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Abstract: Despite the apparent stability of the electricity system from a consumer’s point of view,
there is indeed significant effort exerted by network operators to guarantee the constancy of the
electricity supply in order to meet demands any time. In the energy sector models provide an
important conceptual framework to generate a range of insight, examine the impacts of different
scenarios and analyze the supply and demand of energy. This paper presents a user-oriented
and transparent modeling concept of the European calculator, a tool for delineating emission and
sustainable transformation pathways at European and member state levels. The model consists of
several modules of different sectors, where the energy supply module includes sub-modules for
electricity generation, hydrogen production and oil refinery. The energy storage requirement module
investigates how new technologies can help the stability of the European electricity system with
increasing renewables penetration, demand-side measures and decarbonization paths. The objective
of this study is to introduce the concept of this module with the main logical steps, especially the input
parameters, assumptions, the basic data of electricity trade and maximum energy storage potential
levels. The article also introduces and explains the feasibility of the theoretical maximum gross
electricity generation potential from variable renewable energy for the European Union including
Switzerland, compared to the demand in 2040. According to the results the electricity systems in the
future will need to show ever increasing flexibility in order to cope with variable renewable energy
production on the supply side, and shifting patterns of electricity consumption on the demand side.

Keywords: energy storage; energy balancing; renewable energy integration; Europe

1. Introduction

1.1. Challenges in the European Electricity Systems

Despite the apparent stability of electricity systems from a consumer’s point of view, there is
indeed significant effort exerted by the network managers to guarantee the constancy of the electricity
supply. Although, from a technical point of view, electricity demand and supply always need to be
equal, both the supply and demand of electricity are, in fact, rather variable, even in the short term,
thereby requiring significant efforts by transmission system operators (TSOs). It is likely that due to
expected structural changes in the European electricity grid, balancing activities and capacities will
advance in the future. The growing share of intermittent renewable electricity generation, as well
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as changing patterns in electricity demand create challenges for grid balancing. On the demand
side, this is due to the electrification of sectors, as well as empowering consumers with the options
to wisely influence consumption and even produce electricity on their own, thus finally becoming
prosumers. Thus, new technologies and investments, as well as grid management strategies are needed
for seamless integration. Currently, the balancing of the grid is mostly done by natural gas-based
power generation, a widely spread and applied technology, and also by pumped hydro storage (PHS).
Currently these technologies provide the required flexibility for the grid. Using natural gas, however,
is not climate neutral and natural gas is mostly imported to Europe, while PHS is geographically
limited to certain countries. In continental Europe the largest potential for PHS is in the Alps, and the
existing PHS units there already play a role in balancing the intermittency of renewables at a European
level [1-5].

1.2. The Trends and Evolution of Electricity Balancing

Electricity Supply Side

In the past few years tremendous changes have started both on the supply and demand sides of
the electricity sector, which are expected to accelerate in the future. On the supply side renewable-based
power generation technologies, mostly wind and photovoltaic (PV) power are becoming dominant
parts of electricity systems, as shown in Figures 1 and 2. From a balancing perspective, the intermittent
nature of these renewable energy sources—which are also expected to be subject to the effects of climate
change—are creating challenges in the electricity sector that previously were not of concern. In the
short term, renewable-based power generation needs to be properly integrated with non-intermittent
traditional baseload power plants, which puts significant strains on network operators and the operators
of the existing power plant portfolio. In the long term, however, the storage needs of excess renewable
power generated in favorable conditions and should be stored for later, when the conditions are not
ideal for weather-dependent renewable energy generation, needs to be tackled. Furthermore, it is not
only the increased overall level of renewables that is creating challenges in terms of balancing but also
the questions of the locations where these renewable power generation capacities are connecting to the
existing electricity grid. As a result, the electricity system is becoming more and more decentralized,
as, for instance, household-scale PV installations are connecting to the low voltage network. From
a balancing perspective this is important, as storages will be increasingly required in cases when
the generation capacities are connecting to the distribution instead of the transmission network.
These storage devices, which are integrated into the distribution network along with the renewable
power capacities are essential to prevent bi-directional flows, which would otherwise decrease the
supply qualities of the electricity system, while also increasing the costs associated with operating
these systems. Decentralization also creates the possibility to evolve micro-grids of self-sustainable
electricity production communities, which may function separately from the nation-wide electricity
grids in the future. The application of decentralized energy generation in micro-grids—especially
in those that operate on PV and wind power—cannot be reliable on its own. The intermittency
of renewables is perhaps an even greater issue in micro-grids and therefore requiring balancing
technologies. Nevertheless, despite these apparent shortcomings, complementing the centralized grid
with decentralized power and storage systems improves energy independence and reliability for the
overall system [6-9]. (Figure 2)



Sustainability 2020, 12, 811 3 of 26

1600
1400
mPv
M Biomass
Wind

m Lignite and
hard coal

1200
1000 i '
= 50 &0
Z 800 :
=
600
400
200
0

2010 2011 2012 2013 2014 2015 2016 2017

Figure 1. Renewables versus coal electricity generation in the European Union (EU) based on [9].
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Figure 2. Wind, PV, and biomass as the percentage of national electricity production in 22 EU countries
in 2017 based on [9].

1.3. Changes in the Spread of Photovoltaic and Wind Energy Technologies in the European Union and the
Importance of Enerqy Storage Systems

A major change has been going on in the power generation sector of the EU with a significant
increase of renewables technologies and an accelerating decrease of burning fossil fuels. In general,
all fossil fuel-based power generation capacities in Europe are aging, meaning a good chance for
renewables to replace them [10]. Nevertheless, natural gas-based power generation may play a role in
balancing the growing intermittency of the production due to its flexibility [11]. The growing share of
renewables is due to policy incentives and more and more to decreasing costs and economic maturity,
while fossil fuel-based capacities are disappearing due to the ageing of the power plant stock and
phase-out policies [10]. In the EU the growth of wind- and PV-based power generation has become
significant in the last few years [12,13].
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In 2015 a wind power capacity of 142 GW (131 GW onshore, 11 GW offshore) was operational
in the EU. In that year, wind energy overtook hydropower as the third largest source of power
generation in the EU with a 15.6% share of the total power capacity. Wind power accounts for one
third of all new power installations since 2000. The total wind power capacity installed at the end of
2015 could produce 315 TWh and cover 11.4% of the EU electricity consumption in a normal wind
year [14]. Due to the continuous increase of wind power capacities, with a total net installed capacity of
169 GW in 2017, wind energy is now the second largest form of power generation capacity in Europe,
closely approaching natural gas installations [15]. Different scenarios are available to project the further
spread of wind power capacities in Europe. According to scenarios from different sources, the European
total onshore wind power capacity in 2050 can be in the range of 245-875 GW, while off-shore lies
between 190 and 373 GW [16], depending mainly on policies. The EU Reference Scenario 2016 predicts
a total of 367.6 GW wind power capacity in the EU-28 for 2050, which is possible because the Reference
Scenario provides a benchmark, which can be used for comparing new policy proposals and allows
policy-makers to analyze the long-term economic, energy, climatic and transport outlooks based on the
current policy framework [17].

Next to wind power, PV capacities are adding to the European power plant stock at the second
fastest pace. The built-in photovoltaic capacity was 115 GW in the European Union in 2018 and the solar
power generation can be a cornerstone of a decarbonized electricity system in many EU countries [12,18].
According to projections, PV can become dominant in the European power generation fleet. Bloomberg
New Energy Finance believes it could account for a 36% share or 1400 GW, while according to Prof.
Christian Breyer of Lappeenranta University of Technology solar power technologies will provide
nearly 2 TW of power generation in Europe, of which nearly 700 GW will be utility-scale and nearly
1.3 TW rooftop solar PV [19]. The EU Reference Scenario 2016 [17] predicts a PV capacity of 294.7 GW
in the EU-28 for 2050, while other sources indicate that the European PV capacity can be in the range of
480-962 GW [16,20].

The energy system will rely significantly on renewables by 2050 in the EU [21-24]. The optimal
share of PV and wind energy technologies in the energy mix depends on various factors. The flexibility
of the grid, the quality, the back-up capacity of the transmission system [24-28], the load performance
characteristics [24,29-31] and the actual local weather patterns may determine the volume of variable
renewable energies (VREs) [24,32-34]. An ideal solution to compensate for the uncertainty arising
from the variable nature of PV and wind technologies is to upgrade and enhance the overall flexibility
of the electricity grid. By integrating more VRE technologies into the European grid system, it will be
essential to tackle the need for a more flexible electricity grid because the electricity system needs to be
always in balance. By adding storage capacity to the energy system, greater flexibility can be achieved
through the provision of a back-up potential for shaving of peak loads or filling valleys [24,32,33,35].

1.4. The Current Situation of Electricity Storage Technologies

The global stationary and grid-connected energy storage capacity was 156.4 GW in 2016
(176 GW/mid-2017, Figure 3) of which only the pumped storage hydropower (PHS) technology
was 150 GW (169 GW/mid-2017, Figure 3) [36]. Other technologies only constitute a small slice
of the pie but growing continuously: around 0.8 GW of new energy storage capacity was built in
2016, bringing the year-end capacity total to an estimated 6.4 GW [37]. Most of the growth was in
electrochemical (battery) storage technologies, which increased by 0.6 GW to a total of 1.7 GW energy
storage capacity. Lithium-ion technologies constituted the majority of the new capacity installed and
currently the rechargeable battery is one of the most widely used electrical energy storage technologies
in many areas (Figure 4). Battery storage is attractive because it is already economical, easy to deploy,
compact, and provides virtually instant response both when being charged and discharged [38—40].
PHS dominates also in Europe. Figure 5 shows the sum of installed storage units in Europe as of
2016 [41].
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Figure 3. Global operational electricity storage power capacity by technology, mid-2017 based on [42].
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Figure 4. Global operational electricity storage power capacity by technology without the pumped
storage hydropower (PHS), mid-2017 [42].
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Figure 5. Operational grid-connected electricity storage capacity in the 28 Member States of the EU
(EU 28) plus Norway and Switzerland (CH) in 2016 based on [41].
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1.5. Various Scenarios for Electricity Storage in 2050

IRENA scenarios show that the total electricity storage volumes are projected to grow from an
estimated 4.67 TWh in 2017 to 6.62-15.89 TWh by 2030 (Figure 6) if the share of PV and wind energy
in the energy system is to double by 2030. Based on the reference forecasts for 2030, the global PHS
capacity will increase at least by 1.2 TWh compared to 2017. However, it should be noted that the TWh
forecasts have significant uncertainty till 2030 (IRENA, 2017). The large increase in storage technologies
as forecasted by IRENA [42] will be driven by the rapid growth of utility-scale and behind-the-meter
applications. It means that the total electrochemical storage volume in stationary applications will grow
from an estimated 11 GWh in 2017 to 100-421 GWh by 2030 (Figure 7). High residential and commercial
electricity rates, the competitive cost structures for PV, and the low levels of remuneration for grid
feed-in constitute important aspects that are helping the spread of stationary battery technologies [42].
It is expected that regulatory reforms will open up other opportunities for electro-chemical storage
deployment, given that battery storages will be increasingly offering competitive and flexible services
(such as time shift services, frequency regulation, voltage support, or renewable capacity firming) to
markets [43].
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Figure 6. Global electricity storage energy capacity growth by source [42].

In 2030 the estimated role of PHS will be still significant but smaller because the cost reduction of
battery technologies will open up new economic opportunities for storage technologies. In the future,
it is likely that the total installed cost for stationary Li-ion battery applications will be in the range
of 145-480 USD/kWh, depending on battery chemistry, which is a 50%—-60% reduction compared to
current costs. The cost of Li-ion batteries used in electric vehicles already decreased by 73% from 2010
to 2016. However, it is not just Li-ion based batteries that have great prospects. The cost reduction
potential for emerging technologies (like zinc bromine or vanadium redox flow batteries) is also
significant [43].
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Figure 7. Global electro-chemical electricity storage capacity growth in stationary applications by sector
in the case of low and high scenarios, 2017-2030 [42].

1.6. Introduction of the European Calculator Model

In the energy sector models are important structures to generate a range of insight and analysis
on the supply and demand of energy. The European Calculator (EUCalc model) is a model of energy,
land, materials, product, and food systems at European and member-state levels for representing
greenhouse gas (GHG) emissions dynamics until 2050. The model can be applied for delineating
emission and sustainable transformation pathways at a European scale but may also be used to study
the impact of a specific member state on European-level policy [44].

While optimization models are often the norm in low carbon analysis (e.g., economic optimization),
the massive uncertainties arising from taking a long-term horizon as 2050 or 2100 mean that optimizing
on certain factors like costs is at the least extremely challenging, meaning these models should be
complemented with other approaches to possible low carbon trajectories, particularly if one wants to
include the potential of breakthroughs or non-linear changes. Addressing these system dynamics with
a bottom-up driver- and lever-based model provides a very powerful and complementary alternative.
The EU Calculator has these two concepts at its core:

(1) it defines calculation sequences based on material, energy and emissions drivers,
(2) and, then it sets a range of ambition levels on the drivers that are the most important and where
the user can define projected levels [44].

These drivers are called levers and they are at the center of the scenario creation logic [44].

1.7. Balancing and Storage in the Context of the European Calculator Concept

The sustainability of the world’s energy supply is strongly dependent on successful VRE integration.
The need for energy storage technologies in the electricity networks is becoming increasingly important
as more generating capacity uses VRE sources. The EUCalc model consists of several modules. The
energy storage requirement module investigates how new technologies can help the electricity system
of the EU to operate stably in light of increasing renewables penetration, demand-side measures
and decarbonization paths. The calculation is based on a bottom-up approach to compute electricity
production and GHG emissions by using historical data and trajectories until 2050 [24,45]. There
are various definitions of balancing depending on the level of complexity and target audience,
which is also reflected in various EU policy documents defining the act of balancing. According to
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the Commission Regulation (EU) 2017/2195 [46], balancing means “all actions and processes, on all
timelines, through which TSOs ensure, in a continuous way, the maintenance of system frequency
within a predefined stability range”. From this definition it emerges that from one point of view
balancing is strictly focused on maintaining the frequency of the electricity system, which has to
be maintained at 50 Hz Europe-wide in order to maintain the stability of the grid. A European
Commission working document that accompanied the Winter Energy Package also adopts a similarly
narrow definition of balancing “the situation after markets have closed in which a TSO acts to ensure
that demand is equal to supply, in and near real time” [47]. This definition highlights that although
securing the required balancing capacities is based on market-based auctions and therefore actors
are selected competitively, however, the act of balancing itself is the sole responsibility of the TSOs,
ordering the required capacities to be dispatched on demand. The common part of these definitions is
that the TSO is responsible for balancing, therefore balancing activities are aggregated at the TSO level,
which also resembles the national level in Europe, with a few exceptions. The fact that demand and
supply should be equal “in and near real time” highlights that this definition focuses also mostly on
frequency control, thereby guaranteeing the stability of the system. From the reviewed definitions it
is also clear that balancing, at whichever time scale, will always have to focus on frequency control,
the matching of supply and demand. This is because if demand is systematically higher than the
supply that is delivered by machines driving the generators, then the rotational speed of the generators
themselves will drop, which will lower the frequency. In the absence of intervention, this process
would be self-generating and ultimately resulting in blackouts within seconds. Balancing mechanisms
are required therefore, as the electricity system itself is unable to store electricity, thereby requiring
instant intervention possibilities to maintain grid frequency. This instant intervention possibility can be
delivered by different technologies at different time scales. In the context of growing renewable energies
with seasonally diverging outputs though, the importance of electricity storage will grow, in order to
deliver the required power at the right time to sustain supply and demand matching, thereby keeping
the frequency within the predefined band requirement. Table 1 details the European categorization of
balancing activities including four categories also with reference to time considerations [46—48].

Table 1. Types of balancing activities with activation times and relation to the storage sub-module [48].

Balancing Activity Activation Time Time Scale in the Storage

Sub-Module

Frequency containment reserve <30s Short-term balancing
F i ith . .

requency res.t ora.tlon reserve wit 0.5-2 min Short-term balancing
automatic activation
Frequency ?est(')ratlon reserve with 2_15 min Short-term balancing
manual activation
Replacement reserve >15 min Long-term balancing

Of these three categories, the first two concern the containment and upholding of the frequency of
the grid by running generators, thereby requiring almost instant reactions and intervention by power
plants that are either dedicated to do this or have reserve rolling capacities set aside. It is interesting that
replacement reserves themselves are defined as a means that are capable of “restoring or supporting
the required level of frequency restoration reserves to be prepared for additional system imbalances,
including generation reserves” [49], but this category of balancing functions as replacement in the case
of unavailability of other supply sources, with generators that are not already running as highlighted
by the activation time as well.

2. Material and Methods

The objective of this study was to introduce the concept of the storage module and to determine
the module input data of trading zones, the energy storage capacities, the theoretical maximum gross
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electricity generation potential of VRE compared to the 2040 demand and the maximum energy storage
potentials during one year in the EU plus CH.

2.1. EUCalc Modeling Approach

In summary, EUCalc is a simulation model, driven by people activities in a given context and
reflects the impact of using technologies to perform the activities on energy, emissions, socioeconomic
impacts, and environment and resources. It also assesses links to the economy, to policies, and to
transboundary flows [44].

The EUCalc model’s origin is the Department of Energy and Climate Change (DECC) 2050
calculators [44,50]. These excel and web-based simulation models provided great value by being
synthetic, transparent, and user friendly. These models are typically used as eye-openers, especially
in the first phase of the analysis to get a grasp of the impact of the various levers. They are typically
complemented by:

e  Optimization models such as the integrated MARKAL-EFOM system (TIMES) [51], the price-
induced market equilibrium system (PRIMES) [52], and the Global Trade Analysis Project
(GTAP) [53] are meant to answer questions such as: “what is the cheapest way of?”, “in which
order should I perform this?”;

e  Sector specific models on each of the issues addressed are made to better operationalize the
pathway recommendations in the sector; for example, in “buildings”, or “air quality” [44,54,55].

Through EUCalc, more sectors, more interlinkages and a more in-depth modeling of each specific
issue were added. A combination of all the lever choices creates a scenario. The model outputs for
a given input scenario are named pathways, because the focus is on the final impact and overall
evolution trend. For each pathway the calculator displays the implications over time (for example in
terms of energy, emissions, resource use, job creation, and land-use) [44].

2.2. Overview of the EU Calculator’s Electricity Module

The module calculates electricity production and its related CO, emissions based on levers that
define the installed capacity of power generation, according to different technologies. Considering the
intermittency of renewables, as well as the variations in electricity demand, further storage technologies
or natural gas-based capacities are added to the electricity generation mix. With this concept, the module
simulates the impact of different scales of penetration of renewable-based technologies, phase-out
schedule of coal power plants and the different shares of nuclear energy. All of them influence the
long-term, economy-wide GHG reduction objective, which is to achieve a fully decarbonized power
generation sector in Europe. Figure 8 illustrates some of the main variables associated with the EUCalc
power sector module.

A major change has been going on in the power generation sector of the EU with a significant
increase of renewables technologies and an accelerating decrease of burning fossil fuels of late.
Currently, the main source of GHG emissions, accounting for 51% at EU level [56], is the coal-based
power plants, thus phasing them out and replacing them by renewables or even natural gas can lead to
significant carbon mitigation pathways.

The recently growing share of renewables has been led by policy incentives and the decreasing
costs and economic maturity of renewable technologies, whereas fossil fuel-based power capacities
have been reducing due to the ageing of the power plant stock and phase-out policies. These trends
are expected to continue in the future as renewables become more competitive [57], while coal power
plants get more obsolete [58]. In general, all fossil fuel-based power generation capacities in Europe are
ageing, representing an opportunity for renewables to take their place [10]. Natural gas-based power
generation may play a role in balancing the growing intermittency coming from a large share of wind
and solar power in the energy mix due to its flexibility (dispatchability) [11]. However, battery storage
and other forms of flexibility solutions, such as the combination of different renewable technologies
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and smart grids, increasingly provide auxiliary services and the ability to reduce the peak load of
electricity with a chance to even rely less on natural gas as a single source for balancing.

Setting of levers:
Coal phase-out, GW
Nuclear, GW
Wind power, GW
Solar power, GW
Other renewables, GW.
Sectorial electricity Ratio of CCS, GW

demand: — Bioenergy, GW

* Buildings, TWh

* Transport, TWh
Industry, TWh
Agriculture, TWh
Lifestyles, TWh

Setting of levers:
* Storage portfolio, TWh
* EVcharging pattern, %

“" Final electricity
production and
emissions

Figure 8. Illustrative scheme of the main variables associated with the power sector in EUCalc.

2.3. The Calculation Logic and the Scope of the Storage Module

The objective of the storage module is to match supply and demand and account for the flexibility
needs of the system resulting from the increased share of VRE. This module functions in close connection
with the supply module and the ones defining the demand; thus, the calculation is based on inputs
gathered from those modules. The user has the option to influence the volume of storage capacities
via the levers of the module. The additional value of the storage module compared to the electricity
supply—and demand—side modules is that this one works with an hourly resolution for a single year
adding up the yearly resolution of the input modules. The module does this by applying increased
granularity through the downscaling of the annual electricity demand to load curves with hourly
resolution and applying hourly capacity factors for PV and wind power generation on the supply side.
Considering the aims of EUCalc, the module complements the outputs of the supply module with the
below listed characteristics:

e The module calculates the annual electricity supply-demand gap on the trading zone level,
considering the EU net electricity import and the balancing possibilities of electricity trade within
EU. The annual deficit/excess is handled by capacity changes of fossil fuel power and power-to-X
(PtX) generation.

e  The module predicts renewable power generation from variable sources (PV and wind), for each
country at an hourly level.

e  The module breaks down the annual demand of each country into load curves with hourly
granularity for each country.

e The module includes trade flows of electricity between groups of countries with high level
interconnections (trading zones), thus correcting the supply-demand match with trade, resulting in
trading zone level residual load curves.

e  The module calculates flexibility needs on three timescales (weekly, daily, and sub-daily), based on
the trade zone level residual load curves
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e  The module integrates specific storage technologies into the calculation to match flexibility needs
on three timescales of balancing.

e  The module calculates the capacity, yearly production and direct CO, emission of the additional,
flexible power generation that are needed to balance electricity demand with supply at the
country level.

The module, however, does not consider indirect emissions as they are addressed by other
EUCalc modules (e.g., the manufacturing module assesses the emissions related to the manufacturing
of the power plants). The storage module considered cross-border electricity trade and demand
side management as additional sources of flexibility for the power systems under consideration in
the calculator.

2.4. The Link between Balancing and Storage in the EUCalc Modeling Concept

In the energy sector models are important tools to generate a range of insight and analyses on the
supply and demand of energy. A new modeling concept is the European Calculator, with the goal to
delineate emission and sustainable transformation pathways at a European and member state scale.
The model consists of several modules. In the EUCalc modeling concept the energy storage module
is working with an hourly granularity, thus it is unable to capture short-term balancing needs. It is
therefore solely focusing on long-term balancing activities on country and EU levels. This approach is
justified by Brown et al. (2018) [59] stating that at large spatial scales the variations in aggregated load,
wind, and solar time series are statistically smoothed out, none of the large-scale model results change
significantly when going from hourly resolution down to 5-min simulations [59].

Describing a year by hourly data, i.e., 8760 values, also includes the variations in lower time
granularity, thus the curves obtained by 8760 data points show also weekly and seasonal patterns,
thus weekly and seasonal patterns of supply and demand are captured in the modeling. On the
other hand, another EUCalc module (supply module) uses capacity factors to calculate the annual
production of power plants. The historical capacity factors inform us about the generation observed
over time compared to the maximal generation through a period including all the time the unit was
running. Therefore, capacity factors include also the generation that was provided for flexibility
purposes. For example, when observing historical capacity factors of natural gas power plants in a
country, the capacity factor of the gas power plants already includes the times when the power plants
were used for balancing purposes and not for general power production. Typically, though, balancing
power plants have relatively low annual utilization rates, rarely exceeding 1% of the time of the year
(see MAVIR and MEKH, 2017 for example, in the case of Hungary [60]). Therefore, the capacity factors
of power plants used in the supply module already encompass the kind of short-term balancing that
was needed before.

The storage module considers storage as an operational tool of the electricity system that can
help to achieve electricity balancing with the ability of shifting the (over)supply of electricity to a
later time point, when demand exceeds supply and the stored electricity will be needed in order to
maintain frequency and sustain the stability of the system. Storage can be realized on different time
scales by different technologies. Therefore, in the context of the module, storage and balancing can be
interchangeable terms, as storage is a technical toolset within balancing.

It is important to mention that electricity storage technologies can fulfill various functions. Based
on the International Renewable Energy Agency (IRENA), the categorization of the services in Figure 9,
due to the characteristics of EUCalc and the assumptions of the supply module, this module focuses on
the bulk of energy services that are needed for a well operating electricity system. In Figure 9, the pink
fields are the services directly supporting the integration of VRE, which is the key component of the
decarbonization process, whose impact EUCalc is actually investigating. On the other hand, as the
module works in close relation with modules defining the electricity demand, the pink fields under
other services on the right-hand side of the model are considered with interaction from there. For
example, the transport sector is considered in the form of input received from the transport module
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about the demand response potential of the batteries used in transportation. Exceptions are off-grid
energy storage applications, as the main aim of the module along with the supply module, is to model
the grid in view of increasing renewable energy penetration and how different storage technology can
influence it.

; Transmission Distribution Customer
Bulk energy Ancillary A : energy J Transport
services services nfsstucduicy  EUiEtucurs management Offgrid sector
services services services
; Electric2/3
Electricenergy oo DR
: ¢ o Transmission Distribution " Solar home wheelers, buses,
(t;r:}]eitsrl;lgf:) fieoulation upgrade deferral upgrade deferral powetquality systems carsand commercial
vehicles
Spinning, non- Mini-ari
2 e - ini-grids:
Ele:;r';;:?t;;ply sslf;la:lll:r:?e:ltlgl Q OH;::{?J;S::E of Voltage support Power rellability System s.tability
Sarvas services
0 > Mini-grids:
Retail electric ek S
Voltage support energy time shift Fa:ll:;trzt::}% Il;lEgh
Demand charge
Black start management
Increased
self-consumption
of solar PV

Boxes in red: Energy storage services directly supporting the integration of variable renewable energy

Figure 9. The range of services that can be provided by electricity storage [42].

In general, blue fields are outside of the scope of current modeling. For the ancillary services of
storage, the module functions do not take into consideration electricity system specifics, such as the
voltage or frequency level, which indeed can be influenced by various factors, such as temperature itself.
Transmission infrastructure services cannot be evaluated in the module either, as the whole of EUCalc is
based on countries, thereby unable to differentiate between different transmission characteristics within
a country. The same kind of reasoning can also be applied to the distribution infrastructure services.

The lever works at the EU 28 plus the CH level and disaggregation to the Member State level
is applied directly in the calculation. With this lever, the user can influence the technology portfolio
delivering (at least partially) the flexibility needs (Table 2).

Table 2. List of levers for the storage module.

Lever Brief Description

Needed amount of balancing power is shared to the
next set of technologies:

e Pumped hydroelectric storage; electro-chemical,
battery, stationary; electro-mechanical, flywheel;
electro-mechanical, compressed air storage;
power-to-X (PtX).

e  For each technology, the ratios per level are

Balancing and storage strategies portfolio based on analyzing the potential the changes in
production, as described in details in the
next section.

e In general, the next factors were considered:

° Past and current features; future developments;
future performance and scale; future importance
in other models and policies.




Sustainability 2020, 12, 811 13 of 26

The levers describe scenarios for the further development of the storage technologies depending
on which technology gets more focus, as explained in Table 3.

Table 3. Definition of storage portfolio ambition levels.

Level 1 Level 2
This scenario considers that there will be a rapid
This scenario considers that electricity storage breakthrough in battery technologies, therefore this
volumes will grow according to the least ambitious technology is growing according to the most
trajectories found in the literature across ambitious trajectory. As a result, all other
each technology. technologies will grow at the least ambitious levels
(except PtX that follows an intermediate trajectory).
Level 3 Level 4
This scenario considers that the currently less This scenario considers that all storage technologies
attractive technologies of compressed air storage grow according to their most ambitious trajectories.
(CAES) and flywheels will gain wide-spread This level is considered as transformational and
acceptance and hence will grow at their most requires some additional breakthrough or efforts such
ambitious trajectories. In this case, however, the as important cost reduction for some technologies,
growth trajectories of PHS and batteries will have an  very fast and extended deployment of infrastructures,
intermediate growth trajectory between their least major technological advances, strong societal
and most ambitious trajectories. changes, etc.

2.5. Determining the Energy Storage Capacity and the Maximum Energy Storage Potential during One Year of
Stationary Storage Technologies

This section elaborates the annual storage capacities that a technology may be able to offer in the
different lever settings. The module focuses on the annual storage capacities (expressed in TWh) of the
storage technologies due to the calculation logic as opposed to the rated power (expressed in GW).
In this step we described how the EU 28 plus Switzerland level trajectories were obtained, after which
the disaggregation was elaborated at the trading zone and country level. Data from 2015 for installed
PHS units were extracted from the Integrated Database of the European Energy Sector (JRC IDEES)
database [61], which was used as a starting point. The reported energy storage capacities express the
electricity production capacity of the water turbine (i.e., installed generation capacity). As reported
by Gimeno-Gutierrez and Lacal-Arantegui (2015) [62], there are no official figures in Europe for the
energy storage capacity of PHS units. The only source, is a 2011 survey by Eurelectric (2011) [63],
which includes the energy storage capacity of PHS for certain countries in Europe, the results of which
are shown in Figure 10.

Generation capacities for 2011 were also taken from the JRC IDEES database [61] in order to
calculate the 2011 country specific ratio of the generation and storage capacities. These ratios were
used to deliver the 2015 storage capacities in TWh. In the case of countries that have PHS units but the
survey did not provide storage capacity values, the ratio of a similar country was used: for Italy the
ratio of France, and for Romania, for Croatia, for Slovenia, and for Sweden the ratio of Ireland.

In the case of the least ambitious trajectory for PHS, we only assumed additional PHS capacities
that are part of the European Network of Transmission System Operators (Entso-E) Ten Years Network
Development Plan 2018 Storage project [64] database, see Table 4. These capacities will start operation
according to the schedule shown below. In the case of the most ambitious trajectory for PHS in 2050,
the full exploitation of PHS potential is considered as defined by Gimeno-Gutierrez and Lacal-Arantegui
(2015) [62]. The round-trip efficiency was taken into account by 80%.
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Figure 10. Total GWh amount of electricity (logarithmic scale) that can currently be stored in one ideal

pumping cycle in the European electricity sector in 2011, based on [63].

Table 4. New pumped hydroelectric storage projects in Europe, based on [64].

Entso-E Project New Energy
Numb Country Storage Capacity = Commissioning Date Current Status
umber
(GWh)
1000 Austria 1.8 2022 Under consideration
1001 Austria 152 2034 In permitting
1026 Austria 3.5 2025 In permitting
1002 Belgium 2 2022 Planned but not yet
permitting
1003 Bulgaria 52 2025 In permitting
1004 Estonia 5.45 2028 In permitting
1006 Greece 3.974 2023 In permitting
1025 Ireland 1.8 2026 Under consideration
1030 I Planned but not yet
reland 6.1 2024 o
permitting

1009 Lithuania 8.2 2024 Under consideration
1029 Slovenia 8.56 2027 In permitting
1011 Spain 75.11 2020 In permitting
1012 Spain 3.6 2023 In Permitting
1019 Spain 34.9 2027 In permitting
1027 Spain 1.62 2028 In permitting
1014 UK 30 2027 In Permitting
1015 UK 6.9 2025 Under consideration

For non-PHS storage technologies, there are no projections at the country level or European level
for the installed capacities of these other storage technologies, therefore we disaggregated the scenarios
from IRENA (2017) [42] to obtain storage capacity values. In order to estimate electricity storage
volumes for electro-chemical batteries, Figures 6 and 7 were used. From the scenarios presented in the
source, the lowest, 100 GWh and the highest ambition, 421 GWh, global battery storage power outputs
were considered. Of this new global electro-chemical energy storage power 35% was estimated to
be realized in the EU-28 plus Switzerland [65]. It is important to note that there are not any suitable
scenarios for battery storage after 2030. First, linear interpolation was used for calculating 2025 values
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from the 2030 values (in order to match the 5-year EUCalc resolution). After 2030, the excel forecast
function (least square method) was used to determine the values for 2035-2050. For each analyzed
year, the entire previous period was considered. This means that for instance in the case of 2035,
the 2020-2030 period was considered, while for 2040 the period 2020-2035 was considered. It is also
important to mention that the module considers that battery storages can be installed in any country;
the technology does not have any geographical of topographical constraints. For the 2015 values of
the power output of electro-mechanical storage technologies, the Global Energy Storage Database
(DOE) [65] was used. For the future values of these technologies, the IRENA (2017) [42] study was
used, in which projections for many technology-specific storage scenarios are described until 2030. For
electro-mechanical storage Figures 6 and 7 were used. From the scenarios the 20 GWh, the lowest,
and the highest ambition, 84 GWh, global electro-mechanical storage energy capacity were estimated.
30% of this new, global electro-mechanical energy storage power was estimated for EU plus CH.
Furthermore, based on IRENA and DOE data [42,65], a share of 63% flywheel and 37% compressed air
energy storage (CAES) has been assumed for electromechanical storage technologies. For power-to-X,
the EU Reference Scenario 2016 [17] and the “Technical report on Member State results of the EUCO
policy scenarios [66]” sources were used to create Level 1 and Level 4 trajectories, between which
linear interpolation was applied. The module assumes that electrolyzers work with 80% efficiency,
which is the higher range of the currently most viable alkaline electrolyzers and polymer electrolyte
electrolyzers [67].

Chapter 3.3 shows the theoretical maximum energy storage capacity of CAES and flywheels
in the respective years for the least and most ambitious trajectories at the EU-28 plus the CH level.
Intermediate ambition levels that have been calculated with linear interpolation are not shown in
Chapter 3.3 below. For example, the maximum possible volume to be withdrawn is limited by the
24-h discharge time of the PtX units, therefore it takes 48 h to completely charge and discharge these
units. This logic was the same for all the other storage technologies. The following cycle times (charge
+ discharge periods) were taken into account [64,68,69] in the calculations:

electro-chemical, battery, stationary, 6 h;

electro-mechanical, compressed air, 12 h;

electro-mechanical, flywheel, 0.5 h;
e power-to-gas-to-power, 48 h.

2.6. Electricity Trade within the EU

In the model the exporting regions export electricity to their neighboring trading zones. The model
is based on the network flow theory [70]. The exporter and importer trading zones are considered
as nodes of a digraph with their demands (a negative demand means excess of electricity), while the
transmission connections are the edges with their capacity constraints. A virtual importer and exporter
are added to the flow to fulfill all demands. A weight attribute is also involved into the calculations,
which is a proper tool to minimize the virtual member’s trade and to mimic real market processes
by considering the demand/supply gap. In order to include the existing plans for the expansion and
intensification of cross-border electricity trade, the Regional Investment Plans [71-76] for the regions
were used. These investment plans detail near-term expansion projects that are already included in the
Ten-Year Network Development plans, however, also taking into account longer-term investments up to
2040. The Regional Investment Plans give a summary of cross-border net transfer capacities in relation
to every country within a region, from which it was easy to conclude the cross-border net transfer
capacity (NTC) values for the regional aggregation of the module. Although the Regional Investment
Plans only list projects that are planned until 2040, the module argues that it is a good approximation
to consider 2040 values as 2050 values in the module, as transmission network developments are
increasingly contested investments and therefore are difficult to execute, and they are likely to be
subject to delays.
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2.7. Variable Renewable Enerqy Integration Challenges

Zsiboracs et al. [24] developed a polynomial regression model and validation method to determine
the European (36 Entso-E countries) energy storage demand based on 79 sources (Table 5). The study
examined the European VRE integration challenges related to the power capacity and energy capacity
of stationary storage technologies. It also analyzed and presented the feasibility of the European
VRE electricity generation targets and the theoretical maximum related to the European Network of
Transmission System Operators’ (Entso-E) Sustainable Transition (ST), Distributed Generation (DG),
and Global Climate Action (GCA) 2040 scenarios. With the created solution, it is possible to determine
the average energy storage fraction requirements expressed in energy storage capacity (TWh). This
refers to the amount of energy that can be stored at the same time and not the energy delivered
throughout a year. The model calculates the average energy storage fraction in the context of VRE
gross electricity generation, expressed as a percentage of the total electricity demand [24].

Table 5. Equation of the European storage fraction analysis [24].

Description Equation

Storagefraction =
Equation (1), storage fraction (%) p1VRE® + po VRE? + p3 VRE® + py VRE®
+p5VRE* + pgVRE3 + p; VRE? + pg VRE + py

p1 = -375871;py = 132771, ps =
1.8187%%;p, = -1.23477;
ps = 4.443700; pg = —8.1637%; p; = 5.844704;
ps = 1.646703; pg = 3.687°04

p; parameter values

In this manuscript the above-mentioned model solution was used to analyze the 2040 EUCalc
‘storage capacity per cycle’ levels. The 2040 electricity demand of the EU plus CH was estimated from
the average of the Entso-E’s DG, GCA, and SC country-specific scenarios. Applying the energy storage
capacity logical context of the [24] manuscript (Table 5), the results of the ‘storage capacity per cycle’
potential levels (chapter 3.3) and the EU plus CH’s 2040 average electricity demand [23] can determine
the theoretical maximum VRE gross electricity generation potential compared to the demand.

3. Results and Discussion

3.1. The Logic of the Calculation of the Storage Module

Generating the hourly level information in three parallel steps at the country level then aggregated
to trading zone level (Figure 11):

e  Step 0: the module matches annual electricity demand with supply, and in case of excess in a
trading zone accounts for electricity trade.

e  Step 1: the module determines hourly load curves for electricity demand based on load profiles
and inputs from electricity consuming sectors.

e  Step 2: the module creates the hourly granularity residual supply curves based on hourly capacity
factors for PV, on- and off-shore wind power.
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Figure 11. Calculation logic of the storage requirements module.

Securing the flexibility needs for the system on the trading zone level:

Step 3: the module calculates the residual load curve from the hourly granularity values and
generates flexibility needs on three different timescales.

Step 4: the module assigns different technologies to the different flexibility needs. Disaggregating
parameters to country level and adjusting flows between modules:

Step 5: the module calculates disaggregates the physical storage and generation capacities to
individual countries.

Step 6: the calculation may adjust the primary electricity production due to the adjustment
of capacity factors at the hourly level, this module will finalize the values of the flows from
the supply module and forward the final data to the Transition Pathway Explorer—these
changes are associated with the changes in the capacity factor values influencing not only the
produced electricity but the necessary power capacity investments, the used fuel input and
produced emissions.

Step 7: the module determines the cost of electricity production.

The Development of Cross-Border Capacities within the EU

The interconnection capacities for the 2015 base year were collected from ACER’s 2016

publication [77], reflecting the aggregated NTC between regions as of 2015 shown in Figure 12.
Net transfer capacities are defined as the difference between the total transferable capacities and the
transmission reliability margin, thereby truly capturing the usable capacity of a transmission line.
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Figure 12. Schematic model of country aggregates in the storage module to allocate exports from an
oversupplying region to a region in need of imports in 2015 [71-77].

For the cross-border capacities development, the Global Climate Action scenario of Entso-E [78]
was considered, as that is the one where it is envisaged that the EU reaches its 2050 climate goals.
Based on this, the module includes the changes of the available transfer capacities between regions
from 2015 to 2050 (Figures 12 and 13). Interim values are determined by interpolation, with changes in
the capacity occurring in steps of up to 700-1000 MW, which is the average range for transmission
network capacity increases. Figure 13 summarizes the expected 2050 state of the European electricity
transmission network. Note the large capacity increased along basically all exchange corridors and
the new connection from Northern Europe to the British Isles and the connection of Cyprus to South
Eastern Europe. Finally, the module considered that cross-border interconnectors had a maximum
capacity factor of 85%, which is the value that the most used interconnectors are approaching in
Europe. Aligned with the time scale of the whole EUCalc model, for each fifth year the cross-border
transmission NTC values were included in the modeling using the above interpolation.

2216 MW

2050 Northern Europe Baltic states
DK, FI, SE 2200 MW EE, LV, LT

MIA 000T

British isles Central Western Europe Central Eastern Europe
UK, IE AT, BE, FR, DE, NL, CH, LU CZ,HU, PL, I, SK, HR

M OTZL
MIN 006T

MIN 00T

Iberian Peninsula Appenine Peninsule 5 s South Eastern Europe

ES, PT IT, MT RO, BG, GR

Figure 13. Schematic model of country aggregates in the storage module to allocate exports from an
oversupplying region to a region in need of imports in 2050 [71-77].
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3.3. Storage Technology Ambition Levels

The table below, Table 6, shows the theoretical maximum energy storage capacity (annual electricity
storage volumes) of batteries, CAES, flywheels, and PtX in the respective years for the least and most
ambitious trajectories at the EU-28 plus CH level. Intermediate ambition levels that were calculated
with linear interpolation are not shown in the Table 6 below. Disaggregation of these capacities to
trading zone and country levels were carried out as detailed in Step 6 of the calculation process.

Table 6. Other storage technology features based on the ambition levels.

Least and Year 2050 Year 2050 Year 2050 Year 2050

Most Zgla ; Least Most Least Most
Ambitious Ambitious Ambitious Ambitious Ambitious
Electro-chemical, 80 6 02 814 3618 03 119 528.2
battery, stationary
Electro-mechanica 60 12 0.7 16.3 75.0 05 12 54.7
compressed air
Electro-mechanical, 85 05 12 27.8 1286 21 487 2253
flywheel

Power-to-gas-to-pc 35 48 0.1 2.3 10.7 0.02 0.4 1.9

Unlike the other technologies, PHS already operates in a large scale, thus we had data to calculate
real discharge cycles, which varied significantly over trading zones, as shown in Table 7. These
values were based on weighted averages of the existing discharge times of PHS units operating in the
countries that make up the regions, hence the widely diverging discharge times. Discharge times for
each country were calculated as detailed in Section 2.3. For modeling reasons, the module assumed
that discharge times did not change over time.

Table 7. Rated power and discharge cycle features for PHS in each trading zone.

Estimated Discharge Time for 1 Cycle
Countries (Hours)

Existing Rated Power (GW)

Included Year 2050 Year 2050 Year 2050 Year 2050
Year 2015 Least Most Year 2015 Least Most
Ambitious Ambitious Ambitious Ambitious

Central Western FR, NL, BE, LX,

Europe DE, AT, CH 136.7 23.4 33.0 90.1
Central Eastern PL,CZ, HU,
— SK, SL., CR 15.0 35.0 5.1 11.6 152.9
South Eastern RO, BG, GR 189 2.1 74 131.1
Europe
LI IT, MT 13.1 7.7 77 71.0
Peninsula
Iberian Peninsula ES, PT 193.0 7.7 8.1 25.6
British Isles UK, IE 9.4 3 7.2 95.4
Northern Europe DK, SE, FI 3.5 23.5 1.3 1.3 13.7
Baltic countries EE, LV, LT 50.6 0.8 1.1 1.1
Cyprus CY 0 40* 0 0 0.8

Table 8 summarizes the figures obtained as described in Section 2.3. Linear interpolation was
used for calculating the intermediate ambition level, which is not shown in the Table 8 below.
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Table 8. Pumped hydroelectric storage technology features based on the ambition levels in the EU 28

+ CH.
Country Maximum Energy Storage Potential during One Year (TWh)
Year 2050, Least Year 2050, Most
Year 2015 Ambitious Ambitious
Austria 22.8 50.3 77.6
Belgium 57 7.1 8.5
Bulgaria 4.4 27.2 521.2
Croatia 1.3 1.3 1.3
Cyprus - - 3.4
Czech Republic 5.3 5.3 27.0
Denmark - - -
Estonia - 0.6 0.6
Finland - - 1.3
France 30.7 30.7 197.3
Germany 29.8 429 69.9
Greece 3.1 3.7 24.5
Hungary - - 0.4
Ireland 1.3 6.5 61.8
Italy 33.7 33.7 311.1
Latvia - - -
Lithuania 3.5 4.1 44
Luxembourg 5.7 5.7 5.7
Malta - - -
Netherlands - - -
Poland 7.9 7.9 52.3
Portugal 7.9 7.9 244
Romania 1.8 1.8 28.6
Slovakia 3.9 3.9 38.4
Slovenia 0.9 6.7 30.3
Spain 25.8 27.6 87.8
Sweden 0.4 0.4 31.9
Switzerland 7.9 7.9 35.4
UK 11.8 25.1 356.2
EU 28 + CH sum (TWh)
215 308 2001

After combining the trajectories of each technology, the following Table 9 emerges that represents
the annual storage volumes of each technology at the EU-28 plus Switzerland level, given the
lever setting.

Having determined the overall storage capacities at the EU-28 plus CH level for each respective
year, it is then necessary to translate these values to the trading zone and then country-level values,
as written at Step 5 of the calculation process. This conversion happens based on Table 8 and the
definition of trading zones. As the storage potential of PHS was determined by topographical
conditions, the above region-specific disaggregation was necessary. Other, non-PHS technologies,
however, are not dependent on topographical conditions and hence were shared between regions
depending on the share of VRE generation capacity located in the region, as explained more in detail
in Step 6 of the calculation process.
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Table 9. Ambition levels of the module, all values are in TWh (level 1 is the current trends, level 2 is the
battery breakthrough, level 3 is the breakthrough in alternatives, and level 4 is the strong commitment).

Ambition
Level *

Technology Unit 2015 2020 2025 2030 2035 2040 2045 2050

Electro-chemical, battery,

. Least TWh 0.3 17.2 342 51.1 68.0 85.0 101.9 118.8
stationary
Pumped hydroelectric storage Least TWh 216 217 232 247 262 278 293 308
Electro-mechanical, Least TWh 05 21 3.8 5.4 7.0 87 103 119
compressed air
Electro-mechanical, flywheel Least TWh 21 88 154 221 287 354 420 487
Power-to-gas-to-power Least TWh 0.02 0.07 0.1 0.2 0.3 0.3 0.4 0.4

Electro-chemical, battery,

. Most TWh 0.3 17 144 215 286 364 453 528
stationary
Pumped hydroelectric storage Least TWh 216 217 232 247 262 278 293 308
Electro-mechartcal, Least TWh 051 21 38 54 7.0 87 103 119
compressed air
Electro-mechanical, flywheel Least TWh 21 88 154 221 287 354 420 487
Power-to-gas-to-power 2 TWh 0.0 0.1 0.3 0.4 0.5 0.7 0.8 0.9
Blectro-chemical, battery, 1o nediate TWh 03 17 89 133 177 225 277 3
stationary
Pumped hydroelectric storage  Intermediate TWh 216 217 373 529 686 842 998 1155
Electro-mechanical, Most TWh 0.5 2 15 23 30 38 47 55
compressed air
Electro-mechanical, flywheel Most TWh 21 88 626 929 1229 1559 1933 2253
Power-to-gas-to-power 3 TWh 0.02 0.2 0.4 0.6 0.8 1.0 12 14
Total TWh 237 457 1080 1703 2180 2712 3254 3767
Electro-chemical, battery, Most TWh 0 17 144 215 286 364 453 528
stationary
Pumped hydroelectric storage Most TWh 216 217 514 812 1109 1407 1704 2002
Electro-mechanical, Most TWh 05 21 152 226 299 379 470 547
compressed air
Electro-mechanical, flywheel Most TWh 21 88 626 929 1229 1559 1933 2253
Power-to-gas-to-power Most TWh 0.0 0.1 0.5 0.8 11 13 17 19

* Maximum energy storage potential during one year.

3.4. European Union Plus Switzerland Variable Renewable Energy Integration Limit

Based on the Entso-E’s DG, GCA, and SC country-specific scenarios the average electricity demand
of EU plus CH was estimated at 3537 TWh in 2040 (Table 10) [23]. From the electricity demand and the
aggregate energy storage capacity of all storage technologies, the VRE penetration limit was calculated
by using the equation described in Table 5. Based on the analyzed EUCalc levels, the storage fraction
values were between 0.093% and 0.350%, which represents the values of the summarized energy
storage capacities of all storage technologies (Table 10). The results showed that achieving a minimum
of approximately 55% VRE penetration integration could be a realistic target in the EU plus CH power
grid sector until 2040. In addition, for the EUCalc level 4 scenario, the 65.8% VRE penetration rate
seemed to be feasible. According to the results, energy storage market regulations and developments
that motivate the increased use of energy storage solutions are of great importance for a successful EU
wind and PV technology integration.

Table 10. Results related to the EU plus CH variable renewable energy integration limit in 2040 [23].

Year 2040

Estimated EU + CH Electricity
Demand (TWh)

Levels 1 2 3 4

3537

Aggregate energy storage capacity
of all storage technologies (GWh)
Theoretical maximum of the
annual VRE gross electricity
generation compared to the
demand (%)

Required storage fraction (%) 0.093 0.099 0.203 0.350

3306 3498 7170 12,375

54.8 55.2 60.9 65.8
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3.5. Summary and the Importance of Input Data Quality

The European Calculator aims to provide decision makers with a highly accessible, user-friendly,
dynamic modeling solution to quantify the sectorial energy demand, greenhouse gas (GHG) trajectories,
and social implications of lifestyles and energy technology choices in Europe. It should be noted that
for many models (e.g., EUCO scenarios [66] and tyndp 2018-entso-e [79]) the correctness of the input
parameters and their results cannot be verified. The European calculator project makes use of several
heterogeneous data sources as the bases for its calculations. It is therefore of high importance to ensure
the quality of input data, which are the foundation of the model. This allows accurate traceability of
all model logic, input data, and approaches. The novel and pragmatic modeling approach is rooted
between pure complex energy system and emissions models and integrated impact assessment tools.
It introduces an intermediate level of complexity and a multi-sector approach that is based on co-design
with scientific and societal actors [44,80].

4. Conclusions

Electricity systems in the future should show either increasing flexibility in order to cope with
VRE production on the supply side or shifting patterns of electricity consumption on the demand
side. Balancing will thus be an integral part of future electricity systems, and hence it is an important
module of EUCalc, complementing the modeling of electricity supply.

Given the current practices of balancing services, one may categorize these into short term
(frequency containment reserves, and frequency restoration reserves) and long-term balancing actions
(replacement reserves). Given the characteristics of the closely linked supply module, which works with
annual capacity factors of various electricity generation technologies, the short-term balancing actions
are, on the one hand, already included in the supply module (including their electricity consumption)
and, on the other hand, they are influenced by factors that are out of the scope of the entire EUCalc.

As a result, the storage module focuses on long term balancing actions, the issues of replacement
reserves that are used at times when the generation capacity is not adequate to meet the demand
in the system. These replacement reserves will be increasingly important in the future with the
ever-increasing levels of renewable electricity generation, which the module considered as the most
important driver for electricity balancing. This balancing, however, can also be referred to as storage,
which the module considers as a means to achieve balancing. Further to storage, the module considered
cross-border electricity trade and demand-side management as additional sources of flexibility for
the power systems under consideration in the calculator. The module outlined four distinct scenarios
that enable users to test potential developments in electricity storage technologies. Therefore, with the
help of the storage module, electricity demand, and supply, which were treated separately before in
the overall logic of the calculator, are now brought into interactions with each other, spelling out the
additional effects and requirements for EU-wide energy and climate policies.

The results showed that achieving a minimum of approximately 55% VRE penetration integration
could be a realistic target in the EU plus CH power grid sector until 2040.
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Abbreviations

The following abbreviations are used in this manuscript:

CAES Compressed air energy storage

CAPEX Capital expenditure

CEG Centralized energy generation

CF Capacity factor

CH Switzerland

COE Cost of electricity

DEG Decentralized energy generation

DESSTinEE Demand for Energy Services, Supply, and Transmission in Europe

DOE Global Energy Storage Database

DSM Demand-side measures

Entso-E The European Network of Transmission System Operators for Electricity

EU European Union

EUCalc European Calculator

EV Electric vehicle

GHG Greenhouse gas

GTAP Global Trade Analysis Project

JRC IDEES Integrated Database of the European Energy Sector

NREL National Renewable Energy Laboratory

OPEX Operating expenses

PHS Pumped hydroelectric storage

PV Photovoltaic

PtX Power-to-X

TSO Transmission system operator

VRE Variable renewable energy

WACC weighted average cost of capital
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