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EtipSnet is issuing this White Paper on a transversal topic currently high in R&D and Innovation
agendas across Europe and beyond. The purpose is to contribute to the debate with sound,
unbiased information and future outlooks from experts spanning the wide and articulated
knowledge base constituing the EtipSnet platform.

As per definition of White Paper, no specific positions are taken towards or against each
technology or process; rather, the objetives are:

- to establish a shared ground of definitions, concepts and common language/understandings on
the topic;

- to propose a structured mindset for analysing in a consistent way the projects proposed in the
framework of sector coupling and to assess the relevant business cases;

- contents-wise, to provide the state-of-the-art and perspective of conversion and end-use
technologies;

- to give an outlook at the potential application deployment in the horizon of RD&l Roadmap;
- possibly, to identify at early stage the barriers to deployment, both technical and non-technical;
- to present some use-cases.

The target audience is therefore the energy R&D community in wide sense, decision makers,
grid operators, project proponents, companies and utilities involved in the set-up of projects in
this field.

kkkkkkkkkkkkkkkkkhkkkkkkkhkkhkkkkk

The document is organised as follows:
- Section 1 on framing the issue and proposing shared defintions;
- Section 2 on role of storage for Sector Coupling;

- Sections 3, 4 and 5 on, respectively, Power to Heat/Cooling, Power to Mobility and Power to
Gas, following the same overall structure:

A Technologies, status of implementation and costs, also showing future expectations;

A System integration potential, with benefits and scale of implementation, both for the power
sector and for the other coupled sectors;

- Barriers to deployment and possible solutions.

A second White Paper should follow, focusing on: architectures and evolving eco-system,
enabling technologies and skills, ICT / loT requirements, all levels of interoperability, enabling
markets and platforms, business models, regulatory challenges and sandboxes needs.
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The COP21 Paris Agreement on cl i @eah Plangtfoo &llect i o
Europeans o g-term&igioa fpriaprospeavons, modern, competitive and climate-neutral

economy [1] which address full decarbonisation of the energy system by 2050, mean that many

countries have begun to seriously plan for a low-carbon electricity system in a shorter timeframe

than typical replacement times of power plant and network equipment.

Renewable energy sources (RES), especially solar and wind, as well as storage technologies,
have shown strong cost and performance improvements; they shall be the pillars, together with
energy efficiency, of most long-term decarbonisation strategies, in combination (according to
speci fic countri e othereabenmeuyal emerdy souries’, cgrbomciaptuhe and
storage/usage?, use of (certified) green gases, integration of different energy sectors,.

Since greenhouse gas emissions, including CO2, do not only come from the electricity generation,
but also from transport, heating/cooling, industry and agriculture, many countries aim at
decarbonizing (at the level of climate-neutral impact) the entire energy system, including these
other sectors.

In particular, the transport and heating sectors emit significant quantities of greenhouse gases
and they can be electrified in cost-effective way. This calls for planning and realising a system
successfully integrating energy carriers and sectors such as electricity, gas, transport and heating,
i.e. a System of Systems. This in turn increases the importance of energy grids, and in particular
of the electricity grid as backbone of the other networks.

At an EU level, energy consumption has been stable since 1990 with a decrease in consumption
in the industry and an increase in transport and services, which can be seen in Figure 1.1.

1200 Fishing, agriculture, forestry

and non-specified
m = Services
== Households
1000 = Transport
m Industry
800

SEmeeeEEEE S

600

Million tonnes oil equivalent

200

0

ECA A A R SRR RSO O
M N A A R G A A, A A A A A A

'Figure 1.1: Final energy consumption, EU 28 [3]

The share of electricity in the final energy consumption is currently around 35% in industry and

* Among which nuclear power, which causes moderate CO2 life-cycle emissions, however, the waste disposal and associated risk are not
sustainable nor fullfilling a circular economy.

2 Carbon capture and use (CCU) is only sustainable in long term as long it is based on biogenic CO2.
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30% in households and services and only around 3% in transport as shown in Figure 1.2.

Shares — Final energy consumption of electricity by sector
50% European Union (current
composition) Fishing,
agriculture, forestry and
45% non specified
= European Union (current
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40% = European Unicn (current
composition) Industry
o —— European Unicen (current
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European Union (current
composition) Transport
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Figure 1.2: Final energy consumption of electricity by sector, EU 28 [3]

In all these sectors, electrification using electricity supplied from renewable sources is expected
to provide a solution for decreasing GHG emissions and consequently the demand for electricity
is expected to increase substantially®. In its decarbonisation pathways aiming at 95% GHG
emission reductions in 2050, Eurelectric for example expects an increase from current final
electricity consumption of 22% up to 60% in these sectors combined. This would result in an
annual growth in electricity supply of 2.6% resulting in more than a doubling of the electricity
demand, although energy efficiency improvements reducing 1.3% of total energy consumption
per year is assumed simultaneously. [2]

Decarbonisation brings new challenges in operational and planning activities in terms of risk of
stranded assets but also opportunities for enhanced system optimisation across energy sectors
and networks.

The balance between the three traditional goals of electricity supply: reliability, economic
affordability and sustainability, is changing: until the 1980s, reliability was a hard constraint,
sustainability (environment) was captured in certain constraints without very extensive influence
on planning decisions, and economics were optimized usually from the perspective of a single
integrated electricity utility. Today, the environment and climate protection impose the tightest
constraints, reliability is assessed in probabilistic way in risk analysis terms, thus becoming a
function of economics with demand response and price-elastic loads, and the economic
performance is the result of market mechanisms involving millions of participants, enormous
uncertainties, across different countries and sectors, and definitely with the inclusion of a CO2
price that properly considers the external costs caused by the CO2-emissions.

3 This increase of electricity by electrification will be somewhat offset as global consumption by electric efficiency improvements of electrical
end-use equipment.
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Sector coupling has recently gained increased attention, bringing new complexity into
infrastructure investment decisions but also new opportunities for its smart operation. In a multi-
energy system the benefits of an investment in one system may spread over other connected
sectors, calling for new metrics when evaluating the cost-benefit analysis (CBA) and for widening
scenarios of investment decisions to alternative solutions in the cross-energy system which can
be more economical. For example, the storage of energy within the electric system (hydro,
batteries, etc.)* can be conveniently replaced by storing energy in other forms (thermal, sytnhetic
gases, etc.). In this perspective, the electricity sector shall play an important role in decarbonizing
also the other sectors, which in turn provide additional flexibility options to safely operate the
electricity grid. Power to Power options, such as large scale batteries, may also assist in this
matter, but do not constitute sector coupling per se and are hence not included in this White
Paper. An integrated energy system with coupled sectors can be illustrated as in Figure 1.3
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Figure 1.3: Scheme of possible interactions among energy vectors

Sector coupling brings new challenges such as: amount and shape of electric demand growth
with electrification of heating and transport; how much distribution-grid based system
reinforcement is needed to accommodate the charging of Electric Vehicles (EV) or electricity
needs of Heat Pumps (HP), and when in the coming decades or years these devices should be
installed; whether the costs of electrolysers for power-to-gas decrases significantly , and how that
affects the economics of electricity vs. gas transmission and distribution.

There are great expectations about the role of sector coupling in the achievement of a swift,
economical efficient green transition with a high security of supply, but it is unclear to which extent
current technologies can provide on this agenda. This ETIP SNET White Paper aims to elaborate
on those questions, starting with clarification of concepts and assessment of potential impacts.

4 Electricity itself is not storable as electric energy in large amounts; however, storage within the electricity system refers to storage of
electrically pumped-up water in higher-elevation hydro basins or chemical storage in batteries, where storage and/or flow control are the
only use of such devices. Release of energy from hydro basins and from batteries occurs again directly as electricity.
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The versatility of electricity, the energy efficiency of its application in transport and heating
compared to the use of fossil fuels, the relatively low cost of decarbonizing electricity generation
with low-cost solar and wind energy, and last but not least, the fact that its value changes in very
short time intervals by a powerful price signal for consumers, mean that its value will affect market
equilibria naturally in all sectors. In the past, fossil fuels had that role, and electricity quotations
as well as prices for heating and transport were indexed to coal, oil and gas prices.

Seasonal storage may play a major part in carbon-neutral supply of all energy needs; this is true
already in countries where heating or cooling dominates the dynamic of load profiles (especailly
on an annual basis). Apart from hydro storage, heat storage or power-to-hydrogen/power-to-gas
can transform summer renewable electricity surpluses of sunny countries into energy available
also during windless winter weeks and conversely for Nordic windy countries. This is best driven
by electricity price signals: low electricity generation costs and prices T due to surplus renewable
energy at low operating cost i indicate that some of the surplus energy should be injected into
seasonal storage because its value in a different season is higher, even after energy conversion
losses, and vice versa for withdrawals from seasonal storage during higher-price periods®.

The decarbonisation of the energy system implies also a significant rate of electrification of end-
consumption, which may reach up to 65 % of total energy demand by 2050 [4,5,6]. In any case,
there are categories of indus t r i a | user s, whi ch will still
development of PtX technologies. Some PtX technologies can provide long-term flexibility.

Eventually, a key issue will be to achi eveon
across sectors. This is today in separated silos due to their legacy of totally separated economic
approaches. [7]

In order to frame the broad sector coupling topic, methodological progress is still needed, at
various stages of the electricity system management:

0 System Planning: power system planning must account for the progressive electrification of
different energy sectors like heating and transport already underway (EVs, heat pumps). The
challenges are to correctly forecast the pace of change, depending not only on technological
advancements but also on incentives from policies/tariffs, the impacts on peak demand (from kW
in households to GW in national and continental systems) and on energy supply (from kWh to
TWh), and to properly take into account all direct and indirect effects.

0 System Operation: the electrification of transport and heating provides new opportunities of
flexibility for the operation of electricity grids, complementary to the existing means. Flexible
generation, pumped and storage hydro, grid re-configuration, electrochemical storage and
demand-side management make it possible to adjust the conversion rate and their inherent
storage capability, in order to balance out surpluses or deficits of variable Renewable Energy
Sources (VRES) production; a much sought-after alternative to their curtailing.

0 Optimization of energy carriers: conversion and storage of electric energy can be extended
not only to non-traditional electrical loads (EV, heating) but also to fuels: methane, hydrogen,

5 The challenge of designing a marginal operating costs and related bid-based markets with renewables-based electricity generation only (both
during winter and during summer,dur i ng ni ghts and during days) is not yet resol
market models are not yet providing definitive answers how to consider the (marginal) value (and investment cost) of storage together
with almost zero-marginal costs (but high investment costs) of renewable generation and the flexibility of demands when establishing
prices in electricity markets.
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green gases, fuels, which have their own transport infrastructures (pipelines, ships, tankers) and
storage infrastructures (tanks, reservoirs, flowing stock). This allows storing energy in form of
molecules with no intrinsic energy losses, as well as transporting large stored amounts of energy
economically (and in the future also fully sustainable by renewable sources for any type of stored
energy transport), due to their intrinsic high energy density. To optimize conversion and storage
across sectors, a coordinated infrastructure planning of all involved energy systems may be
required.

0 Market Design & Reqgulation: market configuration and mechanisms shall be adjusted to the
new technological possibilities and be designed in order to stimulate the positive effects of sector
coupling. Cross-sector regulation requires dialogue and coordination among different regulatory
bodies.

0 Business models, ownership and governance: coordinating across sectors also means
coordination among many different actors, often as first-of-a-kind interaction. Governance and
rules have to be established, together with ownership and operation roles, as basis for economic
exchanges in trading energy and services. These issues go beyond the scope of this technical
White Paper, but are mentioned here since they become paramount when putting sector coupling
initiatives into practice. Consequently, relevant and suitable business models shall be developed
for a concrete viability of the projects.

Traditionally, system balancing between electricity sources and electricity sinks is performed
moving energy in_space (from one geographic location to another one), through the electrical
grids, because no direct electricity sources were available locally, local storage options were very
limited, much more expensive or too lossy; the development of new, lower-cost, easy to operate
and better performing storage technologies together with access to locally available renewable
energy sources adds the chance of balancing the system also by shifting the use of electric energy
in time.

For decades, engineers have operated the power
foll ows the | oado:

0 load profile was given as an independent variable, responding purely to end consumers
wishes, who had no price signal influencing their behaviour;

0 generation mix was planned and oteebyaxplethgtheo cov
generation plants intrinsic flexibility, due both to the technical possibility of controlling the desired

output within a wide range below the nominal power and to the presence of stored fuel/water on

site;®

0 storage was available only with hydro pump plants, of large-size but few obliged locations.
In the future system the opposite paradigm shall apply (see Table 1.1 below):

0 generation mix shall be dominated by , i.e. with a production profile according to primary
source availability, so ultimately according to weather conditions’;

0 load profile shall become partially depending on demand/supply balance through appropriate

8 For the sake of clarity, VRES are considered inflexible because their curiailment has a strong economic disavantage, due to their nature of
high Capex-low Opex cost structure, on the contrary of tradional thermal plants.

7 This refers to the generation plant stand alone, its inflexibility can be mitigated adding a local storage, which is one of the options to provide
the flexibility needed by the system
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price mechanisms for each market time interval (demand response);

~

0 the bulk of power balancing shall rely on several flexibility means, both old and new;

0 additional storage options (in quantity and quality) shall be provided through conversion to
non-electric energy forms.

Table 1.1: Operational philosophies

Generation profile | Storage Load Operational
profile Philosophy

Past Flexible (due to Limited to hydro Inelastic Generation follows the
directly connected basins load
storage vector)

Present | Largely flexible, but Hydro, gas, thermal Mostly Pursuing the needed
hardly challenged by | and batteries inelastic balance with flexibility
Aresi dual I means in infancy stages

Future | Mostly inflexible Many options, Elastic Load (+storage) follows
(VRES) including power-to-X | (partially) the generation

In a future energy system with sector coupling, grid and system operators shall have many and
sophisticated means for managing flexibility both at short and long-term, which will be needed,
requiring smart tools and methods (Figure 1.4). In this respect, flexibility means can be classified
in:

0 equipment/processes within the perimeter of the electric system (although not necessarily
storing energy in form of electricity), and therefore under direct observability of grid operators and
(according to regulation and business cases) potentially also under control of grid operators

0 equipment/processes pertaining to other domains and therefore typically not controllable by
electric gridoperators, which have to respect working criteria, needs and constraints typical of
such external domains as well.

Grid use Flexible generation Flexible loads Storage within Storage in other
. , electric system energy systems
- Extended use of - Traditional plants - Demand response ¥ gy sy
grid components modulation - Interruptible customers - Batteries - Electric vehicles
Interconnections - Enhanced ancillary - Balancing services - Fly wheels - Thermal
. services .
- Exchanges with - Aggregators - CAES/LAES - Thermochemic.
neighbouring areas - Improved performances . - super itor - Chemicals
(ramps, response speed, - MarkeF & trading upercapacitors
capability range, start-stop mechanisms - Pump Hydro - Gases/Liquids
sequences, duty cycles) - Smart EV charging

Figure 1.4: Scheme of flexibility means for electricity grid operators

In Fig. 1.4 the schematic classification is made from an electric system perspective, i.e mapping
the various devices and processes available as a source of flexibility for the electric system
operation. Without diving into flexibility needs, characteristics and comparison (out of scope of
this White Paper), this explains the triple impact of EV batteries, which can be stacked one upon
the other, in order of complexity:

- electrification, i.e. increased load and modified load profile; such loads are managed by EV
owners according to their mobility needs, therefore outside of the control of electric system;

- flexible load, through smart charging they become a flexible load, like all those under demand
response, with wide utilisation ranges (withdrawal from zero to rated power spanning over many
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hours, considering that city cars are typically idle for 90% of the day);

- storage, through reversible charging they assume also the role of a stationary battery, of course
with extra operational constraints and limitations.

With the same perspective (electric system optimal operation), only pumped hydro are reported
in the scheme, because these can store energy under the control of the electric system operator;
on the contrary, basin hydro natural feed (no pump) are classified as flexible generation, whose
production profile can be modulated by the plant owner according to the water availability over
time.

Today, the main type of electricity-grid connected storage available is pumped hydro, which is
used to provide both short-term and mid-term flexibility controlled by the electricity sector. More
solutions will however be needed as many countries have limited potential for pumped hydro and
other sectors may become instrumental in providing the required flexibility.

The main goal of power system management could become:

0 Operation: how to best use and combine the many flexibility means available to optimise a
VRES-based electricity generation having quasi-zero variable cost;

0 Planning: optimise development of the electricity grid in coordinated manner with development
of many other independent actors and sectors including the gas and heat/cooling networks; not
only generation and load, but also new services and new interfaces.

The storage options outside the pure electric system identify the perimeter of sector coupling
(Figure 1.5). Actually, sector coupling goes much beyond the pure storage scope: once energy is
converted and injected in another sector, the issue arises of co-optimising the operation of the
different involved sectors. A further consequence is the possibility of transporting bulk amounts
of energy in one of these other forms, particularly when energy is trapped in molecules.

Storage within Storage in other Conversion interfaces with other Planning and/or operational
electric system energy systems industrial processes coordination with other systems
~
- Batteries - Electric vehicles — - Charging/Discharging mobile batteries — -(TRANSPORT & MOBILITY
- Fly wheels - Thermal ——— - Alternative energy source for heat/steam/freeze —|- DISTRICT & INDUSTRIAL HEATING/
- CAES/LAES production for industrial uses and for buildings COOLING
- Supercapacitors/ - Thermochemical — - Alternative energy source for desalination and — |- DESALINATION & ENERGY INDUSTRY
Supermagnetes energy industry
Tt T h
i - Pump Hydro : - Chemicals ——, - Endo/Eso-thermic chemical reactions and no- | CHEMICAL INDUSTRY
I \ losses energy storage
: Water basins | /
} ~management | - Gases/Liquids ~——— - Electro-synthesys of Ammonia, Methanol
Synthetic fuels no-fossil production » |- FUELS INDUSTRY
- Electrolysis - HYDROGEN AS:
SECTOR COUPLING: optimisation among multi- *  INDUSTRIAL PRODUCT

= STORAGE MEAN

energy options for feeding industrial processes

= ENERGY CARRIER
LMETHANE/LNG GRID

Figure 1.5: Perimeter of Sector Coupling

In a certain sense the traditional pumped hydro is a precursor of sector coupling, when the
hydraulic regimes need to be coordinated with water basins/rivers authorities and constraints due
to hydraulic flows (agriculture, irrigation, drinkable water); however, since this only poses extra
limitations rather than providing extra flexibilities, hydro basins are not considered as sector
coupling.

This triggers the important consideration that also gas systems are characterised by such inherent
constraints which shall influence the PtXtP processes and as such the electricity system; same
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with EV-based charging stations with a possible need to make local intermediate storage available
due to missing grid capacity (or the other way around). In synthesis, the existing other energy
systems, when coupled with the electric one, shall still need to satisfy their vested mission, in so
adding a reciprocal set of operational constraints to the optimal management pattern.

Sector coupling consists of an energy conversion process towards an adjacent industrial sector,
where the converted energy (net of conversion losses) can follow different paths:

- stored more easily outside than inside the electric system, for time-shifted, successive re-
conversion to electricity: shift in time and in some cases also in space;

- consumed in another sector , if cheaper/cleaner than other energy sources typical of that sector,
either temporarily (operational optimisation) or permanently (electrification);

-transported (in form of heat or gas/liquid), in some cases where transport performances can be
higher than for transmitting and distributing electricity, or faster to realize considering societal
constraints (building authorisations , environmental permits, public acceptance).

Rationale: decarbonisation

. Rationale: Rationale: optimisation of system use (operation) or
End use End use flexibility mean infrastructure development (planning)

Electrification:
alternative to

Alternative to using T

. fossil energy source Alternative to other storage solutions Alternative to powerlines
fossil sources
Electricity | Conversion Storage in other energy Transported
—_— systems

T 1 |

Figure 1.6: Stages of Sector Coupling

The wide array of combinations of the above options, makes sector coupling a complex multi-
variables optimisation problem, with the objective of minimizing design and operational cost
(CAPEX + OPEX), given decarbonisation targets and system-inherent boundary conditions and
operational constraints.

A further element is the electrification of other sectors, which affects the picture by increasing the
amount and localisation of coupling potentials (also in terms of demand response).

Another useful perspective for rationalising the matter is the distinction between end-uses and
storage-oriented processes/energy flows, which are often entangled in the concept of sector
coupling; this is shown in Figure 1.7 a) and b), which map the components of a power system
evidencing that sector coupling combines the benefits of end-uses (flexible loads) and of storage
devices.
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Rationale
= End
Use

YES

______________________

when driven - require market

| TRADITIONAL | |  FLEXIBLE LOADS

| LOADS ! i-providing

'_mono- ' | supply/demand

! directional | ! balance

| conversion . '-providing ancillary
'-inflexible load | | Services

1 profile ' :-providing peak
i-Includes CHP | | Shaving

i only by local i i mechanisms/price

' heattpower | @ Signals to be deployed
. profile | SR VI

NO

UNDESIRED EFFECTS
- power losses

- VRES curtailment
- stranded assets

PURE STORAGE
- bidirectional conversion

- devices and process within electric
system - controlled by electric operators

- Providing relief to local congestions in
space&time

NO

YES Rationale=Storage

Figure 1.7a) Rationale and characteristics of energy flow processes

Figure 1.7b) Rationale and characteristics of energy flow processes







































































































































































































































