenarios of the e-
Highway2050 project.

The technology database is then composed by records for each intersection point “Technology area X
characterization variable” including either:

- quantitative data, i.e. precise values orranges of values accordingto the degree of uncertainty andin
a separate document (Technology Assessment Report) adescription of assumptions and models used
by experts,

- orqualitative data, i.e. data relative to the maturity of an innovation for a technology.
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Figure 6: The three dimensions of the e-Highway2050technology characterization database
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3 Architecture of the technology database and uncertainties

3.1 Architecture of the technology database

The database architecture consists in the definition of a list of key variables to be considered in order to
characterize a given technology. The database is organized per technology (variant) and sub-technology’,
when relevant. For each technology, a set of variables is documented on costs, performances and other
characteristics. These variables are organized according to a set of data types detailed in Table 6. For each
variable a value is given for each decade: today (2013), 2020, 2030, 2040 and 2050.

This architecture isfoundin all data sheets (Excel files) supplementing the TARs (Word file) in annex to this
report. The set of Excel files makes the technology database.

Table 6: Architecture of database perdatatypes

Data type Description

Overview of the performance characteristics of a technology,
e.g. rated power and efficiency levels for generation and
storage technologies.

The Technology Readiness Level (TRL) scale allows assessing the

maturity of the most probable innovations for each technology

Technology performance
characteristics

Technology readiness

and maturity

(e.g. sources of major cost/performance improvement in the
future).

Possible implementation
constraints

Analysis of the barriers hindering the deployment of the
technologies.

Costs

Investment and Operation and Maintenance (O&M) costs
including relevant variables such as lifespan in order to life
cycle costs (LCC) of the selected technologies

Environmentalimpacts
and public acceptance

Assessment of different variables, such as the CO, footprint,
land use, visual impact, etc.

Market and supply chain
variables

Estimation of market penetrations and identification of
possible supply-chain bottlenecks (e.g. possible shortages of
raw materials, lack of production capacities and/or transport
and installation means, etc.).

Dynamic performances
of power technologies

Set of variables on load profile and flexibility, such asthe
dynamic performance of the technologies which are of
relevance when performing critical network dynamic
simulations to investigate the new network (at 2050)
robustness to disturbances.

Within this general framework, the most impacting variables describing technologies in a given technology
area are detailedin the following sections. The two data types technology performance characteristics and
costs are the ones that have been detailed in-depth since of the highest interest for the power system
simulations to be performed by the project.

3.1.1 Variablesusedfor generationtechnologies

Table 7 presents the variables characterizing the selected generation technologies, cf. portfolio of section 2.3.

7 Forexample wind power (technology or variant) is divided into two sub-technologies, i.e. on-shore and off-shore.
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Table 7: Variables describing generation technologies

Ra;: Variables Comments
For fossil-fuel based generation units, efficiency should be considered for a
complete system, i.e. one should address all losses. Efficiency is therefore
Efficiency defined as the ratio of electrical energy to primary energy. For fossil fuels or

Y

biomass as primary energy source, the lower heating value is used. For wind
power, efficiency is not considered (instead the load factor is used).

Capacity rating

Itis the maximum capacity or amount of power that can be installed for one
unit (expressed in MW).

Outage rate (%)

Fraction of energy not produced by the power plant due to failures -
unplanned maintenance- supplemented by mean-time to repair.

Availability (%)

Time availability i.e. the time fraction of the year where the power plant is
available for electricity production.

Operation hours
(h) (at baseload)

Availability of the power plant to produce energy over the whole year
(unavailability is due to maintenance, repairs, etc.) at base load (i.e. ratio of
the produced energy annually by the capacity rating).

Specific variables

Technology performance characteristics are also described by specific
variables which depend on technologies. For instance for wind power: rated
power; diameter; cut-in wind speed; nominal wind speed ; maximum wind
speed ; cut-out wind speed ; drive train - geared drive; type of generator.

Maturity of the
innovation

The metric used to assess this variable is the Technology Readiness Level
(TRL) scale. Innovations are specific for each technology (carbon-fibre
reinforces bales for wind power for instance).

Constraints for
implementation

Possible variables are geographical constraints, acceptability constraints,
ease of sitting, surface occupation, etc.

Investment costs (i.e. CAPEX) include engineering, procurement and

Investment costs .
construction costs.
Fixed operation and maintenance costs (personnel costs, maintenance
O&M costs costs, insurance, etc.)and variable costs (fuel costs and CO, emission
allowances, taxes). In the VGB report only the fixed O&M costs have been
taken into account as a % of CAPEX.
Life time Expected life time of the technology in operation (in years).

Environmental
impact

Environmental impact is assessed through three main variables: CO,
emissions, NO, emissions and SO, emissions® for thermal technologies.

Maximum amount of power that can be installed at the European scale

Market data depending upon e.g. geographical constraints, resource (wind, solar, hydro),
etc.
. Scarcity of raw materials, constraints induced by the industrial process, etc.
Supply chain ) . .
issues For wind power, the project lead time has been chosen as a good proxy of
all supply chain issues.
il Dvnamic According to the considered technologies, aset of variables such as ramp
[WANA v rate, start-up time (cold and warm) are proposed to characterize the
VAVAY performance

dynamic behaviour of the equipment.

8 Additional data will be provided (in the formof short notes) upon WP6 re quests.
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3.1.2 Variablesusedfor storage technologies

The table below presents the variables characterizing the selected storage technologies, cf. portfolio of

section 2.3.

Table 8: Variables describing storage technologies

Data type | Variables Comments
. Full cycle efficiency: electricity out/electricity in. For CAES, efficiency should
Efficiency
be related to the whole plant.
Energy storage Maximum rated energy capacity of a typical unit (only for centralized
J capacity storage systems).
Maximum . . . .
e Maximum power of a typical unit (only for centralized storage systems).
. The metric used to assess this variable is the Technology Readiness Level
Maturity of the . o .
innovation (TRL). Innovation are specific for each technology, improvement of the

estimation of the SoH and SoC for BESS for instance.

Constraints for
implementation

Constraints are for example on technological limits (max installed power,
etc.), geographical constraints (e.g. availability of hydro resources),
acceptability constraints, geological constraints (e.g. caverns for CAES,
hydro resources for pumped hydro ), safety issues (e.g. batteries), etc.

Same definition as of generation. A distinction has to be made between
power-dependent investment costs and capacity-dependent investment

Investment . .

costs costs. For the latter, a difference generally exists between the gross energy
content and the usable energy content. For CAES, investment should only
be related to the storage part (compressor, reservoir, heat exchanger, etc.).
Fixed O&M costs (personnel, spare parts, insurance, etc.) and variable costs,

O&M costs i.e. the possible price of the stored electricity (which will be defined in the e-
Highway2050 scenarios).

Life time Expected life time of the technology in operation (in years)

Environmental
impact

Environmental impact for storage technologies (BESS) can be characterized
by a set of variables related to recyclability and toxicity.

Maximum amount of power that can be installed at the European scale

Market data depending upon e.g. geographical constraints, resource (wind, solar, hydro),
ﬂ etc.
Supply chain A qualitative description of supply chain constraints (e.g. scarcity of raw
issues materials, constraints induced by the industrial process, etc.).
The dynamic performance of BESS for instance are characterized by the
Dynamic ramp rate, and the maturity of active control ability of each BESS
performance (frequency, voltage and harmonics controls, and the fault-ride-through

capability).

3.1.3 Variablesusedfor the selected demand-side technologies

The next three tables (Table 9 to Table 11) detail the variables for the three selected demand-side
technologies: electricvehicles (EV/PHEV), lighting (LED/OLED), and heat pumps for cooling, space and water

heating.
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Table 9: Variables describing electricvehicles (EV/PHEV)

Data type

Example of variables

Y

Technology
performance
characteristics

Overview of the performance characteristics of electric vehicles:
maximum power; battery capacity; consumption

Charging
infrastructure
characteristics

- Slow charging power

- Fast charging power

- Typical slow charging profile (for one single unit and for one country)
- Typical fast charging profile (for one single unit and for one country)

Technology
readiness and
maturity

Sources of significant cost/performance improvement in the future:
- increased efficiency and autonomy

- fast charging batteries

- light weight cars

Constraints for
implementation

Possible barriers hindering the deployment of the technology, e.g. driving
range and availability of charging points.

The anticipated unit costs, both for vehicle and battery. The lifespan is
assessed as well.

Investment cost Total capital costs (battery, body, chassis); lifespan of vehicle; lifespan of
batteries.
O&M costs - total O&M costs

- O&M costs for batteries

Environmental
impact

This data type is limited to variables on CO, content and recyclability.

Market data

Assessment of the market penetration inside EU (cumulative market).

Supply chainissues

- Spare parts availability
- Material shortages

Dynamic
performance

This data type is limited to the assessment of the share of the controllable
fleet. Typical modulation profile (slow charging).

Table 10: Variables describing lighting technologies (LED/OLED)

characteristics

Data type Example of variables
Overview of the performance characteristics of LED and OLED
- Luminous efficacy (‘cool' white LED)
Technology - Efficiency ('cool' white LED)
@) performance - Luminous efficacy (LED lamp)
. 4

- Efficiency (LED lamp)
- Colour Rendering Index
- Color temperature

Technology
readiness and
maturity

Sources of significant cost/performance improvement in the future,
assessed with the TRL scale

- Value-based market share

- Price ratio

- Dimmability and controllability

Constraints for
implementation

N/A

Investment cost

The anticipated unit costs: Lamp retail price; Package price.
Life span

O&M costs

N/A
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Environmental
impact

- Energy payback time
- Life cycle energy
- Level of blue radiation

- Mercury content
- Recyclability
- Assessment of the penetration level inside EU.
Market data . )
- Cumulative market materials
Supply chainissues | N/A
Dynamic
Y N/A
performance

Table 11: Variables describing Heat Pumps

Data type Example of variables
Overview of the performance characteristics of the heat pumps: power
Technology and efficiency data, typical size (residential and service sector).
performance Variables include: Coefficient Of Performance (COP), Energy Efficiency

characteristics

Ratio (EER), seasonal COP (SCOP), heating seasonal performance factor
(HSPF), seasonal EER (SEER).

Technology
readiness and
maturity

Sources of significant cost/performance improvement in the future
(compressor efficiency and system integration for instance), assessed with
the TRL scale.

Constraints for
implementation

Possible barriers hindering the deployment of the technology, especially
availability of skilled workforce and implementation time.

Investment cost

The anticipated unit capital costs and lifetime of equipment.

O&M costs

Anticipated O&M costs.

Environmental
impact

Noise disturbance and environmental impact of refrigerants.

Market data

Assessment of the market volume and cumulated number of units in
Europe.

Supply chainissues

N/A

Dynamic
performance

Assessment of load flexibility share.

3.14

Variables used for passive transmission technologies

The following tables describe variables for cables and overhead lines.
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Table 12: Variables describing cable transmission technologies

Data type

Example of variables

Transmission
distance

- Maximum length of the cable link.

Losses

- Losses a typical system: conducting material, section (mm?), nominal
power, soil properties, etc.

@ Capacity

- Max Voltage

- Current rating

- Max Power

- Impedances (R+jX)

- Depth (deep sea installations)

Maintenance

- Unavailability rate (referred to a 100 km circuit)
- Failure rate
- Mean time to repair failures

Maturity of the - Technology readiness of the overall cable system assessed with TRL
innovation scale (e.g. commercial availability of superconducting solutions).
Fonstramts f?r ~N/A
implementation
Investment cost - Ir.westment costs (capital expenses and installation expenses)
- Lifespan
O&M costs Operation and Maintenance costs (0&M)
Land use - Mean surface occupation of a typical system

Environmental

impact - Recyclability at end of life
Market data - Market vplume at world and/or.Europe.an level (installed km)
- Penetration rate of automated installations (%) out of total.
Supply chain
_ pply N/A
issues
Dynamic - Dynamic performance of technology components is provided when
performance relevant

Table 13: Variables describing overhead lines transmission technologies

Data type

Example of variables

Transmission

- Maximum length of the line (km)

distance
- Losses in the line/circuit (under typical operating conditions)
Losses . . .
- Losses in the line/circuit rated courant
- Nominal voltage
- Maximum temperature of operation
J 5 - Maximum current in continuous operation/circuit
: Capacity

- Number of conductor par phase
- Number of circuit per tower
- Resistance per unit length and impedances (R+jX)

Maintenance

- Failure rate
- Mean Time to repair failures

: Maturity of the
== innovation

- Technology readiness of the overall overhead lines system (Tower+
foundation + conductors)
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o

Constraints for
implementation

- Public acceptance®

Investment Cost

- Investment costs include: Capital expenses and installation expenses

- Lifespan
O&M costs - Operation and Maintenance costs (O&M)
Land use - N/A
Environmental - Tower height
impact - Recyclability at end of life (%)
Market data N/A
ﬂ 'Supply chain N/A
issues
e D i
N ynamic N/A
performance
3.1.5 Variablesused for active transmission technologies

The followingtables detailthe variables used for HYDC systems and FACTS.

Table 14: Variables describing HVDC active transmission technologies

Data type

Example of variables

Transmission

- Maximum length of the line/cable for a given converter

distance
Losses - Losses per converter station
@ - Voltage (line to ground) for converters
. - Voltage (line to ground) for cables
\_j Capacity - Current
- Max Power per VSC substation (bipole)
. - Reliability and availability (per station)
SRS RN || Maintenance: frequency and outage time
- Monopole (sym/assym) and bipole solutions
- Regional DC grid (multi-terminal, one protection zone)
Maturity of the - Inter-regional DC grid (several protection zones)
. . - DCbreaker
innovation

- Tapping (series/parallel)
- DC/DC converter
- Overall HVDC-CSC system

Constraints for
implementation

- Size of the CSC /VSC station

- Investment costs of the system components include capital expenses

Investment Cost and installation expenses
- Economic lifetime
O&M costs - Operation and Maintenance costs (0&M)

Environmental
impact

° Public acceptanceis one of the majorissuetoday when developing new overhead lines. Alternative solutions such as

- Landuse

- Noise generation

- EMC

- Health and safety

- Life time of equipment

undergrounding or partial undergrounding might be used to alleviatethis constraint.
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Market data - Market volume at world/European level (totalinstalled km)
ﬂ .Supply e - Operational experience
issues
- Commercial availability of adaptative/self-tuning control
- Ability to comply with existing grid codes
Dynamic - Commercial availability of Virtual rotating mass
performance - Necessity of network /model simulations
- Duration of the fault clearing phase (DC side)
- Commercial availability of DC fault ride through function

Table 15: Variables describing FACTS active transmission technologies

Data type Example of variables
Losses - Series connected capacitor (FSC), per convertor station
- Voltage (line to ground) for converters
@ Capacity - Rated reactive power
J - Current

. - Reliability and availability (per station)

DT T L - Maintenance: frequency and outage time

Maturity of the

. y - Technology readiness scale of overall FACTS system

innovation

Constraints for
implementation

- Size of the capacitor bank(FSC), size of the converter station

- Investment costs of system components

Investment Cost . lr s

- Economic lifetime
O&M costs - O&M costs

- Land use
Environmental - Noise generation

- EMC

impact

- Health and safety
- Life time of equipment

- Market volume at world/European level (totalinstalled km)

Market data
ﬂ - Market volume at world/European level (number of capacitor banks)
Supply chain . :
. L - Operational experience
issues
- Commercial availability of adaptative control
- Commercial availability of Self tuning control
- Ability to comply with existing grid codes
. - Commercial availability of Virtual rotating mass
Dynamic . . .
- Necessity of network /model simulations
performance

- Enhanced power oscillation damping
- Enhanced voltage stability

- Time response for a full step

- Enhanced transmission capacity

3.2 Datauncertainties management

3.2.1

Uncertainties and imprecisions

Two concepts are needed when considering the likelihood of future events, or in the context of e-
Highway2050, the likely evolution of technologies:
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- the concept of uncertainty refers to the condition of being unsure about something or of lacking
confidence on afact or a data. By contrast with a risk which can be quantified, measured, mitigated or
more generally managed, uncertainty is not measurable and thus cannot be quantified or managed,

- imprecision referstothe factthat data might be expressedinawaywhich could be vague or inaccurate.

In the database, the characterisation of a technology according to the variables defined in the previous
chapter is subject to uncertainties due to the relative confidence one could have in the appraisal of future
trends. In addition, each data introduced in the technology database (either qualitative or quantitative)
presents a degree of imprecision. Data could for example be precise (if a numerical value is provided) or
imprecise, meaning that only a range (typically a min-max interval) is provided.

There is usually a trade-off between uncertainty and precision for a particular data. We could say that
imprecision is a way of addressing uncertainty. Precision is typically reduced to increase confidence, as
illustrated in the figure below. Out of the four quarters only the one in the upper left quarter is a tradable
and valuable situation.

High confidence

Precision and certainty
cannot coexist for a
future event

High accuracy

The
provided .
infirmation Low confidence on
has no a precise value
value

Low confidence

Figure 7. Appraisal of a particular entry of the database in terms of confidence and accuracy
3.2.2 Nature of uncertainties in the technology database

Uncertainties might result from three main different sources, cf. Table 16.

Table 16. Main sources of uncertainties in the technology database.

Sources of uncertainty

Diversity of variants in a given technology family (e.g. the various types of redox
flow batteries, different capacity ratings of a given thermal plant, etc.), which will
impact ratings and therefore investment costs

< Diversity of the installation sites'® (e.g. country, geography, labour costs, etc.)
- which will impact mainly installation and O&M costs.

Time horizon: forecasts at 2050 are more uncertain than the ones targeting 2020,
2050 | |. : o
e i.e. uncertainty grows with time.

The first two components are easy to address by focusing on a particular technological variant under given
installation conditions. The remaining uncertainty will then be dealt with by considering ranges for the
studied variables.

10 For DEMAND technology area some wordingadjustments are necessary (e.g. installation site re placed by consumer site).
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3.2.3 Reducingthe uncertainty level

As mentioned above, two out of the three components of uncertainty, i.e. the uncertainty due to
technological variants and the uncertainty due to the installation site can easily be addressed. However, the
uncertainty due to the distance to the time horizon cannot be easily captured and therefore it must be
described through ranges of possible evolutions of the variables characterizing each technology.

In particular for costs (CAPEX and OPEX), this uncertainty is due to avariety of key factors such as evolutions
of fuel prices, raw material prices, carbon prices, assumptions made for calculating costs (discount rate for
capital-intensive technologies), learning rates, economies of scale, etc. This uncertainty was tackled at three
different levels, cf. Figure 8. At the project level: the scenario-based thinking allows grasping the variety of
evolutions of the powersystem at 2050. At the work package (WP3) level, the data contextualization of the
typical ranges depending on the considered scenarios and at the technology level with a specific
methodological focus on the performance and costs evolution for a given variant.

Technology level:
perf_or-ménce and costs é‘vojytion
_for a given technological variant
Database level: the data contextualization of

the typical ranges per scenario

Project level: the five scenarios of the power system at 2050

Figure 8: Approach to reduce the uncertainty resulting from a remote time horizon

3.2.3.1 Projectlevel: the e-Highway2050 scenarios

The e-Highway 2050 project addresses the uncertaintydue to the long-term horizon by defining five possible
evolutions of the power system. In Work package 1 (WP1), five scenarios were defined to characterize five
situations covering the time period 2020-2050 and taking into account technological, financial /economic,
environmental and socio-political issues. These situations are considered as extreme but realistic cases from
the perspective of the power system as a whole at 2050.

3.2.3.2 Databaselevel: the data contextualization process

An approach to contextualize the typical ranges of data with respect to the five selected e-Highway2050
scenarios has been proposed as a key question forthe simulations to be performedin WP2 is the following:
How to adjust the typical ranges of technology data according to the five selected scenarios?

Consequently, an approach called data contextualization was developed aiming to allocate, for a given
technology, typical values to key variables descriptive of this technology, at the 2050 time horizon, and this
for each of the five considered scenarios. This allocation process is fed by the extreme values, both
guantitative (min/max) and qualitative (high/low), for each variable (costs, efficiencies and other
performances) and the associated ranges.

The data contextualisation methodology was first developed for generation technologies by Eurelectricand
then extended by TECHNOFI to storage, transmissionand demand technologies. The main assumption of this
methodology is that, for each of the critical identified technologies, the main driver for contextualization is
the penetration rate of the technology (cumulated number of units at a given time). It is indeed assumed
that the cost and performance trends of the technologies by 2050 are directly correlated to their level of
deployment.

An illustration of the implementation of data contextualization methodology is proposed below for the
electricvehicle technologies.
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Six successive steps are foreseen to build adjusted values consistent with the five e-Highway2050scenario,
cf. Figure 9 next page:

Step 1. A given scenariois a combination of a “future”, characterized by a set of “uncertainties”, and a
“strategy”, characterized by a set of “options”. The future deployment of EVs by 2050, i.e. the penetration
level, is impacted by some of these uncertainties and options. A selection of uncertainties and options is
therefore made accordingtotheir potential impact on future EV deployment: uncertainties and options are
assessedinterms of their potential support orbarrierto EV deployment. Only uncertaintiesand options with
a significant impact (i.e. incentive/barrier to penetration) are considered.

Step 2. Dependingonthe future and strategy, each uncertaintyand optionhas a specificvalue. The potential
impact related to this value on EVs deploymentis assessedin a qualitative way, i.e. on a three degree scale
(Low, Medium, High)

Step 3. By aggregating these individual assessments of each selected uncertainty and option, an overall
qualitative assessment (Low, Medium, and High) is made, which reflects the impact of the given scenario on
the deployment level of EVs.

Step 4. In parallel, a subset of key technology variables describing EVs is selected. The selection focuses on
penetration level (number of units by 2050), performances (efficiency) and costs (battery and vehicle).

Step 5. From the value ranges attached to the selected EV key technology variables, the minimum, average,
and maximum valuesare extracted, and are then allocatedto the market penetrationassessment scale (Low,
Medium, High —see step 3).

Step 6. By combiningthe scenarioassessments madeat step 3and the EV value tables built at step 5, spedific
values are allocated to the subset of EV variables (key technology variables) according to each given
scenario*!

3.2.3.3 Technology level: methodology for cost (transmission only)

The methodology to build the future cost of transmission systemsis detailed in section 5.

11 See TAR on Electric Vehicles for more details
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PR SCENARIO -
Inputs ¢
- -— -
. h
Selection of uncertainties and options impacting the EV
penetration level

-~ -

Interpretation of the values of the selected uncertainties and
options in terms of impact on EV penetration level

— —

Estimation of the resulting level of EV
penetration, on a 3-degree scale:
Low/ Medium /High

Outputs

Figure 9: Contextualisation process (example for electric vehicles).
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4 Data construction process

The process of building the techno-economicdatais detailedin section 4.1. The main principles are presented
in section 4.2, while contributors are presented in section 4.3.

4.1 Overview of the data construction process

The data construction processis genericforeach technology areaand is documentedby specific Technology
Area Reports (TARs). Figure 10 below shows the different steps of the data construction process and how
the data uncertainty challenges are addressed, as explained in the previous chapter.

Uncertainty LN 2050
related \ B =

challenges

Techno ; . .
Location Time horizon
Data

. adjustment
Data gathering ju g

review and

Data validation

construction

steps .
L¥ B: Base case p(«:e.r(f:c?rsr;: :ge D: Data E:
Archetype identification trajectories contextualization Explaination

Contextualized data sheets for

Database Assumptions on thereference Technology

. . . the reference technology

intermediate | technology (archetype) and its . Assessment Report
. . . organized by data types and

outputs installation/operation context (TAR)

per decades (2020/30/40/50)

Figure 10: The data construction process for each technology area

The first three steps (A, B, C) of the data construction process deal with the gathering by the experts of
performances and costs data of a given technological variant (step A foran Archetypal representative of the
technology family) and under a reference installation context (step B for Base case identification). Under
these assumptions, typical trajectories of cost and technical performances (step Cfor Costand performance
trajectories) are built including uncertainty margins. The result is the production of min-max intervals for a
selection of variables.

The fourth step (step D for Data adjustment) deals with the fine-tuning of these min-max ranges according
to the five scenarios defined by the project whilethe final one (step Efor Explanation) deals with qualityand
transparency issues of the whole process (TAR produced for each technology family gathering the
construction assumptions and introducing the corresponding datasheet).

4.2 Principles and process
In orderto build cost and performance data, three main families of approaches are typically used:

i. datagatheringfrom existingstudies (sectorand technology roadmaps) and published articles;

ii. data gathering by interviewing experts on such data trajectories of cost and performance
forecasts (expert’s views);

iii.  building or using models allowing such forecasts. One particular family of such models are the
maturity based modelsand the learning rate models, which rely on penetrations rate of a given
new technology.

These approaches were used by WP3 experts according to their specificneeds. Let us now detail the five (A,
B, C, D, E) steps.
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4.2.1 Archetype definition (A)

As explained before, in orderto grasp the diversity of technological variantsin a given technology family, it
was necessary to define a relevant representative of the technology family or of a variant. This best
representative of a technology family is called archetype.? This “archetype” was defined by the experts of
WP3. The definition of the archetype should be precise enough in order to provide valuable informationto
the database users (e.g. different capacity ratings of a given thermal plant, etc.), since such sizing will impact
ratings and therefore investment costs.

The following principles have been used to define an archetype:

- “Best Available Technologies” approach at a given time horizon. For example, for transmission
technologies, the highest expected performance in term of transmission capacities was assumed,;

- The archetype could be defined as of a given date (e.g. after 2030) so that information on expected
performances are given from that date onwards.

The consecutive steps to build the technology characterization database are described below.

4.2.2 Base case identification (B)

Asaresultthe archetype in abase case installation (e.g. defining the nature of the location site) or operation
context (e.g. fixing the voltage level) defines the reference variant which will be used for the next step.

4.2.3 Cost and performance trajectories (C)

Thisisthe core step aimingat providing adatasheet (database) foreach of the archetype withthe associated
base case. Ranges for each variable are provided by experts: these ranges are then “contextualized” per
scenario as illustrated in section 3.2.3.2

Data was gathered from available literature and experts’ interviews, with a selection criteria based on the
value of the source (renowned experts, top-ranked peer review journals, publications from specialized
conferences such as CIGRE, etc.). All data sources are listed in the annexed reports (TAR). Data extracted
from literature review and experts’ interviews might have been adjusted:

- eithertofit the archetype which was defined. Typically such adjustments consist in a direct calculation
and results from sizing issues;

- orto take into account discrepancies between sources. This process is less intuitive than the previous
one and its implementation requires analysis and additional assumptions as described in the approach
below:

o Analysis of data discrepancies. Large discrepancies might exist between different sources for a
givenvariable:theyare mainly related to different assumptions on technology penetrations on
the longterm (specificdeployment scenarios). These discrepancies were analysed in the annexed
reports (TAR) in order to formulate assumptions, when required for calculation. As much as
possible, ranges of values were kept for each variable: the extent of ranges reflects both the
variety of perspectives from the different sources, and the margin of uncertainty assessed by
each source on a given variable.

o Adjustmentof valueranges. Based on the analysis of data discrepancies regarding performances,
and whenrequired, costs and market penetrations, recommendations were made to adjust the
value ranges.

o Review of adjusted value ranges. The recommended adjusted value ranges were reviewed in
collaboration with the experts (technology arealeaders) and the representatives of WP3 quality
pool.

12 “prchetype: A very typical exampleof a certain person or thing” (Oxford dictionaries)
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4.2.4 Data contextualization (D)

The resulting data proposed by TA leaders isthen contextualized according to the e-Highway2050 scenarios
as described in section 3.2.3.2.

4.2.5 Explanation (E)

ATechnology Assessment Report (TAR) synthesizes the main assumptions and introduces the datasheet (data
base) for each considered technology.

4.3 Contributors to the data gathering
As already mentioned in section 1.2 contributors are defined per technology area.

For generation and storage technologies, the data gathering process was carried-out by a professional
association and its members, partner of the project (EURELECTRIC - VGB Power Tech) and an academic
institution (University of Comillas) for data on battery storage technologies. A professional association
(EWEA) provided dataforwind energy. IEN gatheredspecificdatafor biomass-fired CHP (combined heatand
power) boilers.

The demand-side technologies area was addressed by TECHNOFI.

For the transmission technology area, the partners in charge were T&D Europe, for active transmission
technologies, Europacable for cable technologies and a pool of TSOs partners of the project for the AC and
DC overhead lines.
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Table 17: Addressing uncertainties specifically in each technology area

Nature of

Specific features for uncertainty management for each technology area

Passive transmission

Active

uncertainty Generation Storage Demand-side technologies (cables transmission
and lines) technologies
) A dedicated
Typical
] methodology to
(maximum) plant define the most
Breadth of Diversity of sizes are given for P . ..
. . critical end-use | Maximum transmission
technolog technological _— eachvariant. The . s ,
\ . . .| Definition of a . segments” and capacities are given for
famil variants in the family . provided . .
\ - . technology variant . No specific the related each variant of cable .
will impact ratings, “ " technical data . . No specific feature
. (“archetype”)for each feature consumption and lines. They are
capacity and , have to be . .
technology family technologies was | achievable targetsfor
therefore understood as the . .
. . developed: 3 each time horizon
investment costs achievable targets .
; technologies
for the operation
of the plants were further
P detailed
Not a major issue
" for batteries. For . .
. Definition of a Base case Installation in plain, urban context,
Installation Country, geography, , large scale L .
. and ascaling factor for | Boundary plant . mountains, in low labour cost and high
context labour costs will . . .. storage Consumption ]
impact installation installation cases conditions are installation location was not labour costs countries
LN P . different from such assumed for each . . See chapter 5 for the proposed “terrain”
and maintenance . . context is to considered . .
al reference case installation . factors and data on cost of equipment in
costs considered as for . .
L different countries in Europe
transmission
technologies.
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Nature of

uncertainty

Distanceto
time horizon

2050

Specific features for uncertainty management for each technology area

Generation

Storage

Demand-side

Passive transmission
technologies (cables
and lines)

Active
transmission
technologies

Costs: Investment
costs and O&M are
impacted by factors
such as, evolutions

For generation
technologies, a
detailed analysis
of the variables

Time evolution of cost trajectories can be
modelled by the methodology detailed in
chapter 5. The approach is based on a
breakdown of costin five distinct
components (equipment, installation, civil
work, project management and
authorizations & right of ways) whose

of fuel' prlcgs, raw influencing costs, Uncertainty M0§t of the evolution can be predicted thanks to
material prices, . based on ) available data o . )
. Min-max ranges have . ranges derived . forecasts of few indices (commodity index in
carbon prices, , qualitative scale provide i
. been considered from the . energy, metals, cost index of labor and cost
learning rates, . . . [-/-+/+/++[+++] ) penetration rates | . . . .
. increasing with the considered . index of engineering and experience curve of
economies of scale, . . . scale allowed . and unit . . .
considered time horizon. . studies. . this family of product in industry).
etc. building consumption ) o .
They result from . ) Short to mid-term qualitative evolutions of
Performances: one . ] uncertainty figures at the ) L
o . available studies. i the series of driving indices have been made
should distinguish ranges for costs 2030 time . .
. . and it appears that their effects are
mature technologies (OPEX and CAPEX) horizon. .
. ; compensating each other. The expected short
(for which learning as follows: +/-8% i . .
to mid-term evolutions of the considered
rates are well known at 2030, +/-10% - “ . .
indices are: “up” for commodities on price
by manufacturers) at 2040 and +/- " ” “
) and energy, “down” for labor cost, “up” for
from emerging ones. 12% at 2050 . S “ ” .
engineering index and “down” again for
experience curve due to the increasing
maturity of transmission technology.
The “contextualization .
» oo Contextualization
process” fixed one .
. per scenario
unigue value from the implemented
" ” min/max range to run No specific No specific P These effects seem to be independent to the
Future” and ) ) . based upon the . . ,
the required simulations | feature: feature: five e-Highway2050 scenarios. Thus no

“strategies” as
defined in WP1

for each scenario.
According to the verbal

contextualization
per scenario

contextualization
per scenario

main criterion:
the penetration

contextualization per scenario for building
the cost trajectories of equipment. See

scenarios - . . . rate of the
description of a given implemented implemented . chapter 5.
. . considered
scenario, the min or max .
. . demand-side
or a median value is technolo
retained. gy
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5 Building trajectories of costs for transmission technologies in the e-
Highway2050 context

5.1 Scope and challenges

It is proposed to detail the methodology developed to build the cost trajectory of the most critical
transmission systems to be used in e-Highway2050 simulations:

- converters for HVDC systems (HVDC VSC ; HVDC LCC),

- AC,DCand hybrid overhead lines (OHL) including conventional and high temperature conductors,
- underground and underwater cables (HVAC and HVDC),

- FACTS.

For each of these technology families, it is requested to build trajectories with estimated costs for each
decade from today to 2050. Table 18 gives an overview of the variables and costs components to be
considered.

Table 18: Variables describing the cost components of transmission technologies

Data type | Variables Comments

- Costs of equipment, installation, engineering, project management

Investment Cost s e .
- Economic lifetimeand discountrate

Operational Cost range | - Level of Operationand Maintenance

Accordingto the general methodology described in chapter 4, it isassumed that each of these technologies
is characterized by their most likely technological variants (e.g. voltage levels), variants which are expected
to be commercially mature and operational for each time horizon 2020, 2030, 2040, 2050. In addition a
standard reference for installation sites is assumed.

Two main categories of factors are expected to contribute to the variability and uncertainty of transmission
costs from today to 2050.

- Macro techno-economic factors: evolutions of fuel prices, raw material prices, carbon prices (emission
allowances), personnel costs, etc., are typical exogenous factors that influence costs. Uncertainties on
these factors are expected to be reduced by the scenario-type approachimplementedin the project and
by a main assumption consisting in focusing only on long-term fluctuations (order of magnitude of
decades).

- Maturity-type factors: they are closelyrelated to the considered technology and they reflect its maturity.
One can mention technology learning rate approaches based for instance on penetration rates and
economies of scale. The literature on technology learning rate models is rich but mainly for generation
and demand technologies. The use of learning rate models for transmission technologies at the 2050
time horizon is discussed in the present document.

Building costs at such alongtime horizon (up to 2050) is a complex exercise that has already been performed
in the FP7 IRENE40 project?®?, cf. ref. [8] (deliverable presenting the technological development forecast
methodology and the associated database). Areva, ABB, Siemens and academics (RWTH, ECN, ICCS NTUA,
ETH Zurich) have proposed a cost forecast methodology which was considered in the present work.

Buildinga costtrajectory based on models of evolutions of various factors has afirst key prerequisite: to have
a common view onthe costs today. This view must be shared by various stakeholders of the electricity value
chain (mainly transmission system operators and manufacturers). In the present work, the general
methodology to build the cost trajectories includes three steps which are specified hereafter.

1. Defining the starting point: a breakdown of the total costs into categories (cost components) including
forinstance labour, and materials for each component of the considered system.

13 www.irene-40.eu
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2. Buildingthe evolution laws: for each cost component, an evolution law is built based onindices that are
extrapolated from recent history. Interval margins (min-max) increasing with the time horizon are
proposed.

3. Aggregating the costs: the CAPEX and OPEX in the attached datasheets are directly resulting from the
previous assumptionsproviding min-maxintervals. Then the contextualization process perscenario is be
appliedtoinferthe min, the max or the median value of the interval according to the estimated maturity
/ commercial deployment at each time horizon.

A first example of the implementation of this three-step methodology is provided for OHL (overhead lines)
inthe nextsection (section 5.2) asa dry-run test. Strong points and limitations of this methodology are then
discussed based on this OHL case study. In a second stage, based on lessons learned from the OHL exercise
and from data gathering forother transmission systems, aslightly adapted approachis deployed in section
5.10 for building the costs trajectories of transmission equipment. Thus chapter 5 is organized as follows:

- dry-run test on overhead lines and discussion on the proposed approach in section 5.2,

- cost data gathering on HVAC underground cables in section 5.3,

- cost data gathering on HVAC submarine cables in section 5.4

- cost data gathering on HVDC transmission systems in section 5.5

- cost data gathering on HVAC substations and transformers in section 5.6

- cost data gathering on FACTS in in section 5.7

- recommendations on evolution laws and intermediate conclusions in section 5.8 and 5.9,
respectively.

The deployment of the approach to model costs of key archetypal transmission equipment overthe period
2014-2050 is detailed in section 5.10.

5.2 Implementation of the methodology: case of HVAC Overhead lines

This sub-section illustrates the deployment of a first dry-run test over the 2013-2050 period for HVAC
overhead lines.

5.2.1 Definingthe starting point

The first step is to select the technology variant including the operational mode to reduce the impredcision
resulting from the “archetype” orthe “installationcase” as defined in the previous chapters. The unit cost of
overhead lines depends (non-exhaustive list) on the transmitted power, the distance of transmission, the
voltage (forinstance 380 kV or 220 kV), the number of circuits (e.g. single ordouble), the terrain (e.g. rural
or urban!* combined to mountain or plain), the country (e.g. labor cost in Northern Europe vs. Southem
Europe), etc. Inthe following, we focus on an overhead line system (HVAC) underthe following assumptions
(for OHL operated in DC, see section 5.5.2):

- HVAC operated at 380 kV, double circuit,

- in four different environments to reflect the space variability (environment 1 in rural area, plain in
Northern Europe; environment 2 in rural area, plain in Southern Europe; environment 3 in urban area,
plain in Northern Europe ; environment 4 in urban area, plain in Southern Europe).

The following table provides a country review of HVAC asset costs (including several ratings, 2011 data)
collected by [6].

Table 19: Average reference values of overhead lines in different countries in Europe [6]

Average reference values for OHL Average reference values for OHL
single circuit double circuit
* 380 kV 500-600 k€/km * 380 kV 750-900 k€/km
Italy ® 220 kV 350-420 k€/km ® 220 kV 450-540 k€/km
e 120+150 kV 270-320 k€/km ® 120+150 kV 410-490 k€/km

14 Inthe present work, “urban” means both urban areas and densely populated areas.
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Germany * 380 kV 700-800 k€/km * 380 kV 1000-1200 k€/km
France * 380 kV 700-800 k€/km * 380 kV 1000-1400 k€/km
e 220 kV 350-500 k€/km e 220 kV 450-550 k€/km
The * 380 kV 1000-1200 k€/km
Netherlands e advanced, 380 kV 2300-2500 k€/km
Austria ¢ 380 kV 1000-1500 k€/km
e 220 kV 700-1000 k€/km
Ireland ® 220 kV 700-1000 k€/km ¢ 400 kV 1400-1600 k€/km
e 110 kV 400-500 k€/km
UK * 400 kV 1100-1300 k€/km * 400 kV 1300-1500 k€/km
Finland ® 400 kV 400-500 k€/km e 400 kV 500-700 k€/km
® 220 kV 200-300 k€/km
Portugal * 380 kV 400-500 k€/km ¢ 380 kV 500-600 k€/km
Poland * 380 kV 400-500 k€/km * 380 kV 900-1000 k€/km
Spain * 380 kV 400-600 k€/km ¢ 380 kV 600-800 k€/km
Estonia * 330 kV 200-300 k€/km ¢ 330 kV 300-400 k€/km
Lithuania * 330 kV 300-400 k€/km
Belgium ¢ 380 kV 1000-1200 k€/km
e advanced, 380 kV 2300-2500 k€/km
Albania ® 400 kV 250-300 k€/km
® 220 kV 100-150 k€/km
Malta e 132 kV 150-200 k€/km
Sweden * 400 kV 400-500 k€/km * 400 kV 500-700 k€/km
® 220 kV 200-300 k€/km
Romania * 400 kV 300-500 k€/km
FYROM * 400 kV 200-300 k€/km
e 220 kV 100-150 k€/km
Bulgaria ® 400 kV 300-400 k€/km
Czech Rep. * 400 kV 600-800 k€/km * 400 kV 1000-1100 k€/km
Norway ® 420 kV 700-1100 k€/km
Bosnia- + 400 kV 200-300 k€/km
Herzegovina
Denmark e 400 kV 1000-1200 k€/km
e advanced, 400 kV 2000-2200 k€/km
Greece ® 400 kV 300-400 k€/km
Slovakia * 400 kV 800-1100 k€/km
Hungary ® 400 kV 300-400 k€/km e 400 kV 500-650 k€/km
Croatia * 400 kV 500-600 k€/km
Slovenia * 400 kV 700-900 k€/km
Serbia ® 400 kV 200-300 k€/km
Montenegro e 400 kV 250-350 k€/km
Cyprus e 132 kV 50-100 k€/km ® 220 kV 200-250 k€/km
Iceland e 132 kV 200-250 k€/km
Ukraine e 750 kV 500-600 k€/km
* 330 kV 200-250 k€/km

The data set displayed is supplemented by the German study of BET*®, cf. ref. [15]. This study compares in
particularthe option of intermediate partial cabling with regard to OHL and provides recommendations for
grid planners based on a comparison of capital costs, energy loss costs and bottleneck costs overthe whole

15 Biiro fiir Energiewirtschaft und technische Planung GmBh
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life time of the assets. We have in particularretained the assumptions set on overhead lines (foraline of 68
km length) to complement the data of the above table.

The Grid deployment Planin Germany (2013) [1] allows some comparison for the reference data of double
circuit OHL. These costs are consistent the ones used by BET [15], cf. Table 20.

Table 20: Complementary dataoninvestment costs of overhead linesin Germany [15] [1]

Average reference values for OHL (double circuit)

BET (Germany)

[15] 2X4X265/35% 750 k€/km; 2X4X385/35 850 k€/km; 2X4X560/50 1400 k€/km

e 380-kV New construction in existing line double line or 380-kV- New double-circuit line:
1400 k€/km
e Compensation systems: 380-kV-SVC 3,2 M€/piece 100 Mvar variable compensation (w/o
switching field)

Grid Deployment
Plan
(Germany) [1]

Here, it should be pointed outthat the differencesin costs of Table 19 might not specifically depend on the
labour costs in the given country but also on the terrain (example Sweden where the total costs are low
probably as a result of terrain conditions, eventhough labour costs are very high compared to other EC
countries), and the transmitted power. This latter data, which is not specifiedin Table 19, is of paramount
importance. This can be clearly seenin Table 20 where costs are directly related to section areaand thusto
transmitted power (cf. the conductor size for the first line of the table where a doubling in conductor size
roughly gives a doubling in total costs).

A more recentsource from National Grid, UK [11] gives arange of 1570 to 1990 £k/km as a cost perroute for
a 400 kV double circuit (HVAC OHL).

Another complementary source has been used as a sanity check to fix the assumptions for the OHL case
study: the US WREZ project for the Western Governors Association [2]. Again the set of data appears
consistent. Inthe same source, asimple model is presented to estimate the capital cost perunitlength (km)
forsome of the key specificities impacting the transmission line design, e.g. the conductor type, the structure,
the length of the line.

Table 21: Average referencevalues of Overhead linesin the US [2]

Base line for an OHL single circuit . o
Voltage ACSR conductor, line longer than 16 km, tubular or s (I er e 1rL M
lattice pole structure (2008 values; EUR/USD=1,35) ETS SRS
230 kv ® 426 k€/km * 683 k€/km
345 kV e 598 k€/km ® 956 k€/km
500 kV ® 853 k€/km ® 1365 k€/km

Table 19 to Table 21 presentcosts as a function of the voltage level, the number of circuits, and the location
(country). As mentioned above, other factors are of importance such as the type of conductors, the
transmitted power, and the terrain. It is not straightforward to present this multifactor dependence: Table
22 and Table 23 give possible multipliers when considering, fora given OHL variant, different terrains,
distancesand conductortypes (the unitvalue -1- corresponds to the base line while the multiplicative factor
helps computing the costs taking into account the unit costs of the base line).

Table 22: Average reference ratiofor Overhead lines [2]

230 kv | 230kv | 345kV | 345kV | 500 kv 500 kv

single double single double single double
Aluminium Conductor, Steel Reinforced (ACSR) 1 1 1 1 1 1
Aluminium Conductor, Steel Supported (ACSS) 1,08 1,08 1,08 1,08 1,08 1,08
High Tensile Low Sag (HTLS) 3,6 3,6 3,6 3,6 3,6 3,6
Lattice 0,9 0,9 1 1 1 1

16 4 x 560/50: 4 stands for the number of conductors for each bundle (i.e. 4 conductor bundle). The numericalvalues “560” and “50”
indicate the areas of the aluminum conductor and the core, respectively (which allow to calculate the diameter of the conductor).
The diameter of a conductor and the numbers of conductor defines the maximum applied voltage.

29/08/2014 Page 58



e-Highway2050— WP 3 - D3.1

Tubular Steel 1 1 1,3 1,3 1,5 1,5
Length >16 km 1 1 1 1 1 1

Length 5-16 km 1,2 1,2 1,2 1,2 1,2 1,2
Length < 5km 1,5 1,5 1,5 1,5 1,5 1,5

Table 23: Terrain cost multipliers foroverhead lines in different installation contexts [2] [5] [6] [10]

Terrain nature 400 kV single 400 kV double 225 kV double Sources

Rural plain 1 1 1

Urban plain 1,38 1,38 1,39 Cigre 2006 [10]
Mountain?’? 2,15 2,05 2,15

Rolling hill (2-8% slope) 1,30to 1,4 PG&E, SCE
Rolling hill (>8%slope) 1,50 to 2 PG&E, SCE, SDG&E
Suburban 1,20t0 1,33 PG&E, SCE, SDG&E
Urban 1,15t0 1,67 PG&E, SCE, WREZ
Hilly landscape 1,2 REALISEGRID [5] [6]
Mountain of urbanarea 1,5 REALISEGRID [5] [6]

At last, Table 24'® displays other multipliers for the voltage level, the number of circuits, the number of
conductor per bundle and the type of conductor.

Table 24. Multipliers forthe overall costs of ACOHL.

Multiplier for higher voltages (from 400 kV to 750 kV) 1.63
Multiplier for higher voltages (from 400 kV to 550 kV) 1.25
Multiplier from double to single circuit 2/3
Multiplier for from 4 to 3 conductor bundle 3/4
Multiplier type of conductor (AAAC to ACSS) 1.25

The multifactor analysis displayed in the above tables (voltage level, terrain, country, etc.) shows that
significant ranges can be observed for CAPEX of HVAC OHL. As a result, the choice of the technology variant
for a given environment is key when attempting to appraise the future costs. It is thus proposed to define
reference technology variantsin their associatedenvironment withatentative level of costs, in orderto canry
out the dry-run test.

Inthe following, the text highlighted in blue frames will depict the tentative assumptionsneeded to carry out
the dry-run exercise on HYAC OHL before proposing a final methodology for key transmission technologies
in section 5.10. These assumptions concern both the starting point (costs at 2013 based on recent sources)
and the evolution laws 2013/2014 to 2050. At this stage it could be observed that the construction of an
OHLinan urban area in Europe may face major publicacceptance barriers. Thesefourinstallation types (and
especially installation 3and 4) have thereforeto be considered as theoretical extreme configurations to carry
out this dry-run test.

Assumption 1. The assumptions retained forthe unit costs at 2013 forthe HVACOHL dry-run test are given
for four installations (with different values for the transmitted power):

- OHL double circuit operated at 380 kV: 750 k€/km for installation 2 and 1200 k€/km for installation 1
(rural area respectively in Southern and Northern Europe)

- OHL double circuit operated at 380 kV: 1030 k€/km for installation 4 and 1650 k€/km for installation 3
(urban area respectively in Southern and Northern Europe)?*®

17|n the ACOHL TAR, a multiplier of 1.7 is given. Costs for OHL are most of the time computed for a distance corresponding to a
beeline. As a matter of fact, a coeffident of1.2 should be applied to the value giveninthe TAR in order to account for th e reallength
of the line due to the terrain,i.e. 1.7x 1.2~ 2 (which is line with the values given in the table).

18 Data extracted fromthe ACOHLTAR (RTE).

19 We have useda ratioof 1.38 as recommended in reference [10] to compute the effect of changingthe contextinto “urban plain”.
Inthe same way, theratioof 2.15upontheinvestment costina flatrural plainshould be usedifone considers a fifthinstallationin
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5.2.2 Identifying the main components of the costs

Several sources detail the cost component of a new OHL as function of different environments (country,
terrain, conductor type, etc.). In the present work, itis assumed that the cost components are:

- equipment costs,

- installation costs,

- civil works costs,

- project management costs,

- authorizations costs and rights of way costs.

As explained above, these costs components should be a function of several factors, i.e. the terrain, the
voltage, the type of conductors, etc. Table 25 shows costs components afunction of theterrain. As expected,
itis observedthatthe share forequipment costs (in% of the total investment cost) islower for more complex
installations, i.e. civil works increase with increasing complexity of the terrain.

Table 25: Typical breakdown of cost components of overhead lines in different installation contexts [10]

Terrain Rural plain Urban plain Mountain
Equipment 34% 29% 25%
Installation 33% 35% 38%
Civil works 8% 9% 16%
Project Management 15% 15% 16%
Authorizations 7% 8% 3%
Rights of Way 3% 5% 1%

Typical ranges of the share of equipment ratio are taken at 25% for a line ina mountainousareaand 34% in
arural, flatarea. As a consequence:

Assumption 2. For the dry-run exercise on HVAC OHL on the share of equipment with regard to the total
investment costs, the following assumptions are made:

- Forbothinstallation 1and 2 (rural plain), the retainedratio of equipmentis 34% (of the total investment

cost)
- Forbothinstallation3and 4 (urban plain), the retained ratio of equipmentis29% (of the total investment

cost)?°
5.2.3 Evolutionlaws for each component

Modelling the evolution in time of cost components is the most difficult step since it should capture or
simplify the forecast uncertainty induced by the distance to aremote time horizon. As already indicated, the
proposed approach aims at proposing a simple evolution law for cost components: this simple approach
should reflect likely evolutions within a given confidence interval.

Three types of costs components should be distinguished with regard to evolution laws:
- cost components highly dependent on local constraints requiring a spatial analysis (terrain, country),

- cost components highly dependent on factors for which forecasts at a long-term time horizon remain
difficult due to a disruptive event (external factor or disruptive technology),

- cost components for which evolution laws for the next decades could be built based upon basic
assumptions under uncertainty margins.

a mountain-type context. The US sources mentioned inthe table “terrain cost multipliers” are detailed in the 2012 Black & Veatch

report for WECC [2].
20 With the observationthat dueto publicacceptanceissuesin Europein urban context, installation3and 4 have to be considered

as theoretical case and not as a prescriptive solution foran OHL (see sections on underground cables and on partial undergrounding)
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Forthe sake of simplicity, andin orderto come up with a methodology which remains tractable, assumptions
for drafting evolution laws of the costs components for the next decades are necessary. The following
assumptions have been made:

- nodisruptive change in the macro-economic context (geopolitical instability, major economic crisis, no
force majeure event),

- evolutionlaws of rights of way and authorizations will depend on local constraints. This cost component,
representing 4-10% of the overall costs [10], is excludedfrom the present analysis (i.e.no evolution law),

- evolution laws of installation, civil works and project management will mainly depend on future
evolutions of energy and labor costs.

- Thereis a continuity in the technological evolution. The long-term trend for the future will thus result
from the recent past trend and take into account a classical technology learning curve?!. Such an
assumption has some limitations on the short term-fluctuations that might create some bias but we
assume that for long-term time horizons these short term fluctuations will be averaged.

- Evolutionlaws of equipment (1): since transmission equipment (and especially lines and cables) include
raw materials (e.g. aluminum, copper), long-term trends of commodity prices should be considered.

- Evolution laws of equipment (2): a technology experience curve approach (assuming no disruptive
technology) can be applied.

Based onthe above hypotheses,an analysis (dry-run test) of the expected evolutionsof each cost component
iscarried out. Then, foreach cost component, amethodology is proposed to estimate the trajectories in time
(evolution laws) of each cost component, cf. Table 26. In this analysis, typical ranges forthe equipment cost
component are 25% for an OHL in a mountainous area and 34% in a rural, flat area.

Table 26: Factors impacting each investment cost component of overhead lines

Cost Factors likely to impact Expected evolutions until .
Proposed index and model
component costs 2050
. . Th tio (PR)?? of th
Experience curve of the | Experience curve of = ez e |o.( )** of the .
.. ) technology determines the exponential
transmission system technology will reduce cost decrease
based turi f equi t dingt o
ase O_n maturity ° equlp.men accor .mg oa For this dry-runtest, a PR of 90% and a
(excluding costs of raw | decreasingexponential law . . .
Equibment B doubling of cumulative production every
quip 20 years have been assumed.
C dity ind : based t
Price of commodities Price of metals is expected to ommP Ity In exes' aseaon ref:en .
. . . . evolutions,a strong increaseuntil 2020is
(steel, aluminum, zinc, | increasefollowingthe trend .
etc) observed in the recent vears assumed, then a slower evolution
' y (+0.5%/year over the 2020-2050 period)
A slowbut steady reduction
of labor costis assumed. The . .
. - Labor index for the sector: linear
Labor cost high variability of labor cost .
. . extrapolation based on recent trends
. accordingtothe countries
Installation .
should be mentioned.
See World Bank data on Oil index:120 USD/bbl at 2020 and a
Cost of energy evolutions for some strongincrease+1.5%/y base2020 over
commodities (until 2025). On | the 2020-2050 period

21 The “learning curve” approach describes how marginal labor costs decline with cumulative production. The “experience cune”
generalizes the labor productivity learning curve byincluding all costs necessaryto research, develop, produce and marketa given
product. The general form of the experience curve is a power curve defined with a progress ratio PR=2"%, where b is the leaming
coefficient. Thus, for each doubling of cumulative production, the marginal cost decreases by (1-PR). Forexample with a PR of 90%,
doubling of cumulative production within 20 years implies a 10% reduction in marginal cost. It should be noted that the “dassical
experience curve” includes “all costs necessaryto...”:in ourstudy we have separated two effects (the industrial product and the raw
material due to its importance fortransmission equipment).

22 see previous footnote.
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a longer run the cost of
energy is expected to
increase.

As above (installation).
The relativeratio, labor

Rights of Way

Local factors

component

Civil works As above (installation). As above (installation).

cost/energy, should be ( ) ( )

different
Proiect Slow steady increasedueto | Engineeringindex :a linear evolution

) Skilled labor costs the scarcity of skilled based on recent trends has been
Management .
engineers assumed
Authorizations | Local constraints No estimation in this
Flatmodel

Assumption 3. Thus, based upon the analysis of Table 26, the following approach for the evolution laws is

proposed for three categories of indices:

- Labor cost and engineering: linear evolution law based on recent evolutions (last 10 years), in Figure 11

below (grey cells).

- Progress ratio: progress ratio defining the level of the exponential decrease reflecting the experience
curve gained by industry inthe related offer (product and services) and commodity price indices (metals)

in orange color Figure 11 below (orange cell).

- Commodity price indices: evolution laws based on commodity price indices including metals and energy

needs Figure 11 below (pink cells).

Figure 11: Breakdown of cost components inindices and type of model of time evolution foreach category

of indices
Indices Type of model
LAB
e Personnel costs Linear based on recent trends
olL Commodity: energy / metal Linear evolutions based on recent trends for the short term
METAL ’ &Y (until 2020). Ad hoc assumptions beyond.
EXP "Experience-based curve" on the Estimation of a progress ratio or use of dropping rates from
product/system excluding material previous similar studies (IRENE40)
L/z Depending on Local or Zonal factors N/A
5.2.4 Aggregatingthe costs

The final step results in the aggregation pertime period of each cost component by resorting to the evolution
laws proposed in the previous sub-section. This aggregation exercise is supplemented by an estimation of
the uncertainty, i.e. by a min-max interval (confidence interval) taking into account the uncertainties on the
current cost breakdown and the future estimated indices. The indices for each time period are detailed in

the table below.

Table 27: Tentative quantification of cost components of overhead lines

Cost component Cost in 2013 2014 2020 2030 2040 2050
k€/km
Interval range +10% +15% +20% +25% +30%
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34% of 750 k€/km for

installation 2 and 1200 Linear Linear Linear Linear Linear
k€/km for installation 1 | combination [combination | combination | combination | combination
Equipment * k% of: of: of: of: of:

29% of 1030 k€/km for | * EXP: 96,923 | *EXP 94,9 | *EXP 90 | *EXP 854 | *EXP 81
installation 4 and 1650 | * ALU: 18002% [ *ALU: 2014 |*ALU: 2149 | *ALU: 2259 | *ALU: 2374

k€/km for installation 3

33-35% of investment

Linear Linear Linear Linear Linear
Installation costaccording to nature | combination | combination | combination | combination | combination
of terrain of of of of of

*LAB: 100 2° *LAB: 98 *LAB: 95 *LAB: 92 *LAB: 89

» 8-9% of investment cost | 4, 109526 | *0j1:120 | *OIL: 139 | *OIL: 162 | *OIL: 188
Civil works according to nature of

terrain
Project . 27
15% of investment cost ENG: 100 ENG: 117 ENG: 137 ENG: 158 ENG: 178
Management
Authorisations & 10-13% according to No estimation in this component:
Right of Way nature of terrain “flat” assumption

The evolution laws of the above mentioned indices are not contextualized per scenario. The proposed
evolutions are identical for the five e-Highway2050 scenarios, this is why a rather large confidence interval
(£30% at 2050) has been kept for the 2050 figures.

The results of the computations of the dry-run test are displayedin Tables 28 for installations 1 and 3 as an
example.

The computations for high temperature conductors could be easily derived using the multiplier factor given
in Table 22 for ACSS and HTLS conductors.

All analyses carried so far are relevant for CAPEX. For OPEX, a level of O&M (Operation and Maintenance)
costs has been appraised using a reference value of 2% of the CAPEX for annual expenses. Reference [16]
suggestsforannual O&Mexpensesan annual cost of 1% of the CAPEX while source [6] suggestsa higher level
of operation and maintenance for HVAC OHL in the range of 1.5 to 5% of the CAPEX.

5.2.5 Discussionon the limitations of the proposed approach

The dry-runtestcarried outso far,i.e. sections 5.2.1to 5.2.4, suggest that more than half of the CAPEX of an
overhead line is the sum of installation, civil works, authorization and right of ways costs, which are highly
dependent on local factors (land use, nature of terrain, labor and energy costs in the considered country).
The variability resulting from such factors, when setting up the starting point, is more important than that
comingoutof the tentative evolution laws formulated to grasp likely e volutions of averaged indices over the
next decades.

Asanexample, there isaratio of 2.2when comparing the 1650 k€/km forinstallation 3 (urban area, Northem
Europe) to the 750 k€/km for installation 2 (rural area in Southern Europe) whereas the cost variation over
time is of the order of magnitude of 20 to 30%. Three observations are made uponthese resultson the long
term prices of considered commaodities, on the sensitivityto experience curves index and on the importance
of local considerations and of a “space factor”.

23 Experience curve index EXP 96,9 (base 100in 2010)

24 Commodityindexfor conductoris Aluminum (ALU): 1800

25 Laborcostindex: base 100in 2010. Evolution is based onlinear extrapolations based on recent trends
26 Commodityindexforenergyisthe price of crude oil(avg. spot): 105

27 Index for engineering: 105. Evolutionis based onlinear extra polations based onrecent trends
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Tables 28: Examples of cost evolutions foran overhead line, double circuit operated at 380 kV in 2 different configurations (country and terrain)

1200 k€/km 0,9 1,1 | 0,85 1,15 0,8 1,2 0,75 1,25 0,7 1,3
k€/km k€/km k€/km k€/km /km k€/km /km
Breakdown per component costs for each component 2013 indexes 2020 2030 2040 2050
Key components % Labor Commodity Experience min max index min  max | index min max [ index min  max | index min  max
Equipment 34% 50% 50% 367 449 341 462 318 477 300 499 282 523
EXP 0,97 0,95 0,85 0,81
ALU 1,00 1,00 1,10 1,16
Installation 33% 60% 40% 356 436 352 476 349 523 347 578 346 643
LAB 0,98 0,95 0,92 0,89
OlL 1,14 1,33 1,54 1,79
Civil works 8% 50% 50% 86 106 87 117 87 131 89 148 90 167
LAB 0,98 0,95 0,92 0,89
OlL 1,14 1,33 1,54 1,79
Project Managnt 15% 100% 162 198 ENG 1,17 178 241 1,37 198 296 1,58 213 355 1,78 225 418
Authorizationand ) 50, 108 132 | N/A 1,00 102 138 96 144 90 150 84 156
Rightof Ways
CAPEX (k€/km) 100% 1080 1320 1060 1434 1048 1572 1038 1731 1027 1907
OPEX (p.a.) 2,0% 22 26 21 29 21 31 21 35 21 38
1656 k€/km 0,9 1,1 | 0,85 1,15 0,8 1,2 0,75 1,25 0,7 1,3
k€/km k€/km k€/km k€/km k€/km
Breakdown per component costs for each component 2013 indexes 2020 2030 2040 2050
Key components % Labor Commodity Experience | min max index min  max [ index min max | index min max | index min  max
Equipment 29% 50% 50% 432 528 402 544 374 562 353 588 331 615
EXP 0,97 0,95 0,85 0,81
ALU 1,00 1,00 1,10 1,16
Installation 34% 60% 40% 507 619 500 677 496 744 493 822 493 915
LAB 0,98 0,95 0,92 0,89
OlL 1,14 1,33 1,54 1,79
Civil works 9% 50% 50% 134 164 134 182 136 204 138 229 140 260
LAB 0,98 0,95 0,92 0,89
OlL 1,14 1,33 1,54 1,79
Project Managnt 15% 100% 224 273 ENG 1,17 246 333 1,37 273 409 1,58 294 490 1,78 310 576
Authorizationand 434 194 237 | N/A 1,00 183 248 172 258 161 269 151 280
Rightof Ways
CAPEX (k€/km) 100% 1490 1822 1465 1983 1451 2176 1439 2399 1425 2646
OPEX (p.a.) 2,0% 30 36 29 40 29 44 29 48 28 53
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e |ssue 1: long term prices of considered commodities

The proposed methodology to build cost trajectories based on the evolution laws of indices is relevant for
short to mid-term prediction forecasts of equipment for which the time uncertainty factor remains limited.
Indeed the estimations on long-term pricesof commodities (on metals and even more on energy) are largely
dependent on exogenous factors so that any quantitative projection beyond 2025 remains difficult (2025 is
the time horizon set by the World Bankinits Commaodities Price forecast edition[38]). As anillustration, when
consulting two successive releases of the World Bank Commodities Price forecast edition for aluminium,
issued in 2013 and in 2014, for the trend until 2025, significant differences are observed on the rates (see
[38] and [39]).

The above statement is confirmed by the available literature on long-term prices of primary commodities.
Several authors have examined the properties of secular time series of commoditiesincluding in particular
the onesthat are relevant for e-Highway2050 (e.g. oil, aluminium, copperand zinc). The classical hypothesis
known as the Prebish-Singer (PS) hypothesis and formulated in the 50s claims that such prices present a
downward secular trend.

The PB hypothesis has been re-examined by recent studies due to the current uprising trends on commodity
prices [36] [37]. These studies reassess the evidence foralong-runtrendin primary commodity pricesbased
on the commonly used Grilli-Yang data set of commodity prices time series. Reference [36] confirms that
major commodities show robust evidence of long-run decline confirming thus the PB hypothesis (ind.
aluminium and zinc) whereas for others (among them copper, nickel and oil) no significant trend was
detected over the considered period. More recently, models based on piecewise linear trends for 25
commodities (and among them aluminium and copper) were elaborated [34]. This model identifies
consecutive time periods upon which a linear trend of commodity price evolution is relevant. A slope was
then defined for each commodity andfor aggregate commodity prices. Overthe period 1900-2010, the slopes
of the estimated piecewise lineartrends forthe commodity price index for metals (based on the Grilli Yang
data set) are splitin four time periods: -1.81 from 1900-1946; 0.42 from 1946 to 1972; -0.9 from 1972 to
2000 and 3.33 from 2000 to 2010.

The UN-DESA working paper [35] formulates the possibility of super-cycles of 30-40 years during the 1865-
2009 period, withamplitudes in the range of 20-40% higher or lower than the long-run trends. Four super-
cycles with acorrelation of non-oil commodity prices with world GDP, whilereal oil prices follow alongterm
upward trend interrupted temporality during the 20t century, cf. Figure 12 next page.

More particularly, real commodityprices trended veryslightly upwards from 1865 to the mid 1910s, trended
downward until late 1990s, and then trended upward again through the end of the sample. Metal prices
follow the same general pattern (increase, decrease, increase) with minor differences. They have entereda
downward trend earlier (breakdown year 1881) until the mid-1970s with an annual compound growth
estimated at-0.7%, arapid rise at about +1%/year is estimated for the recent period 1974-2010, cf. Table 29.
The existence of these fourlong-term cycles and the observation that for non-oil commodities the mean of
each super-cycle has a tendency to be lower than that of the previous cycle, is a confirmation of the PB
hypothesis. The figure and the table below illustrate findings of [35] useful for any tentative estimation of
evolution laws of commodity related indices for e-Highway2050.
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Figure 12: Real price decompositions for metals and crude oil into alongterm trend, supercycle and short
term cycle components [35]

In Figure 12, the actual real price are inthe upper curve of the graph (real price and long termtrendina log
scale on the right hand side of each graph). The long-term general pattern “up”, “down”, “up” appears
clearly. Inthe bottom of the figure the non-trend component (difference of the actual time seriesand the
trend) isrepresented. One could observethe cyclical fluctuationsin the range of 40% maximum deviation

fromthe longtermrange (leftscale).

Table 29: Descriptive statistics of the long-term trends in some real commodity prices [35]

Upward trend Downward trend Upward trend
Periods for metal prices 1865-1881 1881-1974 1974-2010
Annual compound growth rate 0.1% -0.7% 1.0%
Cumulative growth rate 1.7% -48.2% 43.8%
Duration (years) 16 93 36
Periods for crude oil prices 1875-1925 1925-1962 1962-2010
Annual compound growth rate 1.5% -1.1% 2.8%
Cumulative growth rate 114.2% -32.5% 280.0%
Duration (years) 50 37 48

Finally tofocus on some particular commodities relevant forour project, Figure 13 illustrate the piece wise
linear trends over the period 1900-2010 for a selection of metals as estimated by [36].

e Issue 2: sensitivity to experience curves index

The model on experience curve of the above described OHL case has been built upon the qualitative analysis
and assumptions of Table 26 (i.e. a PR of 90% and a doubling of cumulative production every 20 years). This
assumption may be considered as optimisticbut one should havein mind thataforecast error of say 20% on
the experience curve index (EXP) in 2040 or 2050 will in fact impact the CAPEX of the OHL by less than 3%
(20% * half of the 29%, cf. Table 30 next page -extract of Tables 28-). This shed in light the rather low
sensitivity of such factor in the total cost?8.

28 The assumption of 50/50 forthe respective component of the main commodity and of the experience index for the transmission
equipmentcouldbe further fine-tuned for each type of equipment but the main conclusions onits low sensitivity remains valid due
to the 29% share of equipment (urban area) and 34% for rural area.
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Figure 13: Primary commodity prices and their piece wiselineartrends overthe period 1900-2010 for a
selection of metals [36]
Table 30: Sensitivity of a forecast error on an index for the OHL studied case (urban area)

Breakdown per nature of costs for each
Breakdown per component

component
% Labor Commodity: System:
Key components investment materials  Experience
cost and energy curve
Equipment 29% 50% 50%

Here we should mention the IRENE40 project and its particular focus on te chnology forecast methodology.
In deliverable D2.2[8] issuedin 2010, a dedicated methodology to forecast future costs of key transmission
system has been elaborated according to their current maturity levels. The approach does not detail price
commodity evolutions, nor installation and engineering costs but provides directly an integrated approach
for costs at 2020, 30, 40, 50 for the following technologies based on a collection of reference data:

- HVDC: back to back, OHL, submarine cable
- FACTS: SVC, STATCOM and TCSC.
- HVAC: OHLssingle circuit, Cable, transformers.

In addition performance forecast for OHL, transformers, cables and HVDC efficiency levels (LCC/VSC) are
detailed, cf. pages 108-114. The value of the IRENE40 approach has two dimensions:

- itsdirect nature allowing to get experience curve indices at 2020, 30, 40, 50 time horizons for a given
equipment (integrating our two indices related to experience curve and commodity prices),
- the nature of the consortium including manufacturers and well-known academics.

e Issue 3: importance of local considerations and the “special factor”

When observing the outputs of the computations of the proposed dry-run tests, cf. Tables 28, and the high
country dispersionof costsasshowninTable 19, it appears that the local factorswill have a significant impact
on the total costs (starting point) and in turn in the its cost evolution. This local factor has somehow to be
taken into account when building the cost evolutions over the period 2013-2050. To that purpose it is of
paramount importance to pay attention to the archetypal technology and installation configurations to be
retained as a starting point (2013 data in technology features and costs).
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Contrarilytoissue 2, the sensitivityof a 20% error or bias in the 2013 data will be totally and directlyimpacted
to all following decades (2020; 2030; 2040; 2050). To that purpose, a space index factor representative of
the local context could be used. A country wise approach has been presentedin [10] and reportedin Table
31. It results from a “cost unit approach” detailing costs of transmission equipment in a non-dimensional
scale upon which a cost unitvalueis applied, depending on the country in Europe. The table has been built
with a value of 10 Euros the unit cost for Italy as reference by analysing a report?® for DG TREN/EC by ICF.

Table 31: Cost unitvalues fora double circuit 400 kV OHL constructed in different countries [10]

Countr Value of the Specific cost factors
v Cost Unit (€) P

Finland, Sweden 6 Flat land (fewer towers)

Greece, Portugal 6 Low costs (land, labour)

Denmark, Norway, Spain 8 N/A

Belgium, Netherlands, Italy 10 Heavily populated

France, Germany 12 Heavily populated ; high labour cost

UK (England & Wales) 16 n-2” standard applied and mc?re towers/.km high right-of-way
costs; heavily populated

Austria, Switzerland 16 High environmental |ssue§; topography; high wind pressure limits;

high labour costs
NB : the effect of the land condition on the line costs for the different countries is not captured

The above table provides furtherinformationregarding assumption 1where aratio of 1.6 has been assumed
between Northern and Southern Europe. If needed, Europe could be splitin more than two areas (Southem
and Northern Europe) according to e.g. Table 31.

5.2.6 Recommendations on cost trajectories construction for the e-Highway2050 project

Based on the dry-runtest carried outso far (for the AC OHL), the recommendations for the evaluation of the
cost of technologies are the following:

- TSO and manufacturers should first agree on the archetypal technology variants of transmission
equipment, for instance the candidate reinforcements for HVAC and/or HYDC OHL and/or cables (with
the relevant categories of power and voltage ratings).

- The geographical factor (mainly terrain) whose variability in Europe has a major impact on costs should
be taken into account: some elements have been given in the present section.

- Timeevolution of cost trajectories can be modeled with astrong confidence for the next 10-15 years by
the methodology detailed inthe present section (and applied in the case of OHL), i.e. the breakdown of
costs in five distinct components (equipment, installation, civil work, project management and
authorizations & right of ways) whose evolution can be predicted thanks to forecasts of few indices
(commodity index in energy, metals, cost index of labor and cost index of engineering and experience
curve of a family of product in industry).

- Short to mid-term qualitative evolutions of the series of driving indices have been made and it appears
that their effects are compensating each other. The expected short to mid-term evolutions of the
considered indices are: “up” for commodities on price and energy, “down” for labor cost, “up” for
engineering index and “down” again for the experience curve due to the increasing maturity of the
considered transmission technologies.

- The costs are at first analysis independent to the five e-Highway2050 scenarios.

- Beyondamid-termtimehorizon(2025-2030), the increased level of uncertainty suggests a much simpler
approach by assuming a rather flat evolution of prices for equipment cost component over the period
2025-2050 beyondthe predictability horizon of costs which could be assume d by such an approach. This

29 “Unit costs of constructing new transmission assets at 380 kV withinthe European Union, Norway and Switzerland” Final Report
October2002 prepared forthe DGTREN/European Commission study by ICF Consulting Ltd.
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is also the approach followed by a key reference output of IRENE4O on simple evolution laws of
transmission equipment (see the deliverable on technology database and technological development
forecast methodology [8] developed by manufacturers and academics).

Therefore the two key factors for using the gathered data on costs of transmission are:

- the validation by manufacturers and TSO of the archetypal configuration to be retained for each
transmission requirements (lines, cables, converters, transformers, FACTS, etc.)

- the geographicfactor (mainly terrain) impacting both the complexity of installation, the labor costs and
engineering costs.

Asa consequence, inthefollowing sections, the focus has been made on the data gathering of costs of typical

transmission systems as reported in recent studies as of today. Evolutions lawsforsome keycomponents are

synthetized taking also account the IRENE40 outputs (see section 5.8).

5.3 Underground cables (HVAC)

Based on the above conclusions of the case study on HVAC OHL, a similar approach could be implemented
forunderground insulated cables (UGC) operatedin High Voltage AC. As explainedabove, the data gathering
process of cost of cables at 2013 from public sources is a critical step (starting point).

Itis proposedto use the dataof R. Benato, 2012 in ElectraN°265 [16] and to cross check the obtained values
and ratios with othersources. The study compares the overall whole life cycle costs of OHLand UGC. In this
work, the technology variantidentified as representativeand relevant for e-Highway2050 is the following:

- underground XLPE cables, nominal voltage 380kV, double circuit, cross section 2500 mm?; resistance at
90°C (50Hz) 13.3 mQ/km; inductance 0.576 mH/km; shunt leakance (50Hz) with tan3=0,0007 is 51.5
nS/km; capacitance 0.234 uF/km (with €,=2,3);

- Installation site: total undergrounding in a flat land area (non-urban);

- Length of 25 km?3°;

- Financial assumptions: 40-year project duration, discount rate at 5%.

In this section, attentionis focused on HVAC full undergrounding solutions. However, data related to costs
of partial undergrounding solutions, complementing overhead line projects in sensitive areas, are discussed
in subsection 5.3.4.

5.3.1 Costs of the technology variant as of 2013 and main components

Data on breakdown of costs of fully undergrounded cable installations have been extracted from reference
[16]: the data represents mean reference values resulting from world-wide industry surveys. The study
distinguishes the following cost components:

- Capital costs and underground cable shunt compensation investment3?;
- Energy losses costs;

- Burden on territory;

- Dismantling costs;

- Operation and maintenance costs.

The reference values for the overall costs are the following for the double circuit UGC [16]:

30 Thanks to aninductive shunt compensation length of over 25 km can be achieved. Here the 25-km length corresponds to the
projectunderscrutiny.

31 Main components for capital costs and UGC compensation include cost of acquisition of rights of way and of further portions of
land; costs of purchase of equipment components; costs of transportation of materials; costs of civil and electrical works on site for
installation of equipment; cost of civil works (excavation, trench); costs for swathe reinstatement after works; engineering cost;
project management costs and other contingency costs; costs for provision of reactive power compensation forlong distance UGC
[16].
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- CAPEX s 3.5 M€/km for the cable and 6 M€ for the two 150 MVAR shunt reactors needed at each end
station for compensation (i.e. an additional 0.24 M€/km when assuming a 25 km length);

- Energy losses per unit length are estimated at 0.594 M€/km;

- Burden on territory is clearly dependent on the economic value of the corridor. For an 18-meter wide
corridor, an estimation3? of 0.018*w, is given. Unit is M€/km;

- Main reference valuefor O&Myearly costsis 0.1% of initial investment. The present value of the sum of
such expenses over the project life time is estimated at 0.035 M€/km;

- Decommissioning costs are calculated based on the assumption that end of life costs sum up to about
5% of the initial investment?3. The calculation of the costs discounted to the presenttime (40years; 5%)
yields 0.0265 M€/km;

- The level of repair costs of an HV XLPE cable is low due to its high reliability and is estimated at 0.03
M€/km (mainly due to the shunt compensation equipment).

Under these hypothesis, the overall cost discounted tothe presenttime perunitlength forsuchan XLPEHV
underground cable is estimated in M€/km at 4.4255+0.018*w,. Witha land economicvalue at 32€/m2, the
estimated overall cost is about 5 M€/km (while initial investment cost is 3.5 M&€/km) which shows a 1.43
factor from initial investment to total cost over project life time (40 years; 5%) under the conditions of the
proposed case study [16]. Table 32 summarizes the total costs over project life time (40 years).

Table 32: Typical breakdown of overall costs of a fully undergrounded HV XLPE Cable double circuit, 380
kV, 2500 mm? [16]

Total costs over | Base initial
project life time | investment Comments
(M€/km) 10
:T(;t)lal investment 3,5 100 Excludingland costs.
Ishunt 0,24 6,9 Due tq reactive compensation needed for HVAC cables over
long distance.
Cost of energy losses represents a significantcomponentin
Energy losses 0,594 17 e .
lifetime operational costs.

. Assuminga land economic valuefixed at 32€/m?, this
Territory 0,576 16,5 amount is however highly dependent on local conditions.
Decommissioning 0,0265 0,8 Appears as negligibleatthe firstorder.

This estimation appears as underestimated when
O&M 0,035 1 considering other sources. The retained valuewas 2% of
initialinvestment of equipment.
Repair 0,03 0,9 Low level due to the highreliability of HV XLPE cable.
Total 5,00 142,9

5.3.2 Sanity check with other sources

A very first cross-check could be done with actual recent HVAC Cable projects aiming at grid infrastructure
reinforcement. Table 33 next page presents an overview of such projects based on a compilation of
manufacturers news3*

32 wyis the economicvalue of the corridorin €/m?2

33 Assumption for both lines and cables.

34 source Europacable, news flow over the period 2009 to 2014; filtering of underground and partial undergrounding
HVAC projects; news relatedto a land connectionto a plant(wind farm, desalination unit, pumped storage
hydroelectric plant) have not been retained inthe table
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Table 33: Review of recent underground HVAC cable projects on grid infrastructure reinforcement (source Europacable)

date | Voltage Transmission Technology km | MS$S | ME€ Connection
news land
2013 500 Installation of 500 kV XLPE cablesin underground tunnel, including power accessories, 7X3 11 | State Grid Corporation of China: grid reinforcementin Beijing, Pilot Project
joints andterminations. 3 separate 7-kmlengths (one per phase), single-core cable at
2500mm2 coppercross section.
2012 400 400 kV extra high voltage insulated cable with a coating with enamel cable to reduce N/A | 110 Grid infrastructure reinforcement in Kuwait
transmissionlosses by more than 20%
2012 400 3 orders including 400 kV cablesand connectors inKuwait (110 MUSD), a Saudi Arabia | 101,8 | 110 Grid infrastructure reinforcement in Kuwait, Saudi Arabia and Qatar
(1.44 MUSD) and Qatar (1.36 MUSD)
2010 400 400 kV underground cable system, triple circuit route of 25 km fora totalof 230 km of 230 250 | Contractwith Abu Dhabi Transmission and Dispatch Company (TRANSCO):
XLPE cable andrelated network components replacement of existing OHL by underground cable system
2010 400 About 60 km of 400kV cable circuits in underground of Dubai with associated 60 90 | Construction of Dubai's first EHV underground cable operating at 400 kV
accessoriesand construction of the underground cable tunnels
2010 400 400 kV underground cable system, 12 km longdouble circuit fora totalof 72 km of 400 72 40 | Underground cable systeminthe Northof Athens (Public Power Corporation,
kV XLPE cable andrelated terminations and joints Greece)
2009 400 EHV underground power cableson three 22 km circuits for a total of 66 km of 400 kV 66 47 | Development of a powertransmission projectin Doha, Qatar (KAHRAMAA)
cableandassociated accessories
2013 380 Extra High Voltage cable systems for Amprionand Terna N/A 20 | Terna:electricity network reinforcementin Sicilia; Amprion: line connecting 2
substations with partial undergrounding.
2011 380 Supplyof 380kV extra HV cablein the Netherdands 2,6 0,95 | Cablessuppliedto Tennet (NL)
2009 380 Three contracts awarded to Prysmian induding (i)the upgradingof an existing 380 kV 58,5 20,3 | Upgradeanddevelopment of EHV power transmission systems in the
cableinterconnectioninRotterdam (13.2 km of underground HV cables); (ii) 36.9 km of Netherlands and Germany
380 kV connecting a new gas-fired power plantin Rotterdamto the Dutch grid; (iii) 8.4
km of 380b kV cable system connectinga new gas-fired power plant outside Frankfurt to
the Germangrid
2012 380/ 380 kV and 230kV upgrade underground extra high voltage cables N/A | 19 Grid reinforcement in Saudi Arabia
230
2012 330/ Double circuit of 330 kV XLPE cables overa 15.5 km distance andinstallation of a single 19,5 | 83, Grid infrastructure reinforcement in New South Wales, Australia(Transgrid)
132 circuitfor4km length 1
2010 275 275 kV underground transmission cable (AUD 72 million) 18 50 [ Underground cable systeminAdelaide, South Australia.
2014 275/ 3 contracts awarded to Taihan Electric Wire include a 275 kV cable from Los Angeles 34 Grid reinforcementin the USA
230 Department Water and Power (24 MUSD), a 230kV substationin New Jersey (8 MUSD)
anda 230kV projectinSan Diego Gas & Electric
2012 245 1000 km of 245 kV HV, MV, LV (33/15kV) transmission systems 1000 110 | Grid infrastructure reinforcementinLybia
2013 230 230 kV Extra High Voltage underground and connectors 1,5 | 12, Grid reinforcement for Smeco (Maryland, USA)
7
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date | Voltage Transmission Technology km [ MS$S | ME€ Connection
news land
2012 230 230 kV underground extra highvoltage XLPE cable 7.5 billionyen, length of about 100 | 69, Grid reinforcementin Singapore
100km 5
2012 230 230 kV cables N/A | 30 HV powerforSan Diego (California)
2014 220 Extra HV underground 220 kV and related network components 173 80 Kahramaa: Qatar Power Transmission System Expansion projectincludingalso
replacementof OHLbyan UGC.
2014 220 220 kV supplyof HV cable N/A 56 | Grid reinforcementin Qatar
2011 220 Supplyof220kV cables, 157 km 157 | 91 Grid infrastructure reinforcementin Qatar
2010 220 Supplyof220kV EHV cable and binders to Bahrain (120 MUSD) and of 4118 km of 400 N/A | 120 Grid infrastructure reinforcement in Bahrain and Kuwait
kV gap conductors to Kuwait (34 MUSD) +34
2009 220 Five complete circuits of 220 kV cable and associated accessoriesto provide an extra N/A 15 | Grid infrastructure reinforcement in Mumbai (Tata Power Company, India)
300 MVA of power carrying capacity forthe underground network linking EHV
substations across Mumbai
2011 | 220/132 | Supplyof220and132kV cables and joints inIndia (45 KRW billion) N/A | 42 Grid infrastructure reinforcementinIndia
2009 | 220/132 | HV cablesinSpain supplied by Iljiin El ectric N/A 18,4 | Grid infrastructure reinforcementinSpain (ENDESA)
2011 150 250 km of 150kV underground cables and accessories: 1500mm2 aluminium conductor | 250 | 33 Grid infrastructure reinforcementin Italy (Terna)
cross section, three separate double circuits (130 km+73 km OHL+49km)
2014 132 XLPE cable N/A | 30 New South Wales (Australia): cable upgrade project by Ausgrid around Sydney
2012 132 210 km of 132kV XLPE underground cable. Single phases circuits will have copper 210 72,7 | Grid infrastructure reinforcement in Abu Dhabi City, UAE.
sections of 800mm2, 1000mm2 and 1200mm?2
2012 132 Replacement of a 158 km long, 132 kV line (48 MUSD) and construction of a power 158+ | 92 Buildingof HV linesin Kuwait and Saudi Arabia
substationand HV line of80 km (40 MUSD) 80
2010 132 132 kV cable system and accessories N/A 60,9 | Contractof TahianElectric Wire with Energy Australia
2010 132 210 km of 132 kV XLPE underground power cable: single-phase cableswill have copper | 210 72,7 | Upgrade for TRANSCO of HV underground power cable infrastructure in Abu
cross-sections 0f800, 1000, 1200 mm?2 Dhabi City, UAE.
2012 110 110 kV XLPE cable: 145 km of 110 kV 2000mm2 Aluminium cable, 130 km of 110 kV, 280 20 | HV connection betweentwo stationsin the Netherlands (Tennet)
2500mm2 cable, 2.5 km of 50 kV 1200mm?2
2013 N/A; Taihan Electric Wire: supply of ultra high voltage cablesto Kuwait (32 MUSD), N/A | 42 Supplyof Ultra HV cables to Kuwait, U.A.E and Kazakhstan
N/A; underground cable forthe United Arab Emirates (6 MUSD) and 500 kV ultra high voltage
500 cables Kazakhstan (4 MUSD)
2012 N/A Two orders include the buildingof a 49-km HV line in Saudi Arabia (26.5 MUSD) and a 49 26, Buildingof powerlinesin Saudi Arabia and Russia (N.B.:length missing for
HV transmission network in Russia (22 MUSD) 5 projectin Russia)
2012 N/A HV cables and accessories N/A | 59 Grid infrastructure reinforcement in Kuwait
2009 N/A HV underground cables N/A 69,3 | Grid infrastructure reinforcementin New Zealand (Transpower)
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Additional sources allow to cross-check the data and ratio presented above. In the REALISEGRID deliverable
D3.3.2 [6], the average investment cost (CAPEX) of HVAC XLPE cables at 380 kV in continental Europe is
detailed (throughput power of 1000 MVA per circuit) and reported in the table below.

Table 34: Investment cost for HYACunderground XLPE cables (in Europe 1000 MVA can be achievedin
ground with 2000mm? Cu or in tunnel with 1600 mm?2 Cu)

Average reference values for HVAC underground
XLPE cable (double circuit)
¢ 380 kV, 2X1000 MVA power rating
2000-5000 k€/km

Average reference values for HVAC
underground XLPE cable (single circuit)
¢ 380 kV, 1000 MVA power rating
1000-3000 k€/km

HVAC XLPE

These data could be further fine-tuned when considering for example the Europacable passive transmission
report (inannex) as well as the study?®® jointly carried out by ENTSO-E and Europacable. These studies give
ranges of investment costin Europe of undergroundingin comparisonto OHLof 5 to 10 (overthe 2000-
2010 decade) anditis claimed that such ratios could be reduced downto 3 for links with limited ratings and
undergood soil conditions. Accordingto ENTSO-Eand Europacable, factors above 10 can be reached for
high capacity double circuit links with specificstructures, e.g. projects involving the construction of cable
tunnels (factors above 15 are expectedin these cases) due to the cost for civil works.

The breakdown of the initial investment lo in different cost components, as performed inthe previous section
for OHL, can be carried out provided that further assumptions are made. The passive transmission report3®
provides a tentative breakdown for cables (in ideal conditions such as rural plain):

- Cost of equipment: around 40% of total investment costs;
- Installation & civil works: up to 60% of total investment costs®’.

As expected the installation due to civil works (trench) is much above the similar ratio for OHL (41-44%
withoutright of ways and authorizations: see Table 25). The above ratios can vary dependingon the type of
conductor (aluminum or copper) and the nature of the underground.

With regard to the Operation and Maintenance costs, the two studies considered for OHL provide typical
reference level for annual expenses for a cable. Both agree that O&M cost estimation for cable should be
about one tenth of that of the OHL which require much more monitoringand repair. Indeed, reference [16]
suggests for annual O&M expenses an annual cost of 0.2% of the initial investment cost (maintenance plus
repairs) while reference [6] (REALISEGRID) suggests a higher level of operation and maintenance for HVAC
Cables in the range of 0.15 to 0.5% of the CAPEX.

Anothersource in the UK detail the cost of cablesin different cost componentsandinfunction of the cable
size. We report the 220kV and 400 kV configurations from a study of the SDEG in the UK [14] (2008 data).

Table 35: HVAC Cable costs from a source in the UK

HVAC cables costs (£/m) 3 core or set of three single core [14]
Voltage Cable size (mm?) Supply (£/m) Lay and Bury32 3°(£/m) Total (E/m)
1000 995 555 1550
400 kv 1200 1130 570 1700
1400 1265 585 1850

35 ENTSO-E and Europacable joint paper: Feasibility and technical aspects of partial undergrounding of extra high voltage power
transmission lines, 2010.

36 See chapter 7 of passive transmission report

3760%is usually reachedindifficultareas.Inideal conditions such as rural plain, ratios of installation and civil works
areranging between 29% and 34% (cf. Table 35).

38 To be understood as installation and civil works.

39 The data presented inthis columnimpliesthat the installation of a 1000mm2 400kV cable costs more than twice as much as the
installation of a 1000 mm2 225 kV cable, which is probably overestimated. As a consequence, these data oninstallation costs of
HVACcables shouldbe handled with care.
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1600 1400 600 2000

2000 1535 615 2150

800 440 220 660
220 kv

1000 460 230 690

5.3.3 Considerations on cost variations of partial undergrounding as of 2013 and main components.

In the following, costs of partial undergrounding in an overhead line project are compared to a fully
undergrounded cable solution. When addressing partial undergrounding solutions, the following features
need to be accounted for:

e potential losses which are no longer relevant due to shorter cable lengths;

e potentiallyno need for compensation in the underground section (to be evaluated case by case);
e transition station at either end required only for voltages of 380kV or more;

e potentially shorter route;

o reduced costs due to land occupation; and

e potentially shorter time to project implementation due to better public acceptance.

While every project will need consideration on a case by case basis, for the purpose of this exercise, we
assume underground sections of no more than 20 km as outlined inthe Joint Europacable ENTSO -E paper*®.
Accordingtothis paperthe ratio for partial undergrounding to OHL can be reduced to levels between 1.8 and
2.4 depending on the system configurations and project context.

When applying the costs reported in thisdocumentand based on the following assumptions, a cost ratio
for 20% partial undergrounding (atransmission line of 100 km composed by 80 km OHL and 20 km UGC was
considered) can be estimated as follows:

e OHLsingle circuit cost from Table 19 = 700-800 €/m
e Two cable circuits (having the same rating of one OHL) from table 33 = 2000-5000 €/m
e Two transition stations OHL/UGC cost 0.5-4 M€ (the cost of the transition station depends onthe
complexity of bus bar, switchgearto be realized).
These assumptions lead to cost ratio rangingfrom 2.8 to 6.3 for the full undergrounding solution and from
1.5 to 2.1 forthe 20% partial undergrounding solution. If we consideronly 10% of undergroundingthe
ratioranges from 1.2 to 1.6.

Reference valuesincluding the above can be taken from the recent German study [15] on the opportunity of
partial cabling.

Table 36: Typical ratios for undergroundingin respect to overhead lines (singlecircuit, case studyin
Germany) [15]

Investment costs for partial cabling

in 3 or 4 systems
e OHL 4X265/35 750 k€/km e Partial cabling 3 systems 4X265/35 1810 k€/km
e Partial cabling 3 systems, 4X385/35 1910 k€/km
e Partial cabling 4 systems, 4X385/35 2010 k€/km
e OHL 4X560/50 1400 k€/km e Partial cabling 4 systems, 4X560/50 2500 k€/km

Investment costs for OHL

68 km
length | * OHL4X385/35 850 k€/km

40 ENTSO-E and Europacable joint paper: Feasibilityand technicalaspects of partialundergrounding of extra high voltage power
transmissionlines, 2010.
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Another Europacable communication paper*! provides even lower cost ratio for partial undergrounding in
the range of 1.2 to 1.8 of OHL costs (fora 10% to 20% undergrounding of the total length of the line and for
underground sections up to 20 kilometers).

For high voltages, when the cost of transition stations (connections between underground cables/overhead
lines) hasto be takeninto account, the following data provided by Transpower (New Zealand TSO) could be
used*? (underground installation of a 2 X 400 kV 1000 MW cable circuit through an urban area where a cost
estimation*® is provided to the electric authority):

- installation costs of a 2 X 400 kV 1000 MW cable circuits ranges from 7.3 to 8.1 M€/km,
- 1.8 M€ installed cost of outdoor cable terminations at both ends of 2X400 kV 1000 MW cable circuits,
- 3.8 M€ 400 kV line to cable transition stations at both ends of the 2X400 kV 1000 MW cable circuits.

Assumption 4.
Based on the above, the assumptions retained for the unit costs at 2013 for the considered fully

undergrounded HVAC underground XLPE cable is (rural area, flat land):
- double circuit, 380 kV, power rating 2X1000 MVA: 3500 k€/km + land costs
- single circuit, 380 kV, power rating 1000 MVA: 1800 k€/km + land costs

The above data have to be adjusted depending on the terrain (urban/rural), the number of circuits, etc,
under consideration by resorting to multipliers. Note that the above costs represent the lowerbound of the
ratios recommended by ENTSO-E and Europacable, i.e. 3 (cf. assumption 1), irrespective of the land costs.

Reference [10] details elements of costs of HV underground cables: For cables 400 kV 2000 mm?2 of section
(double and single circuits) aswell as 220 kV in 1600 mm?2 section (double circuit). The reference country is
Italy (country index is 10 according to the Table 31). The table below provide costs in k€/km (taking into
account the X10 multiplication from the source).

Table 37: Breakdown of costs of HV underground cablesin k€/km forItaly (2005 data) [10]

400 kV double 2000 mm? 400 kV single 2000 mm? 220 kV double 1600 mm?

Rural Rocky Urban Rural Rocky Urban Rural Rocky Urban

plain area area plain area area plain area area
Equipment 2139 2139 2139 1073 1073 1073 507 507 507
Installation 119 119 119 66 66 66 34 34 34
Civil works 254 393 380 203 316 305 119 184 178
Project managnt 503 530 528 268 287 289 132 145 144
Authorisations 180 180 360 180 180 360 180 180 360
Rights of way 45 45 90 32 32 64 16 16 32
Total 3240 3408 3618 1822 1953 2156 988 1066 1255

Based on the above data one could easily infer some typical breakdowns of costs for undergrounding
computed from a used case in Italy [10].

5.3.4 Evolutionlaws for each cost componentand computation of the costs for next decades

We shall focusin this section on the initial investment of the HYAC underground XLPE cable (double circuit)
forthe base installation (withoutany multiplier ratio) at 3.5 M€/km. A similar deconstruction/reconstruction
process as of the one detailed above for HVAC OHL has been deployed with the following specificities:

Relative share of equipment, installation, civil works, project management, authorizations and right of way
have to be adjusted, a first proxy being

- Table 37;

41 2008 Europacable communication on life cycle costs for partially undergrounded sections

42 Source dated 2005, see page 26 https://www.ea.govt.nz/dmsdocument/4670

43 Costs exclude property purchase. Transition station costs are given for a site withno geotechnical problems, cost of a 500m long
accessisincluded. Acurrencyrate of 1.35 EUR/USD has been used.
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- Evolution laws of equipment will depend on the evolution of two components:

o the experience curve with a lower Progress Ratio (PR) since the technology is less mature (for
example assumed at 85%, havingin mind the observation alreadymade on the low sensitivity of
the total costs -CAPEX- to such a factor)

o acomposite commodity index reflecting the evolutions of copper, aluminum and polyethylene

- Evolution laws for civil works and installation: same as for OHL.

Table 38: Typical terrain factors for HV underground cables based on the rural plain reference [10]

400 kV double 2000 mm2 400 kV single 2000 mm2 220 kV double 1600 mm2
Rural Rocky Urban Rural Rocky Urban Rural Rocky Urban

plain area area plain area area plain area area

% total Terrain factors** % total Terrain factors % total Terrain factors

Equipment 59% 1,00 1,00 59% 1,00 1,00 51% 1,00 1,00
Installation 4% 1,00 1,00 4% 1,00 1,00 3% 1,00 1,00
Civil works 11% 1,55 1,50 11% 1,56 1,50 12% 1,55 1,50
Project managnt 15% 1,06 1,05 15% 1,07 1,08 13% 1,10 1,09
Authorisations 10% 1,00 2,00 10% 1,00 2,00 18% 1,00 2,00
Rights of way 2% 1,00 2,00 2% 1,00 2,00 2% 1,00 2,00
Total 100% 1,05 1,12 100% 1,07 1,18 100% 1,08 1,27

As already mentioned, IRENE40 has proposed some time evolutionlaws of transmission equipment based on
2010 costs. They are reported in section 5.8.

Allinall, and at the proposed level of analysis required by the project, the resulting cost components forall
decades are impacted by the same factorsidentified forthe analysis on overhead lines. Such dependenceon
the costs at 2013 and on the spatial factor is more important than tentative time wise evolutions.

Itis recommended totake into account the special variability resulting from the country and terrain nature
by using the series of multiplier factors proposed above.

5.4 Submarine cables (HVAC)

In thissection, the HYAC submarine cables are considered. The submarine cables operated in HVDC systems

will be reviewed in the next section. Technical data relative to submarine cables are included in the

technology assessment report and in the associated datasheets for HVAC 380-420 kV XLPE cables.

A review of 47 recent submarine projects provided by Europacable and announced during the period going

from 2011 to 2014 hasbeenmade and isreportedin Table 39 hereafter®. In particulartechnical details and

cost elements are given for each project which will allow:

- tofacilitate the definition of an archetype representative for HYAC submarine cables,

- to collect measures of cost per kilometer as sanity check when defining the range of CAPEX of
transmission equipment.

Forsubmarine installations,bothin HYAC or HVDC, the costs may vary considerably depending on the nature
of installation.*® A distinction needs to be made between cables laying in shallow water (i.e. up to a maximum
depth of 500m) and deep water cables (laying atadepth from 500m up to 2.000m). This distinction is mainly
a consequence of the risk of mechanical damage along the route:

e For cable systems in shallow water, burial is mandatory to protect the cable against the risk of
damage from fishing gear and anchors;

44 The terrain factoris the multiplicative coefficient to be applied to the rural plain cost (used as reference). The table should be read
verticallyforrural plain column (breakdown in % of total cost). Then forthe two other types of terrains these terrain factors allow to
compute the costs based on the rural plain reference. For example the respective coefficients forthe rockyterrain andurbanarea
are 1.05 and 1.12 for the total 400 kV 2000 mm?2 underground cable.

4> Only AC projects operated atvoltages above 132 kV have been retained.

46 Europacablelntroduction to High Voltage Direct Current (HVDC) Subsea Cables Systems, 2012
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e For deep water applications, the threats from fishing gear and anchors are non-existing and
consequently a burial operation is not needed.

Consequently, cable installation in shallow water may be more expensivethanin deep wateras cable burial
and potential protection measure may have to be implemented.

Afteranalysis ofthe reported projectsin Table 39, itis proposed to select the following generic configurations
for further analysis:

- HVACXLPE single core (three parallel cables for a 3-phase AC connection): see the recently announced
project by Nexans in Norway (90 km, 420 kV, 390 m max depth) and the related budget of 78M€

- HVACXLPE 3-core
o eitherintwo circuits: cf. Prysmian project on the connection to the BorWin cluster at 155 kV
(2X31 km and the related budget of 50M€, announced in 2013),

o orinthree circuits as the connection by Nexans through the Gulf of Evia (Greece) operated at
150 kV over a sea route of 21 km and 3km underground, with atotal cost of 64 M€ (announced
in 2010).
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Table 39: Review of recent submarine cable projects operated in AC (source Europacable)

date

AC/

Voltage | Transmission Technology km subsea | km land Mm$ M€ Connection
news DC
Longest and deepest 420 kV XLPE cable, 90 km single core XLPE,
2014 AC 420 max 390m depth in three parallel length to create a three-phase 3X30 78 Crossing of two fjords in Norway
AC connection
3000 MVA, 13 km route, 3 X420 kV XLPE submarine and 6 X420 kV Replacement of cablein Norway, 13 km route
2010 AC 420 paperinsulated submarine cables, 200 to 250 m depth 117 104 overa fjord
2011 AC 345 345 kV HVACsubmarine and land transmissionline (13 km) 660 <13 N/A 175 New J to NewYork Cit
MW and B2B station ewjerseyto NewYork tity
2010 AC 245 245 kV AC, cros.s section of 3X1600mm2 Aluminum, diameter of 25 18 Connection Anholt offshore Wind Farm to
260 mm capacity of 400 MW Denmark
Submarine XLPE cable transferring 381 MW, 245 kV, the 14 km
2012 AC 245 sectior_1 consist of 3 coppercore,each400m_m2,the 43 km section 43+14 300 Connection: Northwind (North Sea) to Belwin
comprises three 1000mm?2 copper cores (with 1200mm2 overa 4 phase2andto Zeebruge
km section)
2013 AC 230 TW|nsupseacablehnk{23QkV,24OpAVA,hNo41kn13{ore 2X41 6X5 120 ConnectionScotland, water deep>100m
submarine together with six 5-kmsingle core underground cable
2014 AC 220 HVACsubmarine and underground 220 kV 25 32 30 Burbo Bank Extension 258 MW
2014 AC 220 200 km of 220 kV HV submarine cable 200 165 Offshore wind farmin North Sea (NL) 600 MW
2014 AC 220 220 kV HVAC 3-core extruded cables 90 3 250 (730) | Wind parkGerman Baltic Sea
2014 AC 220 220 kV HVAC double circuit 21 40 ESB Ireland: Shannon river crossing
3X 630mm?2 submarine XLPE cables, 220 kV, 200MW, HVAC, water . .
2010 | AC 220 | depth 150m, buried 1 meter below the seabed and 25km 100 25 178 HtW:.Ccc’.”':\;lecltt'O”Ma'ta Sicilyand 220kv
underground cable forthe connection to the Ragusas ubstation stationin Malta
Connection Belwind to the Belgian power
2009 AC 170 170 kV 52 39 network (165 MW, located 46 km off the coast
of Zeebruge)
:I'wo 3_-core 155 kv _XLPE HVAC OWP to the BorWin cluster Connection of Offshore wind park (North Sea)
2013 AC 155 including a connection from the OWP platform to the offshore 2X31 50 . .
. to the mainland grid
HVDC converter station
150 kV submarine & 275 kV EHV cable to Southeastern Coast of the
2013 AC 150/275 N/A N/A 16 Dong

UK
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date AC
news D C/ Voltage | Transmission Technology km subsea | km land m$ M€ Connection
Connection Riffgrat Wind Farm (108 MW, 20
2011 AC 155 50 km cable 155kV ACcable 50 80,6 km north-west of Borkum island) to the
substation Emden Borssum
2014 AC 150 HVACXLPE 200 MVA 150 kV 108 2 95 Islands interconnection Greece
2013 AC 150 150 kV HVACpower cable connection 30 1 70 Connection Capri Naples
2011 AC 150 60 km of 150 kV AC 3-core 95 Conr\ectlon?altlcz(dlstance32km north of
the island Riigen)
Undersea: 150 kV, three subsea circuits over a 21 km subsea
route, max depth of 85 m. Each circuit has a nominal capacity of
200 MVA. 2 circuits in normal use and one spare to ensure Connection across the Gulf of Evia (Greece) (to
2010 AC 150 continuity of operation. 3 power cores with copper cross section 3X21 9X3 64 facilitate development of wind projects
of 630 mm2 with XLPE insulation. Bury 1 meter below the seabed. totaling around 400MW)
Underground: single core design in three circuits. Each circuit
comprising three individual cables over a 2.75+0.33 km route.
2010 AC 150 150 kV, offshore transformer station and cables 30 3 125 Conn.ectlonwmd farm 30km off the coast of
Belgium to mainland
3 singlecore, 12 km length each for the undergrounding connection . . .
2010 AC 150 and 2X60 km submarine transmission cables, 150 kV 2X60 3X12 195 Connection of Baltic2 wind farm (288MW)
World's longest AClink, 145kV 3-core XLPE up to 55MW, 370 m at Subsea7, connectionto oiland gasfield, 115 m
2012 AC 145 162 170
the deepest depth
Two 100km long circuits (200 km) of 132 kV cables incl. 3 core
2012 AC 132 power cables fora total of 100 MW power transmission 2X100 440 345 Qatar:HalulIsland
2013 AC 132 XLPE HVACcable 118 MVA, 132 kV, depth upto 750m 115 8,6 85 Connection Balearicislands (REE)
2012 AC 132 Two circuits 2X14 km, 132 kV, three-core ACsubmarine cable 2X14 15 Connectlon:Humbergatewayoffshorewmd
farm (219 MW capacity)
Connection Mallorca Ibiza (based onthe Spain
2011 AC 132 Extensionof 115 km XLPE AC 100MW link to Ibiza (132 kV) 115 24 90 Mallorca interconnectionin 2011 400 MW
HVDC, 400 kV, 240 km)
2010 | AC 132 | HVsubmarine cable 85 km, 132 kV 85 35 Connection of Welsh wind farm "Gwynty Mor
(576MW capacity)
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5.5 HVDC systems: cables, lines and converter stations
5.5.1 HVDC solutions as a function of voltage, distance and transmission power

Reference [5] details benefits of High Voltage Direct Current (HVDC) technology over conventional HVAC.
Such technology has proven its reliability and attractiveness for various applications such as long distance
power transmission, long submarine cable links and interconnection of asynchronous systems. The most
recent technology, self-commutated Voltage Source Converter (VSC), is more flexible than the more
conventional line-commutated Current Source Converter (CSC)since it allows controlling active and reactive
powerindependently. HVDC key benefits are thusin terms of increased transmission capacity compared to
conventional HVAC, and power flow controllability, which in turn enhance the grid stability.

Although the investment costs of a VSC-HVDC converter station are higher than those of an AC substation,
the overall investment costs of a DC transmission link can be lower than those ones of a corresponding AC
interconnection if a certain transmission distance is reached (i.e. “break-even” distance)*’. The break-even
distance upon which DC is more economical is project dependent (typically between 80 and 120 km for
offshore submarine cable connections, whileforonshore applications, the break-even distance between an
AC and DC OHLis in the order of magnitude of 700 km [5]) and the decision of using AC or DC should result
from a techno-economic analysis including the line, station and losses components of costs.

Reference [18] provides also basic insights on economic of HVDC solutions and indicates a break-even
distance forlines around 800to 1200 km. More particularly, reference [18] compares different configuration
of DC line designs with regard to costs. Voltages from +300 to +800kV, powers from 700 to 6000 MW and
transmission distances from 750 to 3000 km have been considered. The study putsin evidence the concept
of optimal voltage according to a power transmission and transmission distance as inputs. Forinstance, the
frontier to change optimal voltage for a 1500 km length is 3500 MW: below this limit a voltage of +600 kV
appears to be the most economical solution.

The table below details the thresholds of powertransmission forfourlevels of voltage and three categories
of distance length.

Table 40: Optimal voltage as a function of station power and distance transmission [18]

750 km 1500 km 3000 km
+300 kV <1550 MW <1100 MW <850 MW
+500 kV 1550-3050 MW 1110-2200 MW 850-1800 MW
+600 kV 3050-4500 MW 2200-3400 MW 1800-2500 MW
+800 kV >4500 MW >3400 MW >2500 MW

If we focus, for example, on the cost of a 1500 km line, the same reference provides the breakdown of cost
for aset (MW, kV). The breakdown includes costs of line, costs due to corona effect, costs of losses perjoule
effect, costs of converter.

47 Fora given powerrating, DClines (including DCstations)might be less expensive than AClines (3 phases) since only 2 poles are
needed.
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Optimal Veltage

Yearly cost: line Investment and losses, and station cost
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Figure 14: Optimal voltage asfunction of converterstation powerand transmission distance [18].

Table 41: Breakdown of full turn-key costfora 1500 km HVDC line according to different configurations of

powerand voltage [18]

700 MW

1500 MW

3000 MW

4500 MW

1300 kV

1500 kV

600 kV

800 kV

2 conductors / pole

2 conductors / pole

4 conductors / pole

4 conductors / pole

1155 mm2 Aluminum

1274 mm2 Aluminum

1136 mm2 Aluminum

1274 mm2 Aluminum

Line 42.9% 33.7% 32.4% 26.9%
Corona 2.4% 4.0% 2.3% 2.2%
Joule 15.2% 15.2% 15.9% 13%
Converter 39.4% 47.1% 49.4% 57.9%
Total 100% 100% 100% 100%

In the following, the detailed costs of HVDC systems (cables, lines, converter stations) are investigated. The
main focus will be on CAPEX components of the costs whereas for OPEX typical rations will be proposed (as

a function of CAPEX, i.e. % of CAPEX/year).

5.5.2

In a HVDC system, the main transmission assets include the overhead line (respectively the cable) and the
converterstations (LCCorVSC). Foragiven liaison (line or cable),average values of typical costs are reported
inthe REALISEGRID deliverable [6] in which technical and scientificliterature as well as project partners and

stakeholders inputs has compiled been compiled.

Review of costs for HVDC systems (cables, lines, converter stations)

Table 42: Costs of typical HVDC systems (underground, submarine and overhead lines) [6]

Cost of typical HVDC XLPE Cost of typlc.al HVDC XLPE Cost of typical HVDC OHL
underground cables submarine cables
e 500 MW, 2600 k€/km
+ .
1150 kV N/A « 650 MW, 3400 k&/km 830 k€/km
700w 190k
300 kV . 1000 MWI 2200 k€/km e 1000 MW, 2600 k€/km ® 940 k€/km
! e 1200 MW, 3200 k€/km

e 1200 MW, 2500 k€/km

+600 kV N/A N/A ® 1200 k€/km
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On the particular case of subsea installation of cables one could use data from the technology appendix of
the Electricity Ten Year Statementof National Grid (November 2013) [11]. Typical costs according to the type
of installation are (in £):

- Subseainstallation of asingle cable, single trench 310 to 730 £k/km

- Subseainstallation of atwin cable, single trench 520 to 940 £k/km

- Subseainstallation of two single cables, 2trenches, 10m apart: 630 to 1260 £k/km.

The already mentioned Grid Deployment Planin Germany [1] provides cost datafor HYDC OHL:
- 1400 k€/km for 3 bipolarcircuits, eachwith 1,3 - 2 GW;
- revamping cost from HVACto HVDC at 200 k€/km.

Another reference compiling costs of transmission systems was used: this study*®issued in December 2009
at the request of the Alberta Department of Energy (Canada) focuses in particular on the comparison
between conventional overhead High Voltage Alternating Current (HVAC) transmission lines, underground
HVAC transmission cables, and High Voltage Direct Current (HVDC) systems. Although in the Canadian
context, relevantinformation have beenextracted for the needs of e -Highway2050and reported in the table
below. When cross checking with other sources provided in the present deliverable, some of the data
provided below mightappearlow. This analysis will be made inthe final subsection 5.10 when defining the
archetypes and related costs. Costs are given in Euros*°.

Table 43: Costs of typical underground and overhead lines HVDC systems (LCCHVDC, VSCHVDC) [9]

Full turnkey costs®° of EPC (engineering, procurement and construction costs) of typical HVDC systems
VSC OHL
L ndergroun \' ndergroun L HL (bipolar
CC underground SC Underground CC OHL (bipolar) et
« Cable of 20 km, 400MW, * OHLEOOMW,
. . 365 k€/km
4.5M€ +5k€/piecefor splice + . 2VSC
14k€/piece for termination costs
. . . converters
¢ Engineering + project (400MW): 111
1200 N/A management + civil work + N/A Mé ’
kv installation: 812k€ .« 2VSC
¢ 2 VSC converters (400MW): S
105 M€
¢ 2 VSC converters (600MW): SEOMW)' 154
142 M€
e Ml Cable 2000mm2 copper
conductor 2 bipolecable
2000MW, 500k€/km +40k€/pc
for spllcg+200k€/pcfor « OHL 3000MW, 470
terminationcosts
® Engineering +project Ll
#500 [ management+ civil work + * 2 LCC converters
- e 51
kV |installation: 1180k€/km N/A (2000MW): 154 M€ N/A
« 2 LCC converters 750MW * 2 LCC converters
moncpole77.Me (3000MW): 204 M€
e 2 LCC converters 1000MW,
bipole111 M€
e 2 LCC converters 2000MW,
bipole 160 M€

48 Authors:Stantec, Areva and other power delivery consultants see source [9].
http://www.energy.alberta.ca/electricity/pdfs/transmissionsystemsstudy.pdf

49 Theyare expressedin Canadian Dollars (CAD) inthe Stantecreport forthe Alberta Department of Energy [9].

50 The currencyexchange rate used at the time of the study (2009) is 1,62 CAD=1 EUR.

51This source provides lower EPC (engineering, procurement and construction) costs for 2 LCC converters stations (2000MW, bipole)
operated at £500kV in HVDC OHL than 2 LCC converters stations (2000MW, bipole) operated at +500kV in HVDC underground
configuration, 250 MCAD and 260 MCAD respectively(i.e. 154M€ and 160M€ at the considered currencyrate). This d ata should be
handled with care since the cost of converter stations associated to OHL should be higher than cost of converter stations of the same
power and voltage associated to cables (source Europacable).
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e OHL 3000MW, 873

k€/km

e 2 LCC converters

800 N/A (4000MW): 414 M€
kv (estimated

e 2 LCC converters

(6400MW): 565 M€

(estimated)

N/A

Additional sources fromthe UK were consulted ([11] [12] [13] [14]). They all include cost details on different
configurations of HVDC cables (as well as other elements of transmission systems which could be used as
cross-checking elements when defining the transmission reinforcement archetypes). Below we have
reported a few excerpts from their respective appendices.

Table 44: Costs of various HVDC cables from various UK sources [11] [12] [13] [14]

HVDC cable costs (£/m) - 2013 data [11]

Cable size HVDC Extruded Subsea | HVDC Mass Impregnated | HVYDC Mass Impregnated
(mm?) Cable —320 kV (£/m) Cable —400 kV (£/m) Cable —500 kV (£/m)
1200 314-471 N/A N/A
1500 346-471 366-576 418-576
1800 314-524 418-576 418-628
2000 366-576 418-628 418-681
2500 N/A 627-733 524-785

HVDC cable unit costs (£/m) set of two DC single core (VSC) 300 kV

Cable size (mm?) Supply (£/m) Lay and Bury (£/m) Total (£/m)
1000 440 415 855
1200 510 430 940
300 kv 1400 575 440 1015
1600 640 450 1090
2000 710 465 1175

HVDC cable unit costs®2 (£/m) and other data - Bipole - ODIS>3 2010 data [12]

1 GW HVDC (XLPE) 2 GW HVDC (M) 2 GW HVDC (XLPE) 3 GW HVDC (MI)
Unit cost £/m 1300 1520 1410 1700
Kg Cu/m 28 43 45 45
Kg Pb/m 25 29 32 34
Kg Fe/m 15 17 18 19
Installation
passes ! 1 ! 2
Ll 2X41 kg 2X53 kg 2X59 kg 2X60 kg
weight/m
HVDC Subsea’* cable costs (£/m) 300 kV Bipole - ODIS 2009 data [13]
Conductor Area (mm?) Capacity (MW) Weight (kg/m) Total (£/m)
300 kV 1400 841 86 1286
2000 1031 106 1580
2400 1146 122 1776
3000 1306 140 2070

52 Unitcosts representan “installed” costs ind. consenting, land purchase, materials, installation and construction

53 Offshore Development Information Statement

54 The source assumes aninstallation cost of 500£/m witha 1 meter burial, sea s oiltemperature of 15°C, thermal resistivity 1
kW/m, copper conductor, steel wire armour.
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HVDC Underground cable costs (£/m) for Onshore use - 300 kV Bipole - ODIS 2009 data [13]
Conductor Area (mm?) Capacity (MW) Weight (kg/m) Total (£/m)
1300 kV 1400 770 11 989
2000 966 14 1161
2400 1089 16 1276
3000 1253 18 1449

With regards to converter costs, a rather simple modelis proposedby a UK source (reportedin [6]). It shows
that the cost of the converter is a linear function of the capacity (assuming a currency ratio of 1€=0.8 £).

- Cost (CSC) [M€] =0.075*P [MW] +37,1
- Cost(VSC) [M€] = 0.093*P [MW] +31,5

The REALISEGRID project provided also cost ranges for typical HVDC system components which are detailed
in [5]. The ranges below correspondto an installation overflatland, while assuming multiplier factor of 1.2
for hilly landscape and 1.5 for installations over mountains or urban areas.

- HVDCOHL bipolar(voltage from +150 kV to 400 kV; power rating from 350 to 3000 MW): 300-700 k€/km;

- HVDC underground cable pair (voltage +350 kV; power rating 1100 MW): 1000-2500 k€/km;

- HVDC undersea cable pair (voltage + 350 kV; power rating 1100 MW): 1000-2000 k€/km;

- HVDC VSC terminal, bipolar (voltage from +150 kV to 350 kV; power rating 350-1000 MW): 60-
125 k€/MW;

- HVDC CSC terminal, bipolar (voltage from * 350 kV to 500 kV; power rating 1000-3000 MW): 75-
110 k€/MW.

Finally a recent (2012) CIGRE reference from the working group B4.46 [17] detailed economic aspects of
HVDC. In particular, data are provided for HVDC converter station costs. The specific cost of 0.102 M€/MVA
is usedfor all power ratings and voltage levels fora particular project (the 500 MW Italy Greece HVDC link)
as a reference for LCC-HVDC station cost of 40 ME.

Table 45: Costs of typical substations [17]

Rating Investment costs per station

HVAC HVDC (LCC) HVDC (VSC)
500 MW e 16 M€ per terminal e 40 ME£ per terminal e 51 M€ per terminal
1000 MW e 28 ME per terminal * 90 ME per terminal e 110 M€ per terminal >
1500 MW e 40 ME£ per terminal e 120 M€ per terminal e 153 ME per terminal

The same source [17] provides also transmission line costs of HVDC and HVAC links gathered from various
authors.

Table 46: Costs of transmission lines and cables [17]

Transmission system costs
HVAC HVDC
. Cable Over Head .Transmission Cable Ove‘r I:Iead ‘
Rating Line Transmission Line
500 MW e 0,92 M€ /km e 0,35 M€ /km e 0,8 M€ /km e 0,26 M€ /km
1000 MW e 1,67 M€ /km e 0.33 M€ /km e 1,6 M€ /km e 0,25 M€ /km
1500 MW N/A>6 e 0.45 M€ /km * 2,4 M€ /km e 0,34 M€ /km

55 The value of 110 M€is considered fora configuration of 2X500MW, when consideringa 1X1000 MW this cost might be lowered to
90ME.
56 The valueprovided inthe sourcewas eliminated sincethe same as the one for 1000MW.
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A case study in Scandinavian is also detailed by reference [17] in order to show the variability of costs. The
technologyisanew 100 km 420 kV OHL between central Norway and Sweden. For 25 km of this trans mission
line; the incurred costs included 0.32 M€ of project management, 0.86 M€ of engineering, 10.9 M€ of
procurement and installation and 1.1 M€ of right-of-way. The resulting cost per km of 530 k€/km for a
standard 420 kV OHL is due to the high level of fixed costs with respect to the “rather short” length of the
line.

Otherdata for both LCC and VSC convertersisavailable thanks to a study carried out by National Grid in the
UK [11]. Data are in GBP and per unit. They allow enriching the database of converters costs with the
following inputs:

- VSC500 MW 300 kV: 68-84 £M

- VSC850 MW 320 kV: 89-110 £M

- VSC 1250 MW 500 kV: 108-136 £M
- VSC2000 MW 500 kV: 131-178 £M
- CSC 1000 MW 400 kV: 73-94 £M

- CSC2000 MW 500 kV: 136-168 £M
- CSC 3000 MW 600 kV: 178-209 £M

Finally, for HYDC OHL, costs data have been provided by Amprion (TAR on DC OHL), cf. Table 47 below, fora
single circuit HVDC line as a function of voltage, power and the number of conductors per bundle.

Table 47. CAPEXand OPEX in 2014 for a single circuit HYDC OHL as a function of voltage, powerand number
of conductor per bundle.

Voltage (kV) 320 500 800 1100
Power (GW) 1.7 4.0 11.2 25.5
CAPEX (k€/km) 1200 1599 2000 2500
OPEX (k€/km/year) 7,20 9,59 12,00 24,07
Number of conductors per bundle 4 4 6 8

5.5.3 Submarine cables in HVDC systems

In section 5.4, a review of recent submarine cable projects was provided, focusing on HVAC systems. Here,
we have filtered from the same source (Europacable and manufacturers communication) the submarine
HVDC projects. Table 48 next page displays selected submarine HVDC projects: possible generic
configurations for submarine HVDC cables are identified in bold style, e.g. HYDC Ml cable in bipolar
configuration (2X600 MW) as implemented in the HVDC link between Italy and Montenegro (announced
budget of 300 M€ for 393 km subsea and 22 km underground for the onshore connection).

The data of Table 48 suggests that most interconnections betweentransmission networks are made with Ml
insulated cables, while connections with offshore platforms are performed with XLPE insulation.
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Table 48: Review of recent submarine cable HVDC projects (source Europacable).

date AC/ | Voltag T ission Technol Insulation km km MeE G .
news DC e ransmission fechnology Technology | subsea | land onnection
VSC rating 864 MW, 320 kV, HVDC XLPE 159km sea
DCand | 320/ | route+45km land route cable and completed by XLPE Connection SylWinl (North Sea) to German power grid
2011 R K XLPE 159 45 250
AC 155 155kV HVAC submarine from the wind farm to the (located 160 km offshore)
offshore converter station
2012 DC 500 Lv;s)soo kV HVDC cables in a bipolar configuration (2 X 500 M 393 2 300 HVDClink Italy Montenegro
2010 DC 500 700 MW HVDCDK-Norway,_d?pth up to 530 m, 500 kV mi 140 12 87 HVDC connection Energinet Statnett Skagerrak4
Mass Impregnated Non Draining cable)
650 MW HVDC 145 km submarine and 12 km underground,
2010 DC 450 single cable 450 kV DCIRCcable (Integrated Return M 145 12 180 HVDClinkFinland Estonia EstLink2
Conductor)
2013 DC 350 Submarine HVDC, 1100 km Ml cable, rated 900 MW, 350 kV M 100 N/A 80 Connection:Newfoundland and Labrador (Canada)
2014 DC 320 |320kVHVDCsubmarine +land bipole rating 900 MW XLPE 130 | 29 250 | renneT:offshore windfarm connection BorWin cluster
(located 120 km North of Germany)
2013 DC 320 | 320 kV HVDCXLPE cable rating 900 MW XLPE 83 78 350 TD:;:Q:?’ (offshore wind farm North Sea) linking for
HVDCLight, rating 900MW, 320kV, 135 km and converter . . .
2011 DC 320 stations XLPE N/A N/A 1000 Connection North Sea wind farms to German power grid
VSC690 MW and 130 (=85+45) km HVDC connection XLPE 200 for
R ) (cable), | Connection HelWin 2 (North Sea) to German power grid
2011 DC 320 cable, 320kV, completed with XLPE 155kV from the wind XLPE 85 45 .
. 600in | (located55km offshore)
farm to the offshore converterstation total
VSC rating 800 MW, 300 kV, HVDCXLPE 125 km sea
route+75km land route cable and completed by 39 km Connection BorWin2 North Sea to mainland Germany
2010 bc 300 XLPE 155kV HVAC submarine from the wind farm to the XLPE 125 s 200 (located 125 km offshore)
offshore converter station
VSCrating 576 MW, 250 kV, HVDCXLPE 85 km sea
route+45km land route cable and completed by XLPE 155kV Connection HelWinl North Sea to mainland Germany
2010 bC 250 HVACsubmarine from the wind farmto the offshore XLPE 85 45 150 (located 85 km offshore)
converterstation
2014 DC 200 Two 200kV HVDCcables onabout 170 km subsea distance, XLPE 50 300 175 Islandinterconnection : Newfoundland Nova Scotia

500 MW Maritime Link

(Canada)
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5.5.4 Definingthe technologyvariants and the costs as of 2013
Assumption 5. Reference technology variantfor HVDC cables:

- Thetechnologyvariantfor HYDC underground cable is a XLPE cable bipolar320 kV, 1000 MW,
underground overarural area, flatland and two converters VSC of 1000 MW at each cable end. The
proposed reference for 2013 costs is 1600 k€/km>’ for the cable and 125 M€ per terminal (VSC), which
is consistent with the above mentioned sources®®

- Thetechnologyvariantfor HVDC submarine solutions is a XLPE cable bipolar 300 kV, 2000mm2, 1031
MW. The proposed referencefor 2013 costs is assumed at 1580 £/m —i.e. about 1900 k€/km (including
about 600 k€/km installation with a1 meterburial)®®

Assumption 6. Reference technology variant for HYDC overhead lines:

- Itisproposedtoretainthe data provided by Amprion forthe HVYDC OHL, cf. Table 47, and considerthe
four providedvoltage levels as archetypes.

- Forthe converters:the two LCC converters (1000 MW) could be estimated at about 220 M€ while the
two VSC converters (1000 MW) at about 250 ME.

5.5.5 Evolutionlaws for the computation of the costs for next decades

- For HVDCunderground cables: the breakdown proposed by Europacable (40% equipment and up to 60%
forinstallation and civil works) could be used as a first proxy for HVDC cables.

- For HVDC overhead lines: it is proposed to use the breakdown of HVAC OHL, see above section 5.2.

- For HVDC converters: see Table 49 for which sources [19] and [20] have been used to get the costs
components for the HVDC converters.

Table 49: Breakdown of HVDC converter costs (LCC and VSC) [19] [20]

Breakdown per component (% investment cost)
Key components LCC 1000MW VSC (2X500MW)
Valve groups 21% 30,5% 60
Control-protection-command 8% 8,5%
Converter transformer 22% 20%
AC & DC switchyard, filtering, auxiliaries 18% 4% 61
Civil works 14% 22%
Project engineering and administration 17% 15%

Based on these cost components, tentative evolution laws could be build according to the approach proposed
for overhead lines. The alternative, “more direct” approach based on IRENE40 methodology is discussed in
section 5.8.

57 Correspondingto a breakdown of 700 k€/km for cable equipment + 900 k€/km for e ngineering, project management, installation,
civil works andright-of-ways. Regarding the cost ofthe VSCterminal, we have selected the upper limit of the range provided by the
REALISEGRID source [5] on HVDCVSC terminal, bipolar (which was 60-125 k€/MW).

58 At the upperlimit of cost range as proposed by the Realisegrid source.

59 |ssued from ODIS 2009, Table 44

60 Includingconvertors costs, DCswitchyardand cooling

61 AC equipmentonly
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5.6 HVAC substations and transformers
5.6.1 Typical costs of HVAC substations

Costs of HVAC substations depend on their configuration: number of transformers, number of bus bars, etc.
REALISEGRID [6] provides two reference values (2011 figures) which are sufficient for the big picture:

- 15-25 ME for transforming air-insulated substation 220/110 kV,
- 20-30 ME€ for transforming air-insulated substation 380/220 kV.

Formore details and amodel of costs for substations, one could consult the US study [2]. This reference gives
an overview of base costs fora new substation. Aseries of additional components have to be accounted for
accordingto the number of lines entering/terminating at the station, the number of breakers, the number of
transformers, the number of reactors needed.

5.6.2 Typical costs for transformers
They are provided in reference [6] (based on a UK source) and [2] (US source):

- 5,2 k€/MVA®? fora 115/230 kV or a 138/230 kV transformerin a 230 kV station;

- 7,4k€/MVA® fora 115/345 kV ora 138/345kV ora 230/345 kV ora 138/500 kV transformer (respectively
in a 230 kV 345 kV and 500 kV station);

- 11 k€/MVA for a 400/220 kV transformer of 400 MVA;

- 10 k€/MVA for a 400/220 kV transformer of 500 MVA;

- 10,3 k€/MVA for a 400/220 kV transformer of 500 MVA.

The Australian source AEMO [3] gives additional cost estimates® for transformers:

- 13.3 M€ for a 1000 MVA 500/330 kV transformer (3 X 1 phase);
- 8.1 M€ fora 370 MVA 500/275 kV transformer (3 X 1 phase);

- 13.3 M€ for a 1000 MVA 500/220 kV transformer (3 X 1 phase);
- 11.8 M€ for a 750 MVA 500/220 kV transformer (3 X 1 phase);
- 11.1 M€ for a 600 MVA 500/220 kV transformer (3 X 1 phase);
- 8.9 M€ fora 700 MVA 330/220 kV transformer (3 X 1 phase);

- 6.7 M€ for a 400 MVA 330/220 kV transformer (3 X 1 phase);

- 5.9 M€ for a 225 MVA 330/220 kV transformer (3 X 1 phase);

- 3.7 M€ fora 150 MVA 220/110 kV transformer (3 phase units).

Forcosts in Europe, reference [17] reports some dataused in the 2005 denastudy®® forthe HVACinvestment
with a costamount of 12 k€/MVA forthe transformerand a cost of 1,85M€ fora 380 kV switchingfield. More
recent data in Germany are indicated in the 2" draft (2013) Grid development plan in Germany [1]. This
report uses the following data for the costs of HVAC stations:

- 380 kV: 4 M€ /Switching field (including cost of plant adaptation / expansion);
- 380/110-kV transformer 300 MVA: 6.5 M€/transformer (including cost of ancillary plants and EHV and
HV switching field).

One should mention data reported from a recent source (UK, 2013 data, cost elements are in GBP [11]).

- HVAC Switchgear 275 kV: 3.04 to 3.46 £k;

- HVAC Switchgear 400 kV: 3.98 to 4.29 £k;

- Transformers 400/132 kV 240 MVA: 1.88 to 2.30 £M;

- Transformers 275/132 kV 240 MVA: 1.57 to 2.09 £M;

- Shunt reactors 200 MVAR/400 kV: 2.51to 2.72 £k (supplied costs);
- Shunt reactors 100 MVAR/275 kV: 2.30to 2.51 £k (supplied costs);

627 000S/MVA at1.35currencyrate

6310 000 S/MVAat 1.35 currencyrate

64 Currency exchange rate assumedat 1 EUR=1.35USD

65 Energiewirtschaftliche Planungfiir die Netzintegration von Windenergie in Deutschland an Land und Offshore biszum Jahr 2020,
Studieim Auftragder deutschen Energie-Agentur GmbH, K6In, February 24th, 2005
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- Shuntcapacitor banks 200 MVAR of capacitive reactive compensation: 4.19to 7.33 £M (installed costs);
- Shuntcapacitor banks 100 MVAR of capacitive reactive compensation: 3.14to 5.24 £M (installed costs).

Finally, the Offshore Transmission Technology report from ENTSOE [4] gives costs which are consistent with
the above data:

HVAC GIS switchgear (total cost per installed substation including civil works, cost per bay)
o HVACGIS Switchgear 132 kV: 1.26 to 1.61 M€ ;
o HVACGIS Switchgear 275 kV: 3.34 to 3.68 ME;
o HVACGIS Switchgear 400 kV: 4.37 to 4.72 ME.

- Transformers (cost supplied and assembled but excluding civil works orassociated bay works which can
approximately double the total installed bay cost but are likely to be an element of a main works
contractor costs)

o Transformer 400/132 kV 240 MVA: 2.07-2.53 ME;
o Transformer 275/132 kV 240 MVA: 1.73-2.3 ME;
o Transformer 275/33 kV 120 MVA: 1.4-1.84 M.

- Shunt reactors (supplied costs, based upon a unit, delivered and assembled but exclude all civil and
structural works associated, associated civil costs can approximately double the total installed bay cost
but are likely to be an element of a main works contractor costs)

o Shunt reactors 200 MVAR/400 kV: 2.53 to 2.76 ME;
o Shunt reactors 100 MVAR/275 kV: 2.76 to 2.99 ME.

- HVAC Shunt capacitor banks (total installed cost including associated site works)
o 200 MVAR of capacitive reactive compensation: 4.6 to 8.05 M£;
o 100 MVAR of capacitive reactive compensation: 3.45to 5.75 ME.

5.6.3 Evolutionlaws for the computation of the costs for next decades

For transformers and substations, section 5.8 reports tentative time evolution indexes gathered from [8].

5.7 FACTS

Typical investment costs ranges at 2010 for FACTS device are detailed in REALISEGRID [6]. The list also
includesinvestment costs fora Phase Shifting Transformer (PST) and Fixed Series Capacitor (FSC) presented
for comparison even though they cannot be considered as FACTS (they may be used in similar contexts).
Indeed, since mechanically controlled, their degree of reactivity, flexibility and precision are not at the same
level as the ones ensured by FACTS equipment.

- PST, 400 kV, 100-1600 MVAR/MVA available power rating: 10-40 k€/MVA;

- FSC, 400 kv, 100-1000 MVAR/MVA available power rating: 10-20 k€/MVAR,;

- SVC, 400kV, 100-850 MVAR/MVA available power rating: 30-50 k€/MVAR;

- STATCOM, 400 kV, 100-400 MVAR/MVA available power rating: 50-75 k€/MVAR;
- TCSC, 400 kV, 25-600 MVAR/MVA available power rating: 35-50 k€/MVAR;

- SSSC, 400 kV, 100-400 MVAR/MVA available power rating: 50-80 k€/MVAR;

- TCPST (TCQBT)®¢, 220 kV, 50 MVAR/MVA available power rating: 12-36 k€/MVA;
- TCPST(TCQBT)®, 115kV, 150 MVAR/MVA available power rating: 40-70 k€/MVA;
- UPFC, 400 kV, 100-325 MVAR/MVA available power rating: 90-130 k€/MVA.

Nextsection 5.8 details tentative indexes for FACTS issued from [8] that could be used to build cost forthese
active transmission systems.

A more recentsource provides unitinstalled costs for Static VAR compensators and STATCOMs. Data are in
GBP [11]:

66 Data froma single case (source EPRI 1994)
67 Data froma single case (source EPRI 1994)
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- Static VAR compensators- 100 MVAR of reactive compensation: 3.14to 5.24 £M (installed costs);
- Static VAR compensators- 200 MVAR: 10.47 to 15.71 £M (installed costs);

- STATCOMs 50 MVAR of reactive compensation: 3.14to 5.24 £M (installed costs);

- STATCOMs 100 MVAR of reactive compensation: 10.47 to 15.71 £M (installed costs);

- STATCOMs 200 MVAR of reactive compensation: 15.71 to 20.94 £M (installed costs).

These data (i.e. [11]) are partially compliant with the data displayed in the Offshore Transmission Technology
report from ENTSOE [4] (total installed cost including associated site works):

- StaticVAR compensators- 100 MVAR of reactive compensation: 3.45 to 5.75 M€ (consistent with [11]),

- Static VAR compensators- 200 MVAR: 11.5 to 17.25 M€ (consistent with [11]),

- STATCOMs 50 MVAR of reactive compensation: 3.45 to 5.75 M€ (consistent with [11]),

- STATCOMs 100 MVAR of reactive compensation: 5.75 to 11.5 M€ (not consistent with [11]),

- STATCOMs 200 MVAR of reactive compensation: 11.5 to 23 M€ (only the upperlimitsis consistent with
[11]).

In this work, it is recommended to retain the ENTSOE data of [4] for the STATCOMs 100 and 200 MVAR of
reactive compensation rather than the data of reference [11].

The ENTSO-E data is consistent with the costs data displayed above, i.e. REALISEGRID data [6] and IRENE40
data [8] (see Table 51).

5.8 Recommendations for building evolution laws for the next decades

Based onthe IRENE40outputs, this section reports the proposed progressratios per category of transmission
systems: OHL, cables, HVDC converters, FACTS, transformers.

5.8.1 HVDC systems

The droppingratesforeach decade are based on qualitative estimations by manufacturers. Forexample, for
HVDC systems, it is estimated that installation demand will increase in the period 2010-2020, leadingto a
unit cost decrease of the order of magnitude of 10-15% within these 10years. After 2020 a slowing down of
installations will resultin adroppingrate half of that in the previous decade. By such step by step (one step
is 10 years) approach, a simple prediction curve of unit costs is built [8]. Three configurations of HVDC are
detailed: back to back HVDC, OHL HVDC and a submarine Cable.

Table 50: Estimated indices for HYDC components (starting year is 2010) [8]

Unit cost of equipment for HVDC components (€/kW) 68

Back to back HVDC Over Head Transmission Line Submarine Cable
2010 95 83 171
2020 76-84 [£5%] 57-63 [£5%)] 52 —58 [£5%]
2030 68-82 [+10%] 49.5-60.5 [+10%)] 49.5-60.5 [+10%)]
2040 62-80 [+15%] 44.2-59.8 [+15%)] 44.2-59.8 [+15%]
2050 56-84 [+20%] 40 - 60 [+20%)] 40 — 60 [+20%)]
5.8.2 FACTS

The same approachisimplementedto estimatethe dropping rates for each decade forthree types of FACTS:
SVC, STATCOM, TCSC.

Table 51: Estimated indicesfor FACTS (starting yearis 2010) [8]

68 The unitcost of HVDCin Euro/kW referto 1998/1999 price [8]. The initial values of costs setin 2010 are mentioned for completion
purposes but the main interest is to report the extrapolated indexes for 2020, 2030, 2040, 2050 for the costs of the considered
transmission technologies. These pricesdo notinclude prices of cables or overhead linesand are based on HVDCsystems providers’
available prices gathered by [8].
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Unit cost of equipment for FACTS (€/kVAR) 6°
SvC STATCOM TCSc?
2010 37 52 40
2020 31.35-34.65 [+5%] 54 -60 [+5%] 31.35-34.65 [+5%]
2030 27 - 33 [+10%] 45 -55 [+10%)] 27 - 33 [£10%]
2040 23-31 [+15%] 38-52 [+15%] 23 -31 [+15%]
2050 20-30 [+20%] 32-48 [+20%] 20-30 [+20%]

5.8.3 HVAC OHL, cables and transformers

Dropping rates for each decade have been estimated by [8] for three types of passive transmission
equipment: OHL, cables and transformers. The observation on the 2010 cost data is still relevant for the
below table. The main added value is in the estimated dropping rate as seen by manufacturers.

Table 52: Estimated indices for passive transmission technologies (starting year is 2010) [8]

Unit cost of equipment for passive transmission technologies (M€/km)
OHL single circuit (M€/km) Cable (M€/km) Transformer (€/kVA)7!
2010 0.64 2.94 0.55
2020 0.5-0.56 [+5%] 23-2.63 [+5%] 0.5-0.56 [+5%]
2030 0.43 -0.53 [+10%] 20-2.48 [+10%] 0.43 -0.53 [+10%]
2040 0.38 -0.52 [+15%] 1.78-2.42 [+15%] 0.38 -0.52 [+15%]
2050 0.33-0.51 [+20%] 16-24 [£20%] 0.33-0.51 [+20%]

5.9 Intermediate conclusions

The compilation of cost data fora selection of transmission equipment has been performed in the objective
of use for the e-Highway2050 simulations.

The gathered data on costs in Euro of 2010-2013 should help the partners in charge of the simulations
selecting an appropriate level of cost pertype of transmissiontechnology, and which will be the starting point
of each cost trajectory.

Then a computation through evolution laws, either with models of evolutions for cost component as
implemented in the dry-run test for overhead lines, or with dropping rates as carried out in the IRENE40
project allows building tentative cost trajectories for the next decades.

The limitations of these approaches have been examined as well as the sensitivity to factors such as the
“space factor” and the features of the transmission equipment (technical performances). Next section
proposes an implementation of a slightly adjusted approach taking into account:

- the lessons learned from the dry-run exercise on HVAC lines and cost trajectories of key transmission

equipment as proposed by a recent EC funded project [8],

- the 2013 cost data of transmission equipment as extracted from recent sources.

The proposed approachin section 5.10 should be adopted from now on for the computation of costs for all
transmission technologies.

69 As for HVDGC, the initial values set by [8] originate from various sources referenced in the IRENE40 deliverable. They hawe to be
possiblyadjusted accordingto the collection of data inthe FACTS section. The main value of this table is toreport thelevel of dropping

rate perretained by IRENE40 for FACTS.
70 Forecast data for TCSCseem to be the same as the data for SVC as indicated in table 3.12 of [8] page 109.

7LSame remark as above. Source is table 3.14 of [8] page 111
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5.10 Costs of key transmission equipment: archetypes and their cost trajectories over the
period 2014-2050

5.10.1 HVACOHL

The proposed approachto build the costs of overhead lines builds onthe lessonslearned from the previous
sections and the principles set out in section 5.9.

— There are major variations in total costs for OHL depending on the context (power, terrain, etc.).
These cost variations are of the same order of magnitude, if not higher, that the uncertainty related
to the forecast at 2050. As a consequence, most effort should be focused on an accurate appraisal
of the costs today.

— When the cost structure of an OHL project is known (equipment, installation, civil works, project
management and right of ways), and when excluding the zonal/local cost components, costs
forecasts can be achieved with a few indices: labor and engineering costs indices, energy-oil costs
indices) as wellas acomplementaryindex capturing the experience gained by industryfor producing
the equipment/system. Thesefiveindices (LAB, OIL, ENG, METAL, EXP) could thus be reduced to four
(LAB, OIL, ENG and a fourth one integrating EXP and METAL).

— IRENE-40 project has proposed trajectories for thisfourth integrated EXP+METALindex reflecting the
time evolution of key transmission equipment as seen by industry. In the following we will call
“progressratio” thisintegrated index. Figure 15 below depicts the simplified approach thanks to the
contribution of IRENE-40.

Indices |

2 . EXP

c | Equipment

e METAL

S)

o LAB

€ |Installation and Civil works

8 olL

2 | Project Management ENG
© | Authorizations and Rights of Way ! ! L/Z
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*2 Equipment Ratios from

% Irene-40

a Time evolutions of

€ | Installati d Civil k

5 nstallation and Civil works LAB, OIL, ENG as

2 | Project Management modeled above

© | Authorizations and Rights of Way Local factors
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Figure 15: Simplified approach to model cost trajectories based on cost breakdown and representative
indices

As a consequence, the following methodology is proposed:
— an accurate appraisal of the cost structure of an HYAC OHL archetypeis provided in orderto forecast

the evolution of the cost structure from today to 2050 based upon three indices (labor, engineering
and energy costs) and a progress ratio,

— forall othervariants, a multiplierapproachis used based upon the cost trajectory of the archetype.
For the AC OHL technologies, the archetypeis a 400 kV double circuit OHL installedin a rural plain
terrain, with the following characteristics: 4 conductor bundle, AAAC, 4.3 GW percircuit. The variants
can be 750 kV OHL, single/double circuit(s) OHL, OHL installed in other terrains (mountain
environment for instance).

The inputs needed for such a methodology are detailed in Table 53.
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Table 53: Archetype HVAC OHL and characterization variables.

Source

Rationale for decision / comments

Archetype

e-Highway2050

400 kV double circuitOHLinstalledina rural plainterrain, witha 4
conductor bundle, AAAC, 4.3 GW per circuit.

Total cost

1200 k€/km cf.
assumption 1

The highest valuefrom assumption 1 correspondingto arural areain
Northern Europe has been selected.

Cost structure

data of Table 25

Indices LAB, OIL,
ENG

projections of
Table 27

The trajectories of these indices can be modified and adapted to be inline
with the five e-Highway2050 scenarios and the assumptions madein WP2
for instance (scenario quantification task).

Progress Ratio

data of IRENE40
in Table 52

It has been assumed that the mean trajectory of Table 52 is a good proxy of
the cost reductions that can be expected on equipment. This mean factor
has been appliedto the equipment component of the overall costs structure

Uncertainty on
the costs
components

Table 52

The uncertainty level provided by the manufacturers in IRENE40 (Table 52)
for each decade is a relevantestimation of the expected uncertainty on the
overall costs.

Table 55 shows the results of the computations’?: the total costs of the archetype at 2050 should be in a

range of 1077 k€/km to 1615 k€/km

For any other variants of the AC OHL technologies, multipliers should be applied. For the influence of the
installation environment (terrain), the data of Table 23 should be used. It is assumed that this data remains
valid whatever the chosen variant: 1.4 for urban terrain and 2.1 for mountain. The value for mountainous
environmentisin line with the values displayedinthe AC OHL TAR in annex. Table 54 below displays other
multiplierforthe voltage level, the number of circuits, the number of conductor perbundle and the type of

conductor (cf. ACOHLTAR).

Table 54. Multipliers forthe overall costs of ACOHL.

Multiplierforhighervoltages (from400 kV to 750 kV) 1.63
Multiplier for highervoltages (from400 kV to 550 kV) 1.25
Multiplier from double to single circuit 2/3
Multiplier from 4 to 3 conductor bundle 3/4
Multipliertype of conductor (AAACto ACSS) 1.25
Multipliertype of terrain 1.4 (urban) 2.1 (mountain)

72 An OPEX of 2% of the CAPEXperannumhas beenassumed.
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Table 55. Costs projection at 2050 of the ACOHL archetype, 400 kV, 4.3 GW, in rural plain

1200 k€/km 1 1 0,95 1,05 0,9 1,1 0,85 1,15 0,8 1,2
Breakdown per component (% | costs for each k€/km k€/km k€/km k€/km k€/km
of investment cost) component 2014 2020 2030 2040 2050
Labor OIL min max index min max index min max index min max index min max
Equipment 34% 408 408 345 381 296 361 262 354 230 345
EXP 0,89 0,81 0,76 0,70
Installation 33% 60% 40% | 396 396 393 434 392 480 393 532 396 594
LAB 0,98 0,95 0,92 0,89
OlL 1,14 1,33 1,54 1,79
Civil works 8% 50% 50% 96 96 97 107 98 120 100 136 103 154
LAB 0,98 0,95 0,92 0,89
OIL 1,14 1,33 1,54 1,79
Project Managmt 15% 100% 180 180 ENG 1,14 195 216 1,34 218 266 1,55 237 320 1,75 252 378
Right of ways 10% 120 120 N/A 114 126 108 132 102 138 96 144
CAPEX (k€/km) 100% 1200 1200 1144 1264 1112 1359 1094 1480 1077 1615
OPEX (p.a.) 2,0% 24 24 23 25 22 27 22 30 22 32
Table 56. Costs projection at 2050 of the 1100 kV DC OHL archetype.
2500 k€/km 1 1 0,95 1,05 0,9 1,1 0,85 1,15 0,8 1,2
Breakdown per component (% | costs for each k€/km k€/km k€/km k€/km k€/km
of investment cost) component 2014 2020 2030 2040 2050
Labor OIL min max index min max | index min max | index min max index min max
Equipment 34% 850 850 657 726 570 697 509 689 461 691
EXP 0,81 0,75 0,70 0,68
Installation 33% 60% 40% 825 825 819 905 817 999 819 1109 825 1237
LAB 0,98 0,95 0,92 0,89
OlL 1,14 1,33 1,54 1,79
Civil works 8% 50% 50% 200 200 202 223 205 250 209 283 214 321
LAB 0,98 0,95 0,92 0,89
OlL 1,14 1,33 1,54 1,79
Project managmt 15% 100% 375 375 | ENG 1,14 407 450 1,34 454 554 1,55 493 667 1,75 525 787
Right of ways 10% 250 250 | N/A 238 263 225 275 213 288 200 300
CAPEX (k€/km) 100% 2500 2500 2321 2566 2271 2776 2243 3035 2225 3337
OPEX (p.a.) 0.6-1,0% 25 25 23 26 23 28 22 30 22 33
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5.10.2 HVDC OHL

In order to derive the costs of HYDC OHL at 2050, it is proposed to duplicate the computations performed
for HYAC OHL with the following hypotheses detailed in Table 57.

Table 57. Archetype HVAC OHL and characterization variables.

Source Rationale for decision / comments
Archetype HVDC OHL TAR [ Four archetypes providedin Table 47
Total cost HVDC OHL TAR | Total costs are providedin Table 47

The cost structureof an HVDC OHL projectis similar to the one of an HVAC

Cost structure data of Table 25 ) . .
OHL projectfor a rural plain terrain

IielEzs A Gl PRICEENS @ Indices remain the same asfor HYAC OHL

ENG Table 27
. data of IRENE40 .
Progress Ratio inTable 52 Same hypothesis as for HVAC OHL
Uncertainty on
the costs Table 52 Same hypothesis as for HVAC OHL

components

Table 56 displays a computation performed forthe HYDC OHL 1100 kV archetype. Table 58 shows the results
for all archetypes supplied by Amprion.

Table 58. CAPEXand OPEX"3in 2050 for a single circuit HYDC OHL as specifiedin Table 47

Voltage (kV) 320 500 800 1100
CAPEX (k€/km) 1068-1602 | 1423-2134 | 1780-2670 | 2225-3337
OPEX (k€/km/year) 6-10 9-13 11-16 22-33

Forany othervariant, itis proposed,as for HVAC OHL, to resort to multipliers as displayed in the table below.

Table 59. Multipliers forthe overall costs of HYDC OHL.

Multiplier for single/double circuit 1.5
Multipliertype of conductor N/A
Multipliertype of terrain 1.4 (urban) 2.1 (mountain)

5.10.3 HVAC underground cables

For fully HVAC underground cable solutions, a reference cost of 3500 k€/km has been fixed irrespective of
the burden on territory (based on assumption 4) for the following archetype: double circuit XLPE cable 380
kV (2500 mm2 conductor) of 2x1 GW installed in a rural plain environment. In order to derive the costs of
this archetype of HVAC cables, it is proposed to use the same methodology as for HVAC OHL.

Table 60: Archetype HVAC Cable and characterization variables

Source Rationale for decision / comments

Double circuitXLPE cable 380 kV (2500 mm2 conductor) of 2x1 GW installed
inarural plain environment

Total cost 3500 k€/km From assumption 4

The closestvariantcorrespond to a cableof 400 kV, 2000 mm?2, double
circuit, rural plain

Burden on As indicatedin Table 38, i.e. about 500 k€/km. Thus the total cost of the

0,
territory R (R reference HVAC cable (includingtheland costs)is 4000 k€/km

Archetype e-Highway2050

Cost structure data of Table 38

73 An OPEX rangingfrom 0.6 to 1% of the CAPEX perannum has been assumed inaccordance with the data provided by Amprion (cf.
TAR and datasheets for HYDC OHL).
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. L The trajectories of these indices can be modified and adapted to be inline
Indices LAB, projections of . . . . . .
with the five e-Highway2050 scenarios and the assumptions madein WP2
OIL, ENG Table 27 . . e ..
for instance (scenario quantification task).
Progress Ratio The data of IRENE40 has been used inthe same manner as for OHL. It
Uncertainty on | data of IRENE4O in | therefore assumed thatthe mean trajectories of Table 52 (underground
the costs Table 52 HVAC cables)is a good proxy of the costreductions that can be expected on
components equipment and the uncertainty provided by the manufacturers in IRENE40
0,
OPEX 0.2% of the CAPEX
per annum

Table 68 shows the results of the computations: the total costs of the archetype at 2050 should be inarange
of 3172 k€/km to 4758 k€/km (includingland costs). For any othervariants of the HVACunderground cable
technology, multipliers should be applied.

Table 61. Multipliers forthe overall costs of AC underground cables.

Multiplier for higher voltages N/A

Multiplier for single/double circuit 2

Multiplier terrain 1.1 (rocky area) and 1.2 (urban area)
Multipliertunnel 2to3

5.10.4 HVAC submarine cables

For HVAC submarine cables, it is proposedto use source [4] which details costs in Euro per meter of cable
supplied (not installed) and the elements of costs for subsea cables installation.

From [4], the archetype HVAC 3-core subsea cable, 400 MVA operated at 245 kV, is supplied at a cost of 949
+201 k€/km (i.e. 748-1150 k€/km excluding installation). Multiplying factors are provided in brackets for
lower capacities and voltages below: they have been estimated based on median values of each proposed
interval.

Table 62. HVAC 3-core subsea cable archetype and proposed multipliers to derive supplied HVAC 3-core
cables costs based on [4]

Costs in k€/km of supplied HVAC 3-core subsea cable [multiplier index]

MVA Rating Voltage (kV) Supplied Cost (k€/km)
200 132 518-805 k€/km [69.7]
300 220 575-863 k€/km [75.8]
400 245 748-1150 k€/km [100]

The above values for the cost of equipment have to be adjusted based on the typical costs provided in the
previous sections (see values on subsea installations provided below Table 42).

Afirst cross-check can be made usingthe AEMO source [3] for HVAC submarine cables which provides CAPEX
for:

- the 3 core 132 kV 189 MVA estimated at about 1300 k€/km (1.70 in SM/km);

- the 3 core 220 kV 314 MVA estimated at about 1700 k€/km (2.18 in SM/km).

Both sources appear consistent in this first cross check. A second sanity check can be made based on the

review of HYACsubmarine projects detailedin Table 39 on some particular projects with actual cost elements
(including installation costs)

o HVAC XLPE cable, single core with a 3-phase AC connection: cf. the recently announced

project by Nexansin Norway (3X30km, 420 kV, 390 m max depth) and the related budget of
78 M€
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o HVAC XLPE cable, 3-core in two circuits: cf. the Prysmian project to connect the BorWin
cluster at 155 kV (2X31 km) and the related budget of 50 M€, (announced in 2013)

o HVAC XLPE cable supplied by Nexans, 3-core in three circuits in the Gulf of Evia (Greece)
operated at 150 kV overa sea route of 21 km and 3 km underground, and amounting 64 M€
(announced in 2010).

When observing the last two projects and when assuming a cost of about 5 M&€/km for the underground
section of Gulf of Evia project, the sanity check leads to a cost of 50 M€ for the subsea connection foratotal
of approximately 60 km (either 2X31 km for the two circuitsin 3-core or 3X21 km for the three circuitsin 3-
core also). This leads to a total cost of 0.8 M€/km”* for the subsea 3-core for the 2" and 3™ project: such
cost might appearlow with respect to the cost data provided by [4] (cable supplied, withoutinstallation) and

[3] (cable supplied andinstalled). The discrepancy between these two data sets could be explained by many
factors such as variability in installation sites and ratings.

5.10.5 HVDC underground cables

For HVDC underground cable, the following archetype has been chose n: XLPE cable, bipolar, 320 kV 1000
MW, installed in a rural plain environment at a reference cost of 1600 k€/km (including land costs).

Table 63: Archetype HVDC Underground Cable and characterization variables

Source Rationale for decision / comments
. XLPE cablebipolar320kV 1000 MW installedina ruralplain
Archetype e-Highway2050 .
environment
Total cost 1600 k€/km From assumption 5
Cost structure data of Table 38
Burden on 12% of CAPEX (see
territory Table 38) In order to forecast the costs at 2050, it was assumed that all
Indices LAB, OIL, projections of | computational parameters used for HVAC underground cables remain the
ENG Table 27 same for HVDC underground cables, i.e.the coststructure, the burden on
Progress Ratio i i i indi
g : data of IRENE4O in terrlhtog/l,)’lc:)\(e progress ratio and the uncertainty, the three indices as well
Uncertainty on the Table 52 as the .
costs components
0,
OPEX 0.2% of the CAPEX
per annum

Table 69 displays the results of the computation: the total costs of the archetype at 2050 should be inarange
of 1269 k€/km to 1903 k€/km (irrespective of additional burden onterritory). Forany other variants of this
HVDC underground cable technology, multipliers should be applied. The multipliers of Table 61 should be
used when relevant.

When considering HYDC underground cables costs displayed in Table 44 and Table 46 for various ratings of
cables, one could propose a linear interpolation (proxy for a multiplier relative to power) as follow’>:

- Cost (HVDC underground Cable XLPE, 2013 value) [k€] = 1.35*P [MW] +278

5.10.6 HVDC submarine cables
Based on the collected data in the previous sections, two archetypes could be considered:

- XLPE submarine cable (HVDC): see typical recent cost valuesin Table 42 and in Table 44 which could be
combined to the progress ratios of Table 52 and multipliers derived from [4],

74 This costof 0.8 M€/km remains alsovalid for the first projectin Norway: 90 km *0.8 = about 72M€ closeto the 78
M€ announced by the manufacturer.
75 This interpolationis robustfor the cost of the proposed archetype.
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- Mass Impregnated Insulated submarine cable in HVDC: see cost data providedin Table 43 and Table 44
and inputs from [4].

The 2000 mm? (cross-section) XLPE submarine cable operated at 320 kV is supplied at a cost estimated at
531.5 +128 k€/km (403-660 k€/km excluding installation) [4].

The cost perroute-km will dependforinstance uponthe number of poles and the number of cables per pole
and consequently the above data should be used with suitable multipliers according to the desired
configuration. Typical costs of installations are provided below Table 42 allowing several subseainstallation
combinations (e.g. single cable-single trench ortwin cable-single trench ortwo single cables-two trenches).

When considering different cross sections and different voltages one should resort to the costs of cables
supplied (not installed) provided by ENTSOE [4] and reproduced hereafter, i.e. Table 64. In this table, the
proposed HVDC submarine archetype is highlighted in blue color. Multipliers (indices) are proposed in
bracket with reference to the archetype [base 100]. Calculations of the indices are based on the median value
of the min-max cost interval. Again, all costs related to installation have to be counted for afterwards (i.e.
after application of the index) according to the specified configuration.

Table 64. Archetype of HYDC XLPE submarine cable and proposed multipliers to derive supplied HYDC XLPE
submarine cables costs based on [4]

Costs in k€/km of supplied Subsea HVDC XLPE cable [multiplier index]
Voltage 150 kV 320 kv

Cross sectional area (mm?)

1200 mm? 230-460 k€/km [64.9] 345-518 k€/km [81.2]
1500 mm? 280-460 k€/km [69.6] 345-518 k€/km [81.2]
1800 mm? 345-518 k€/km [81.2] 345-575 k€/km [86.5]
2000 mm? 345-575 k€/km [86.5] 403-660 k€/km [100]

A cross-check of the above data can be made by using other sources:
- first with source [3] for HYDC submarine cables, which provides CAPEX for three configurations:

o 2 ME&/km (1.57 in SM/km) for a +150 kV 352 MW bipole submarine cable,
o 2.1 M€/km (1.64 SM/km) for a £300 kV 704 MW bipole submarine cable,
o 4 ME/km (3.12 SM/km) for a £300 kV 1306 MW bipole submarine cable.

- thenwiththe reference valuesalready provided and based on the REALISEGRID source [5] for an HVDC
undersea cable pair(voltage + 350 kV; powerrating 1100 MW), i.e. CAPEX estimated in arange of 1000-
2000 k€/km,

- or withsource [6] in Table 42 with typical values for HVDC XLPE submarine cables at +300 kV as follow:
1900 k€/km for 700 MW, 2600 k€/km for 1000 MW, 3200 k€/km for 1200 MW.

The second archetype corresponds to a Mass Impregnated cable for HVDC submarine application. Data
from different sources ([4] and the first part of Table 44 relative to ranges of costs of HYDC Ml at 400 kV and
500 kV) are considered as consistent modulo the currency rate (GBP/EUR) which has evolved.

For consistency with the approach followed for the other HVDC archetype we propose to consider the
ENTSOE data [4] relative to the Ml subsea cable. Againthe archetype is highlighted in blue colorin the table
below and the multiplier (indices) are indicted in bracket with respect to that archetype.

Table 65. Archetype of HYDC MI submarine cable and proposed multipliers to derive supplied HVDC XLPE
submarine cables costs based on [4]

Costs in k€/km of supplied Subsea HVDC Ml cable [multiplier index]
Voltage 150 kv 320 kv

Cross sectional area (mm?)
1500 mm?
1800 mm?

403-660 k€/km [73.9]
460-660 k€/km [77.9]

460-660 k€/km [77.9]
460-690 k€/km [80]
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2000 mm? 460-690 k€/km [80] 460-748 k€/km [84]
2500 mm? 575-805 k€/km [96] 575-863 k€/km [100]

5.10.7 HVDC converters

The two archetypes chosen bothVSCand LCCare the ones of assumptions 5and 6, respectively VSC terminal,
bipole 1 GW for 125 M€ and LCC Terminal 1 GW for 110 M€.

In order to derive the costs of these archetype of HVDC converters, it is proposed to use the same
methodology as for HYAC/HVDC OHLs and cables:

Table 66: Archetype HVDC converters and characterization variables

Source Rationale for decision / comments

VSC terminal, bipole 1 GW for 125 M€
LCC Terminal 1 GW for 110 M€£.

Archetype e-Highway2050

125 M€ for the VSC;
110 ME for the LCC
Cost structure Table 49 Installations costs and rights of way, which arenotavailablearesetto zero
The trajectories of these indices can be modified and adapted to be in
line with the five e-Highway2050 scenarios and the assumptions madein
WP2 forinstance (scenario quantification task).

Total cost From assumptions 5and 6

Indices LAB, OIL, | projections of Table
ENG 27

Progress Ratio
Uncertainty on data of IRENE4O in
the costs Table 45

It assumed that the mean trajectory of Table 45 (backto back HVDC) is a
good proxy of the cost reductions that can be expected on equipment

and the uncertainty provided by the manufacturers in IRENE40
components

2% of the CAPEX per
annum

OPEX

Table 70 and Table 71 below show the results of the computations: the total costs of the LCC archetype at
2050 should be in a range of 90 M€/GW to 135 M€/GW, and the total costs of the VSC archetype at 2050
should be in a range of 105 M€/GW to 158 M€/GW. For any other variants of LCC and VSC technologies,
multipliers should be applied.

Table 67. Multipliers for the overall costs of HYDC VSC and LCC converters (C, and Py represent the power
and the costs of the archetypes), cf. section 5.5.2.

Multiplier for higher power (LCC) C=C,+0.075 (P-Py)
Multiplier for higher power (VSC) C=C,+0.093 (P-Py)
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Table 68. Costs projection at 2050 of the HVAC cable archetype, double circuit XLPE 380 kV (2500mm2 conductor) of 2X 1 GW in rural plain environment

4000 k€/km 1 1 0,95 1,05 0,9 1,1 0,85 1,15 0,8 1,2
Breakdown per component costs for each k€/km k€/km k€/km k€/km k€/km
(% of investment cost) component 2014 2020 2030 2040 2050
Labor OIL min max index min max index min max index min max index min max
Equipment 59% 2360 2360 2010 2221 1730 2115 1532 2073 1373 2060
EXP 0,90 0,81 0,76 0,73
Installation 4% 60% 40% 160 160 159 176 159 194 159 215 160 240
LAB 0,98 0,95 0,92 0,89
OlL 1,14 1l 353! 1,54 1,79
Civil works 11% 50% 50% 440 440 444 490 451 551 460 623 471 707
LAB 0,98 0,95 0,92 0,89
OIL 1,14 1,33 1,54 1,79
Project 14% | 100% 560 560 | ENG 114 607 671 | 134 677 828 | 155 736 996 | 1,75 783 1175
Management
Right of ways 12% 480 480 | N/A 456 504 432 528 408 552 384 576
CAPEX
100% 4000 4000 3675 4062 3449 4215 3295 4458 3172 4758
(KEUR/km)
OPEX (p.a.) 0,2% 8,00 8,00 7,35 8,12 6,90 8,43 6,59 8,92 6,34 9,52
Table 69. Costs projection at 2050 of the HVDC cable archetype, XLPE cable bipolar 320 kV 1000 MW in rural plain environment
1600 k€/km 1 1 0,95 1,05 0,9 1,1 0,85 1,15 0,8 1,2
Breakdown per component costs for each k€/km k€/km k€/km k€/km k€/km
(% of investment cost) component 2014 2020 2030 2040 2050
Labor OIL min max index min max index min max index min max index min max
Equipment 59% 944 944 804 888 692 846 613 829 549 824
EXP 0,90 0,81 0,76 0,73
Installation 4% 60% 40% 64 64 64 70 63 78 64 86 64 96
LAB 0,98 0,95 0,92 0,89
OIL 1,14 1,33 1,54 1,79
Civil works 11% 50% 50% 176 176 177 196 180 220 184 249 189 283
LAB 0,98 0,95 0,92 0,89
OlIL 1,14 1,33 1,54 1,79
Project managnt 14% 100% 224 224 | ENG 1,14 243 269 1,34 271 331 1,55 294 398 1,75 313 470
Right of ways 12% 192 192 N/A 182 202 173 211 163 221 154 230
CAPEX (k€/km) 100% 1600 1600 1470 1625 1380 1686 1318 1783 1269 1903
OPEX (p.a.) 0,2% 3,20 3,20 2,94 3,25 2,76 3,37 2,64 3,57 2,54 3,81
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Table 70. Costs projection at 2050 of the HVDC LCC converterarchetype.

110 M€/ MW 1 1 0,95 1,05 0,9 11 0,85 1,15 0,8 1,2
Breakdown per component (% | costs for each M€/GW M€/GW M€/GW M€/GW M€/GW
of investment cost) component 2014 2020 2030 2040 2050
Labor OlL min max index min max index min max index min max index min max
Equipment 69% 76 76 71 78 60 74 54 72 47 71
EXP 0,98 0,89 0,83 0,77
Installation 0% 60% 40% 0 0 0 0 0 0 0 0 0 0
LAB 0,98 0,95 0,92 0,89
OlIL 1,14 1,33 1,54 1,79
Civil works 14% 50% 50% 15 15 16 17 16 19 16 22 17 25
LAB 0,98 0,95 0,92 0,89
OlL 1,14 1,33 1,54 1,79
Project managnt 17% 100% 19 19 ENG 1,14 20 22 1,34 23 28 1,55 25 33 1,75 26 39
Right of ways 0% 0 0 N/A 0 0 0 0 0 0 0 0
CAPEX (M€/GW) 100% 110 110 106 118 99 121 94 128 90 135
OPEX (p.a.) 2,0% 2,20 2,20 2,13 2,35 1,98 2,42 1,89 2,55 1,79 2,69
Table 71. Costs projection at 2050 of the HYDCVSC converter archetype.
125 M€/ MW 1 1 0,95 1,05 0,9 1,1 0,85 1,15 0,8 1,2
Breakdown per component (% | costs for each M€/GW M€/GW M€/GW M€/GW M€/GW
of investment cost) component 2014 2020 2030 2040 2050
Labor OIL min max index min max index min max index min max index min max
Equipment 63% 79 79 67 74 60 73 53 72 50 74
EXP 0,90 0,84 0,80 0,79
Installation 0% 60% 40% 0 0 0 0 0 0 0 0 0 0
LAB 0,98 0,95 0,92 0,89
OlIL 1,14 1,33 1,54 1,79
Civil works 22% 50% 50% 28 28 28 31 28 34 29 39 29 44
LAB 0,98 0,95 0,92 0,89
OlIL 1,14 1,33 1,54 1,79
Project managnt 15% 100% 19 19 ENG 1,14 20 22 1,34 23 28 1,55 25 33 1,75 26 39
Right of ways 0% 0 0 N/A 0 0 0 0 0 0 0 0
CAPEX (M€/GW) 100% 125 125 115 127 111 135 107 145 105 158
OPEX (p.a.) 2,0% 2,50 2,50 231 2,55 221 2,70 2,14 2,89 2,10 3,16
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5.11 Sources used for cost of transmission systems

5.11.1 Sources used for data on costs

Sources for data on costs of transmission

(1]
(2]
(3]
(4]
[5]

(6]
[7]

(8]

[9

[10]

Grid Development Plan 2013 Germany (NetzEntwicklungsPlan Strom 2013), second draft, Chapter
10 on costs of transmission equipments

Black & Veatch. 2012. Capital costs for transmission and substations, recommendations for WECC,
Transmission Expansion Planning. October 2012

AEMO. 2012. 100 per centrenewables study-Electricity transmission cost assumptions. Australian
Energy Market Operator. 18" September2012.

ENTSOE. 2011. Offshore transmission technology. Regional Group North Seaforthe NSCOGI (North
Sea Countries’ Offshore Grid Initiative). 24.11.2011

A. Vafeas, S. Galant, T. Pagano. 2011. Final WP1 Report on cost/benefit analysis of innovative
technologies and grid technologies roadmap reportvalidated by the external partners. FP7 funded
project REALISEGRID project. Deliverable D1.4.2. May 2011

A. L'Abbate, G. Migliavacca. Review of costs of transmission infrastructures, including cross border
connections. FP7funded project REALISEGRID project. Deliverable D3.3.2, June 2011.

S. Rlberg, H. Ferreira, A. L'Abbate, U. Hager, G. Fulli. Y. Li, J. Schwippe. 2010. Improving network
controllability by Flexible Alternating Current Transmission Systems (FACTS) and by High Voltage
Current (HVDC) transmission systems. FP7funded project REALISEGRID project. Deliverable D1.2.1
IRENE-40 (AREVA-TUD-ECN-ETH Zurich-Imperial-ICCS NTUA-RWTH-ABB-Siemens) FP7funded
project Deliverable 2.2. Technology database and technological development forecast
methodology. November 2010

Stantec. Albertaenergy. 2009. Assessment and Analysis of the State-Of-the-Art Electric
Transmission Systems with Specific Focus on High-Voltage Direct Current (HVDC), Underground or
Other New or Developing Technologies. December 23, 2009

E. Colombo. 2006 Costassessment regarding transmissionand distribution system asset.
Methodology and results of a systematic analysis on the Italian electrical system. Cigre 2006

Sources on Offshore transmission technologies (UK)

[11]

[12]

[13]

[14]

National Grid. 2013. Electricity Ten Year Statement. Appendix E. Cost elementsin p51-53.November
2013

National Grid.2011. Offshore Transmission Network Feasibility study. September 2011.
http://www.thecrownestate.co.uk/media/5506/offshore transmission network feasibility study.
pdf

NGET. ODIS 2009. Transmission network-offshore development information statement appendices,
Review of Offshore Transmission Technologies Dec 2009

P. Djapicand G. Strbac. 2008. Centre for Sustainable Electricity and Distributed Generation (SDEG).
Funded by BERR. Cost Benefit Methodology for Optimal Design of Offshore Transmission Systems.
July 2008.

Sources used for underground and partial undergrounding

[15]

[16]

Uwe Macharey. 2014. “When is intermediate partial cabling a solution” Biiro flir Energiewirtschaft
une technische Planung GmBh, ETP Konferenz, Munchen, 31 Jan 2014

R. Benato, D. Napolitano. 2012. Overall cost comparison between cable and overhead lines
including the costs for repair after random failure. ElectaN°265.December 2012

Sources used for the cost breakdown of HVDC Converters

[17]

CIGRE. 2012. Voltage Source Converter (VSC) HVDC for Power Transmission —Economic Aspects and
Comparison with other ACand DC Technologies, Working Group B4.46, April 2012
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[18] Brochure CIGRE N.999. 2008. Impacts of HVDC Lines on the Economics of HVDC Projects, JWG-
B2/B4/C1.17, June 2008

[19] M.H. Baker etal. 2001. CIGRE Brochure 186, Economic Assessment of HVDC links, WG-14.20, June
2001

[20] Parsons Brinckeroff, Cable Consulting International. 2012. Electricity Transmission Costing Study.An
Independent Report endorsed by the Institution of Engineering & Technology, issued 315 January
2012

Other project or partners resources

[21] DENA Il Grid Study. Integration of renewable energy sources into the German power supply system
until 2020 with an Outlook to 2025. December2010.

[22] E-HIGHWAY2050. 2014. TSO Pool and Quality Pool contribution to the costs.

[23] E-HIGHWAY2050 Professional Associations: T&D Europe and Europacable.

5.11.2 Sources used for building evolution laws

Literature review on experience curves and learning rates in energy sector

[24] Martin Weiss, Martin K. Patel, Martin Junginger, Adolfo Perujo, Pierre Bonel, Geert van Grootveld,
2012. Onthe electrification of road transport-Learning rates and price forecasts for hybrid-electric
and battery-electric vehicles. Energy Policy 48, 374-393.

[25] Martin Weiss, Martin Junginger, Martin K. Patel, & Kornelis Bl ok. (2010). A review of experience
curve analyses forenergy demand technologies. Technological Forecasting and Social Change,
Volume 77, Issue 3, 411-428.

[26] Stephan Alberth. 2008. Forecasting technology costs via the experience curven - Myth or magic?
ScienceDirect. Technological Forecasting & Social Change 75 (2008) 952-983.

[27] L. Neij. 2008. Cost development of future technologies for power generation — a study based on
experience curves and complementary bottom—up assessments. Energy Policy 36, 2200-2211.

[28] NEEDS Integrated Project. 2006. New Energy Externalities Developments for Sustainability; D 3.3 -
RS 1a Costdevelopment—an analysis based on experience curves; 31 August 2006

[29] C.Berglund, & P. S6derholm. 2006. Modeling technical change in energy system analysis: analyzing
the introduction of learning-by-doing in bottom—up energy models. Energy Policy 34, 1344-1356.

[30] Dolf Gielen, Niclas Mattsson, Fridtjof Unander, International Energy Agency. 2004. Technology
Learning in the ETP Model; IEW, Paris, 22-24 June 2004

[31] Keywan Riahia, Edward S. Rubin, Margaret R. Taylor, Leo Schrattenholzer, David Hounshell. 2004.
Technologicallearning for carbon capture and sequestration technologies . ScienceDirect. Energy
Economics 26 (2004) 539-564.

[32] RobertM. Margolis. 2002. Experience Curves and Photovoltaic Technology Policy; Human
Dimensions of Global Change Seminar, Carnegie Mellon University, October 16, 2002

[33] International Energy Agency. 2000. Experience curves forenergy technology policy . Paris: |[EA.

Literature review on long term trends prices of commodities

[34] Hiroshi Yamada, Gawon Yoon. 2013. When Grilli and Yang meet Prebisch and Singer: Piecewise
linear trends in primary commodity prices. March 3, 2013

[35] Bilge Erten and José Antonio Ocampo. 2012. Super-cycles of commodlity prices since the mid-
nineteenth century. DESA Working PaperNo. 110ST/ESA/2012/DWP/110, February 2012

[36] David I. Harvey, Neil M. Kellard, Jakob B. Madsen and Mark E. Wohar. 2008. The Prebisch-Singer
Hypothesis: Four Centuries of Evidence. June 2008

[37] JohnT Cuddington. 2007. Calculating Long-Term Trends in the Real Real Prices of Primary
Commodities: deflator adjustment and the Prebish-Singer Hypothesis, August 29, 2007

[38] World Bank Commodities Price Forecast, release 25™ April 2014.

[39] World Bank Commodities Price Forecast, release October 28", 2013.

29/08/2014 Page 103



e-Highway2050— WP 3 - D3.1

6 Quality issues

The validation of the database, i.e. all data gathered in the Excel files in annex, was performed based on a
processinvolving anincreasing number of reviewers. Each step aimed at gathering feedback toincrease the
robustness of the produced data on technologies:

- experts of professional associations validated the data produced by their organization (e.g. ABB experts
for T&D Europe on active transmission technology),

- the Quality Pool, consisting of RSE, KUL, RTE and TECHNOFI, acted as reviewers of the data handed out
by the different associations and experts (including academia and research centres),

- stakeholders’ consultations and workshops (both internal and external) were held to challenge the data
providers and enrich the technology database.

6.1 Preliminary work on technology boundary conditions

An upstreamtask was carried out before launching the data construction processin orderto provide useful
insights on technology data in terms of extreme ranges per technology for some variables, such as costs,
capacity, and operations at two time horizons: today and 2050. They were based on the literature review
performed by Eurelectric. This work revealed some difficulties which shed light on the construction of the
database:

- a direct comparison of the data (costs and performances) found in the literature, for the same
technology, was difficult to perform due to lack of information?®.

- alack of data for some technologies still in demonstration phase, such as marine technologies or CCGT
with CCS, or for some technologies that could be obsolete by 2050 (NiCd or NiMH batteries as it is
suggested by many electrochemical storage experts that these batteries will no longer be in use by 2050).

- forstorage technologies, EASE, the European storage association, underline d that storage technologies
must be considered for a given application/service in a given location since the costs and technical
characteristics might differ

6.2 Validation by professional associations
Professionalassociations, representingindustry and involved in Work Package 3, played two specific roles:

- build and validate data trajectories characterizing technologies for each decade from today to 2050,

- fortransmission technologies, provide afeedback on the technology archetypes identified in chapter5.
Europacable and T&D Europe did not provide any validation on cost data produced by Technofi with the
assistance of TSOs.

6.3 Validation by the Quality Pool

The Quality Pool, acting on behalf of WP3 partners, performed the validation of the data produced by WP3.
A systematic review by Quality Pool members (RSE, KUL, RTE, and Technofi) was made all along the data
gathering process. One or two revision loops were necessary to reach the required standards of quality.
Criteria of quality used by the Quality Pool were:

- Completeness of the critical variables included in the data sheets,

- Consistency of the datasheets withstate-ofthe art knowledge for each technology: current deployment
and expected maturity trends,

- Completenessand consistency of atechnology assessment report describing the dataand the technology
outlook at 2050.

76 E.g. for wind power most of the publicly availablesources do notdistinguish between “wind offshorefar from coast”
and “wind offshoreclose to coast”, whereas industry experts, i.e. EWEA, were ableto providethis kind of information.
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6.4 Consultations and stakeholders workshop
Furtherto the validation by Quality Pool, the database was discussed during several consultations including:

- the project partners (through the consortium review of the current deliverable and three internal
workshops for generation, storage and transmission technologies),

- external stakeholders, including professional associations and players, beyond the project consortium.

In particular an external stakeholders’ workshop was organized on April 15" 2014 in Brussels in order to
collect stakeholders’ feedback.
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7 Using the technology characterization database

A datasheet is closely linked to the corresponding Technology Assessment Report (TAR) which sets the
hypotheses and provides additionalinformation and explanations relative to the data contained in the Excel
file. The annexesare organizedpertechnology:foreach technology, thereis a pair of documents (datasheet;

technology assessment report).

7.1 List of datasheets and technology reports for generation and storage technologies

Table 72: Collected data sheets and TAR for generation’” and storage’®

Nature of
Technology Filename i€ Author
document
. . report_generation_Eurelectric Technology
Portfolio of generation VGB assessment | EURELECTRIC/VGB
G technologies .
. report_generation_annex1_Eurel | report for the | Power Tech
and storage technologies .
ectric VGB whole area
EURELECTRIC/VGB
G1 Photovoltaic”® Data N
data_solar_VGB Power Tech
- - EURELECTRIC/VGB
G2 Concentrated Solar Power Data N
Power Tech
report_wind power_EWEA TAR EWEA
G3/4 | Wind (onshore, offshore)® EWEA
data_wind power_VGB&EWEA Data EURELECTRIC/VGB
Power Tech
G6/7 Hydro (.run of river, data_hydro_VGB Data EURELECTRIC/VGB
reservoir) Power Tech
G8 Gas turbines (OCGT, CCGT) | data_gas_VGB Data EURELECTRIC/VGB
Power Tech
G9/1 | Hard coal and lignite (with EURELECTRIC/VGB
0G12 | and w/o CCS) data_thermal_VGB Data Power Tech
i +
613 Nuclear Generation IlI, [ data nuclear VGB Data EURELECTRIC/VGB
and IV - - Power Tech
EURELECTRIC/VGB
G14 Biomass stand-alone?? data_biomass_VGB Data N
Power Tech
. report_CHP_IEN
G17 Combined Heat and Power data_CHP_IEN TAR and Data | IEN
EURELECTRIC/VGB
cS1 Pumped hydro storage data_pumped hydro_VGB Data Power Tech

77 This table includes also technology ¢cS1 Pumped Hydro which has been described by Eurelectric VGB Tech in the “supply block
generation”

78 The University of Comillas focused on BESS and CAES technologies. For BESS, the main attention was focussed on the following
technologies: lead acid, nickel cadmium, sodium sulphur, zebra, lithium-ion, vanadium redox, Zinc Bromine, Regenesys. No distinction
was made between centralized and distributed BESS: since BESS are highlymodular, size is a secondaryfactorinthe assessment of
the BESS technology. All datasheets on BESS and CAES technologies are documented by two dedicated re ports, one for BESS and one
for CAES.

79 The data provided by VGB Power Techregarding PV has been assessed as very conservative (both in performances and costs) by
external experts. There is an ongoing study carried out by Agora Energiewende and the Fraunhofer Institute in which the assessments
of costs of PV at 2050 strongly differ from the ones provided by VGB. This studyis not available yet butit should be consid ered when
published,i.e.in the fall 2014.

80 The reference data for wind power is that of EWEA and the data of VGB is given as information. Itis clearlystatedin the datasheet
(color code) if one refers to the data of EWEA or VGB.

81 Bijomass co-firing (with coal and lignite) is addressed in the hard coal and lignite data sheet.
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Portfolio of

report_batteries_Comillas

S electrochemical storage TAR and data | U. Comillas
technologies
report_CAES_Comillas
<2 Compressed Air Energy data_CAES_Comillas TAR U. Comillas
Storage
data_batteries_Comillas including
6 spreadsheets - Lead-acid,-
cS3 Lithium ion, - Nickel cadmium
cS4 Batteries- (centralized and | (NiCd),- Hot batteries (Sodium .
. . Data U. Comillas
dsi decentralized) sulfur and Zebra),- Metal (Li&Zn)
ds2 Air, - Li Sand 3 spreadsheets
Vanadium redox, Regenesys, Zn
Br.
7.2 List of datasheets and technology reports for demand-side technologies

Table 73: Collected data sheets and TAR for demand-side technologies

Technology @ Filename Nature of document \ Author
Technology assessment
Demand-side | report_demand technologies_selection_a gy ,
D i . . report for the whole area Technofi
technologies | report_demand technologies_selection_b . .
and rationale for selection
D23 Elec.tric report_elecfcric vghicles_Tecthfi TAR and data Technofi
vehicles data_electric vehicles_Technofi
D4-
D6- Heat Pumps report_heat pumps_TechnF)fl TAR and data Technofi
D7- data_heat pumps_Technofi
D13
D3- report_ LED and lighting_Technofi
D10- | LED/OLED port_ ¢ 18Hng_"echn TAR and data Technofi
data_LED and lighting_Technofi
D11
7.3 List of datasheets and technology reports for transmission technologies
Table 74: Collected datasheets and TARfor transmission technologies
Technology Filename Nature of document  Author
Overview on Technolog\t/ >
C cables report_cables_Europacable assessment report for Europacable
. the whole area and
technologies ) )
rationale for selection
Cc1 XLPE HVDC data_XLPE HVDC cables_Europacable Data Europacable
Cables
XLPE HVAC 380-
Cc2 data_XLPE HVAC cables_E bl Dat E bl
420 kV Cables ata_ cables_Europacable ata uropacable
c3 MI HVDC Cables | data_MIHVDC cables_Europacable Data Europacable
6 Superconducting | data_superconducting Data Europacable

conductors

cables_Europacable
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Al
report_ HVDC_T&D Europe
tAo5 HVDC converters data_HVDC_VSC_CSC_T&D Europe TAR and data T&D Europe
Ab report_FACTS_T&D Europe
2; FACTS data_F_ACTS_T_&D Europe TAR and data T&D Europe
report_transformers AC breakers_T&D
Transformers, AC | Europe
A9 breakers data_transformers AC breakers_T&D TAR and data T&D Europe
Europe
Protecti report_protection and control_T&D
Al12 ( rotec |c|)n ) Europe TAR and data T&D Europe
system feve data_protection and control_T&D Europe
o1 OHL-classic .
to conductors data_DC_OHL_Amprion
o4 data_AC_OHL_RTE
- =" = TAR and dat RTE; Ampri
05 | OHL-high report_AC_OHL_RTE anddata s Amprion
to temperature report_DC_OHL_Amprion
09 | conductors
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