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About FlexPlan

The FlexPlan project aims at establishing a new grid planning methodology considering the opportunity to
introduce new storage and flexibility resources in electricity transmission and distribution grids as an
alternative to building new grid elements. This is in line with the goals and principles of the new EC package
Clean Energy for all Europeans, which emphasizes the potential usage of flexibility sources in the phases of
grid planning and operation as alternative to grid expansion. In sight of this, FlexPlan creates a new
innovative grid planning tool whose ambition is to go beyond the state of the art of planning methodologies,
by including the following innovative features: integrated T&D planning, full inclusion of environmental
analysis, probabilistic contingency methodologies replacing the N-1 criterion as well as optimal planning
decision over several decades. However, FlexPlan is not limited to building a new tool but it also uses it to
analyse six regional cases covering nearly the whole European continent, aimed at demonstrating the
application of the tool on real scenarios as well as at casting a view on grid planning in Europe till 2050. In
this way, the FlexPlan project tries to answer the question of which role flexibility could play and how its
usage can contribute to reduce planning investments yet maintaining (at least) the current system security
levels. The project ends up formulating guidelines for regulators and for the planning offices of TSOs and
DSOs. The consortium includes three European TSOs, one of the most important European DSO group,
several R&D companies and universities from 8 European Countries (among which the Italian RSE acting

as project coordinator) and N-SIDE, the developer of the European market coupling platform EUPHEMIA.
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List of Abbreviations and Acronyms

Abbreviation/Acronym | Meaning

AC Alternating Current

API Application Programming Interface

CAMx Comprehensive Air Quality model with extensions

CBA Cost-benefit Analysis

CGMES Common Grid Model Exchange Standard

CTM Chemistry and transport model

DC Direct Current

DDM Decoupled Direct Method for sensitivity analysis in a three-dimensional air
quality model

DSO Distribution System Operator

EHV Extra High Voltage

ENTSO-E European Network of Transmission System Operators for Electricity

EMAS European Eco-management and Audit Scheme

EMEP/EEA Air pollutant emission inventory guidebook

ECMWF European Centre for Medium-Range Weather Forecasts

EV Electric vehicle

HV High voltage

IPCC Intergovernmental Panel on Climate Change

JSON JavaScript Object Notation, data format

LCP Large combustion plants

MCA Multi-criteria Analysis

MILES Model of International Energy Systems

OHL Overhead line

OPF Optimal Power Flow

OSM OpenStreetMap

PV Photovoltaics

PRTR Pollutant Release and Transfer Register

RES Renewable Energy Source

TSO Transmission System Operator

TYNDP 10-year network development plan

UGC Underground Power Cables
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Executive Summary

This deliverable includes the results of the preparatory work for data collection and re-elaboration in

order to set up the six regional case studies to be carried out in the FlexPlan project.

The present document provides an overview of the data set and planning criteria that will be used for
the regional studies. This includes data of transmission and distribution networks for 2025 (as a starting
point) and an adaptation of the market results for 2030, 2040 and 2050 that were generated as output of
the FlexPlan pan-European studies [1][2]. The resulting data set will initialize a planning process starting
from non-expanded OPF simulations (network without reinforcements or new flexibility devices), as

presented in the following figure 1-1.

Figure 1-1 Planning process.

The data used for the network modelling is important because it forms the basis for the regional cases
and their analysis of the future investment decisions. Both transmission and distribution networks have to
be considered in order to provide grid constraints and allow to calculate a realistic generation dispatch of
the system, able to highlight grid investment needs. The main modelling difficulty is the availability of data
of the physical power systems since this kind of data is usually confidential information and is not available
for research use. In the process of building a model, it is necessary to consider the main, i.e. the most
essential, characteristics of the system. The six regional cases have been done using realistic geo-referenced

models of the corresponding transmission and sub-transmission systems.
The modelling activity includes:
e  Review of the data collection for the transmission and the distribution network modelling.
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e  Anoverview of the principles used for the adaptation of the Pan-European market study results.

¢ An overview of the principles used for the localization of load and generation, including those

resources which are in distribution networks.

e Networks adaptation to the input data requirements of the new planning tool developed in

FlexPlan.

In order to ensure a coherent approach for all cases, it was decided to use a common base dataset. After
an initial research, the chosen dataset was the grid model provided by the European Network of
Transmission System Operators for Electricity (ENTSO-E) for the preparation of their 10-year network
development plan (TYNDP) from 2018. This dataset contains a pan-European transmission system model
for 2025, which is the base year for the TYNDP studies. Despite ENTSO-E data support, there were several
data gaps (e.g. 110 kV-150 kV sub-transmission network data for several regions, distribution network
data, generation and load data, etc), which had to be collected for comprehensive long-term network
analysis, considering the transmission and the distribution systems together. No doubt, the initial version

of a data set needs to be iteratively refined and supplemented in subsequent project activities.

Particular attention was devoted to the distribution networks. From the planning perspective,
distribution systems are expected to be massively affected since the evolution of the generation mix and
demand side management is taking place at the lowest voltage levels mainly. However, the collection of
distribution networks data (especially considering that the entire territory of each regional case needs to
be covered) is critical. For this reason, in the FlexPlan project, real distribution systems have been replaced
with simplified synthetic networks that have been created on the basis of statistics extracted from the real

systems.

ENTSO-E has developed a methodology for the technical economic appraisal of transmission grid
development projects [3], thus ensuring a common framework for the TYNDP projects. However, such
methodology leaves many aspects, most notably the environmental ones, as described in a qualitative way.
In the last years, there has been an important debate on what aspects could be reasonably translated into
a cost parameter so as to be included into an overall techno-economic assessment, what, strictly speaking,
is usually denominated Cost-Benefit Analysis (CBA) in order to find out the most beneficial expansion plan
while retaining an approach that is both computationally feasible and requesting data that can be easily
obtained. Some studies have been led in the hypothesis that some aspects could not easily be reconducted
to a sheer cost parameter and this gave rise to the Multicriteria Analysis methodologies. One of the strong
points of the FlexPlan methodology is having succeeded in setting up an applicable methodology able to
convert all techno-economic appraisal aspects into a CBA (i.e. a “cost oriented” approach as opposite to
multi- criteria approaches). Thus, in the FlexPlan methodology, the objective function consists of a
maximization of the social welfare of the system. This is obtained by minimizing the sum of network

investments, operational costs associated with system dispatch, consumer costs due to curtailment and
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shifting of load demand, and environmental impact costs. This deliverable provides a description of the

costs and economic data sets that will be used for regional cases development within regional case analysis.

Another important issue is the environmental viability of a solution based on the territory the new
infrastructures have to cross and the impact of thermal energy production variations in terms of carbon
footprint and air pollution. The data of existing thermal power plants that will be still operating in 2030
was used for the environmental analysis for 2030, 2040 and 2050. The air quality impact estimation
accounts for existing thermal generators, the carbon footprint analysis generalizes to both investments and
operations through the life cycle of each asset. For datasets providing the required technical data (efficiency
or fuel consumption and energy production, stack parameters) but lacking all or part of the emission data
(the amount of pollutant emitted mass for a unit of fuel), published emission factors have been considered
[64]. Missing parameters to be used for plume rise estimation due to thermodynamic buoyancy are filled
using values typical of power plants of the same technology and size. A simplified model was used to
evaluate air quality impact, based on sensitivity coefficients estimated by a chemistry and transport model
(CTM), able to reproduce all chemical and physical processes which air pollutants undergo in the
atmosphere. The modelling grids used for the regional cases runs of the CTM model have been chosen to
balance coverage and resolution of the output fields on the one hand, and computational efficiency on the

other.
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1 Introduction

The main objective of this deliverable is to provide a description of the data sets needed for regional
case studies over the three FlexPlan target years (2030, 2040, 2050) by the new planning tool developed

in FlexPlan.

The data used for the network modelling is important because it forms the basis for the regional cases
and their analysis of the future investment decisions. Both transmission and distribution networks have to
be considered in order to provide grid constraints and allow to calculate a realistic generation dispatch of
the system, able to highlight grid investment needs. As such, this deliverable provides an overview of the
data sets required for the network modelling, describes the common modelling approach, the principles
for the localization of load and generation, including those resources which are located in distribution
networks. The construction of the regional network models includes modelling of transmission and

distribution networks and flexibility elements located at both levels of the grid.

The input data, such as the hourly electricity demand, distribution of the renewable energy source (RES)
and cross-border flows time series is the result of the pan-European market simulations. Such simulations
provided a set of data for each regional case, for each of the three target years, for all scenarios. However,
the market results represented the distribution of generation and load at regional level, i.e per province or
big city. One of the critical aspects when analysing the network, RES integration and demand fluctuation is
to have a sufficient network granularity to explore the contribution of each single flexibility element, which
is usually very local. Thus, the regionalized load and generation data provided by the pan-European
simulations were further localized by fitting them to more detailed regional grids, also considering
distributed energy sources located in distribution networks. This deliverable provides a description of the
principles used for localization of load, generation and flexibility elements (energy storage systems and

flexible loads), including those located in distribution networks.

After the six regional cases were set up with the relevant scenario data, they were put in the JSON
(JavaScript Object Notation) data format according to the input requirements of the new planning tool. This
document contains a general description of the main principles used to link the input data required by the
new planning tool and the modelled regional networks. Moreover, a detailed description of the structure
of the JSON files is provided.

The growing share of RES and, the appearance of new loads such as, electric vehicles (EV) and heat
pumps, have caused new grid development challenges in distribution and transmission networks.
Traditional network development foresees the construction of new or upgrade of existing grid elements
such as transmission lines, transformers etc. FlexPlan aims at creating a new tool for optimizing
transmission and distribution grid planning, considering the placement of flexibility elements as an
alternative to traditional grid planning. This approach aims at reducing the overall power system costs i.e.
infrastructure deployment, operation costs associated with system dispatch, consumer costs due to
curtailment and shifting of load demand, and environmental impact costs. The main information regarding
the applied planning and optimization criteria is given in deliverable D1.2 of the FlexPlan project [4]. The
present deliverable explains the reasons for choosing a “cost oriented” approach versus multi-criteria
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approach and provides a description of the costs and economic data sets that will be used for regional cases

development within regional case analysis.

Additionally, FlexPlan aims also to evaluate the environmental impact, including impact on air quality
for thermal generation, carbon footprint, impact on landscape of new transmission and distribution
network. This document describes the required environmental data sets and provides a description of how
environmental models are set up and used to obtain their environmental parameters for the new planning

tool.
The following chapters are organized as follows:

. Chapter 2 presents an explanation of the motivations for choosing a “cost oriented” approach

versus multi- criteria approach for the cost-benefit analysis.
. Chapter 3, 4 provide a description of the data sets used for the regional power system modelling.

. Chapter 5 provides a description of environmental parameters and a description of the

environmental models.
. Chapter 6 provides details on fuel costs and economic data.
. Chapter 7 describes the approach applied for the adaptation of pan-European market results.

. Chapter 8 describes some ICT aspects and the JSON file structure.
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2 Applied planning and optimization criteria

The core drivers for searching the new approaches to transmission system planning are:

o Deregulation of the power system, where generation expansion is not co-optimized with
network development as it was the case for old vertically integrated electric companies: thus,
from the modelling point of view, generation is a system parameter and no longer an
optimization variable.

e Uncertainties: the increasing penetration of RES generation is pushing more and more towards
probabilistic models.

e More rapidly changing conditions.

The planning process typically includes scenario development, security analysis and cost-benefit
analysis. A first phase for the development of a grid planning study consists in setting hypotheses for
generation and load evolution at the target year by creating one or several power system development
scenarios. Then, a network analysis has to be carried out, bringing to the identification of the power system
criticalities. The alternative solutions could be formulated on the basis of the TSO planning experience that
could overcome the detected bottlenecks. In this way, a single line reinforcement might not constitute an
alternative whenever not able to solve a given bottleneck, but it could rather be necessary to schedule a
series of reinforcements along a given transmission corridor which are able to increase the transfer
capacity between two nodes. Once a series of alternatives has been formulated, the final stage is to put in
place a cost-benefit analysis to score them from the techno-economic point of view, so as to be able to locate
the best investment solution(s). Basically, a cost-benefit analysis consists of an evaluation of the trade-off
between the sum of the investments and the achievable reduction of dispatching costs. This aspect is an
important part of the cost-benefit analysis, however not the only one. For instance, traditionally the
environmental analyses carried out separately, nonetheless are an important part of the investment

analysis.

The basic question is what aspects could be reasonably included into an overall technic-economic
assessment in order to find out the most beneficial expansion plan while retaining an approach that is both

computationally feasible and requesting data that can be easily obtained.

A possible approach to reduce problem complexity consists of converting all indicators into monetary
units. In this case, one speaks of Cost-Benefit Analysis (CBA), which is based on transforming indicators
into one unit. However, some parameters might not be easily transformed into monetary units (e.g. some
environmental or social parameters). In this case, some authors propose the so-called multi-criteria

approach (MCA).

Typically, this consists, in synthesis in the following steps [5]:

1) Aset of criteria is defined that could be used to classify alternative investment variants. In that, it

is important that potentially overlapping criteria are avoided (“double counting”).
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2) Then, quantitative indicators are provided to quantify the selected criteria. These indicators can
be represented either by absolute measurements (indicators) or through a differential measurement with

respect to a base case (impact factors).

3) Thereafter, all the criteria indicators need to be converted into one only, possibly a-dimensional,
utility value, expressing the level of satisfaction or approval that a single value of the indicator has towards
the society as a whole. Typically, a utility value equal to zero expresses no satisfaction, whereas a figure
equal to one expresses maximum satisfaction. The function performing this conversion is in general called

a utility function.

4)  Once all the indicators have been converted into one only utility parameter, all the indicator values
relevant to a single alternative may be linearly combined so as to calculate one only ranking parameter
attached to this alternative. In general, a weighted linear combination is calculated, making use of a weights
vector. This vector incorporates the reciprocal importance (for the public opinion, for the political and/or

technical decision-makers, etc.) of one criterion with respect to the others.
From the description above, a few issues emerge associated with the MCA:

e Itis notclear how it can be assured that all the main factors are included while avoiding overlapping.

e The quantification through non-homogeneous indicators does not allow to establish a common metric
on the basis of which to compare the reciprocal importance of the different criteria.

e The possibility to set-up utility functions is a potentially interesting degree of freedom but in practice,
itseems very complicated and, to some extent, questionable, to establish clear and documented criteria
to establish the level of public satisfaction in relationship with the indicator’s values. Sometimes, this
difficulty is overcome by ad hoc questionnaires, but this does not solve the problem: how to check the
significance and the completeness of the statistic respondents’ sample? How to move the respondents
to reflect into their replies their real opinion and not the easiest way out?

e The establishment of a set of weights measuring the reciprocal importance of the different criteria is a

subject to infinite debates, that risk to be never conclusive in case interests are at stake.

For all the reasons above, we deem that the CBA is the most feasible approach. For the few aspects for
which an economical quantification can be subject to a very high arbitrariness, a mixed approach could also
be suitable. However, during formation of the FlexPlan methodology it was realized that an economic

quantification can be given to all relevant factors and thus a CBA approach was preferred.

The new FlexPlan planning tool aims at finding out an optimal combination of new grid investments,
both in new grid investments and installation of flexibility devices, at the minimum costs. Thus, the
objective is the maximization of the social welfare of the system by minimizing the sum of network
investments, operational costs associated with system dispatch, consumer costs due to curtailment and
shifting of load demand, and environmental impact costs. More information on planning and optimization

criteria can be found in deliverable D 1.2 of the FlexPlan project [4].
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3 Network data and modelling

3.1 Transmission and sub-transmission network

The six regional cases are simulated using realistic geo-referenced models of the corresponding
transmission and sub-transmission systems. In order to ensure a coherent approach for all cases, it was
decided to use a common base dataset. After an initial research, the chosen dataset was the grid model
provided by ENTSO-E for the preparation of TYNDP from 2018. This dataset contains a pan-European
transmission system model for 2025, which is the base year for the TYNDP studies. The dataset and the
required process to obtain it was already described in deliverable D4.1 of the FlexPlan project [1]. However,
the grid model received from ENTSO-E does not have a complete set of information required for the scope

of the project, and three main data gaps were identified:

¢ Non-existence of sub-transmission systems for major countries, including Spain, France, Germany

and Italy

¢ Non-existence of grid model for northern countries (Sweden, Finland and Norway were absent,
while for Denmark the model only included the continental part of the country, in the continental

Europe synchronization zone)

* Non-existence of geographic information (and in some cases there was an anonymization of grid

node names).

Considering these limitations of the pan-European transmission system model received from ENTSO-E,
it was necessary to perform a complementary and complex data collection process which allowed to
complete the transmission/sub-transmission grid models for each regional case. This activity included

different data sources and aimed at solving the aforementioned three main data gaps.

A summary table of the main network modelling assumptions can be found in Annex 1. The present
chapter reports a detailed description of the criteria utilized for data collection, the primary data sources

used and the relevant modelling principles.

3.1.1 Iberian Peninsula

The Iberian regional case includes both Portugal and Spain. The two Iberian countries are
interconnected and they share a common electricity market in normal operation conditions (when no
congestion exist in the interconnections). In addition, Spain is electrically connected to France, through
both alternating current (AC) and direct current (DC) lines, and Morocco. The Spanish power system is
divided into the mainland system and the island's systems. There is an undersea interconnection between
the mainland and the Balearic Islands, but these have not been considered in the network model and are
excluded of the analysis performed in the scope of FlexPlan. Due to the low net load demand of the islands,

when compared to the continental one, this load was considered as negligible.

The electrical models of the network come from the ENTSO-E model of the EU transmission network,
which was obtained through the signature of an NDA. In the case of Spain, it includes 400 kV, 220 kV and
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320 kV (HVDC) network nodes. The Spanish sub-transmission network (operated at 110 - 132 kV) was not
included in the model, so it was built up from power system maps, publicly available from REE, the Spanish
TSO [6] and from OpenStreetMap (OSM) data (transformers between transmission and sub transmission
were neither included in the original model). Since the information in the OSM is not complete, the REE

map, which is available only in pdf format, is used to generate the 132 kV network.

Once the 132 kV network nodes were defined from [6] and [7], they were included in google maps with
their coordinates. Then, the connection among nodes was carried out through line objects, considering
approximately the route described in the REE map. These line objects have a length property (calculated
from the coordinates), which was used to establish branches’ lengths. The characteristic of a typical 132 kV
line was used as reference to create all the lines of the model, i.e. all 132 kV lines have the same electrical
parameters (average values). The interconnection nodes between the transmission and sub-transmission
networks were identified and transformers were included in the model at those locations. Again, typical
transformers for 400/132 kV and 220/132 kV voltage levels were considered. To analyse the network, the
model was coded in PSS/E (.raw) file format, and power flow has been run considering the generation and
loads included in the model received from ENTSO-E (single snapshot). The power flow calculation

converged.

For transmission model nodes, the location (coordinates) obtained from PyPSA [9], which was
originally identified as an alternative data source for grid location information, were not accurate and, in

some cases, we observed a big mismatch (see Figure 3-1- Figure 3-3).

B

B
Figure 3-1 - Location mismatches from PyPSA Figure 3-2 - Location mismatches from PyPSA
(GridKit) JM Oriol, 2Zkm mismatch. (GridKit) Morata, 80 km mismatch.
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Figure 3-3 - Location mismatches from PyPSA (GridKit): Gramanet, 18km mismatch.

To overcome this, we used the satellite image from Google Maps to identify substations. From 1229
nodes in the Spanish transmission model (sub-transmission not included), we found the exact location for

88% of the nodes and, for the remaining ones, we included an approximate location.

In the case of sub-transmission, the locations from OSM [7] were quite accurate, so we had just to add
the nodes that were not included in the OMS but we considered from the REE network map. This was done,

again, with the help of Google Maps.

For Portugal, the model shared from ENTSO-E contains all relevant voltage levels, namely: 400 kV,
220 kV and 150 kV and additionally all transformers for the 63 kV (TSO/DSO interface) are also considered.
The Portuguese dataset was then complete, and the main action performed was related to the need of
identification of grid node names as the dataset contained anonymized node names (coded with numbers).
The model received from ENTSO-E was directly convergent. Portuguese transmission network, after a first
process of identifying grid nodes (as they were anonymized in ENTSO-E model), the identification of
corresponding locations was obtained with the collaboration of REN. All provided node locations are exact,
with the exception of some switching stations, which are not relevant for the study considered in the scope
of FlexPlan. The Portuguese TSO, REN, contributed in the identification of the location of existing grid nodes

and contributed as well in the process of de-anonymizing the received dataset from ENTSO-E.

A characterization of the nodes was performed indicating if it was a substation, generation or industrial
load connected directly to the transmission system. In the case of generators and loads, their type was

identified. In the case of generators also the size and year of installation.

The Spanish sub-transmission (132 kV) network is not complete, in the sense that not all the existing
substations, generation or loads were included in the model. A selection was carried out trying to keep the
grid structure, but using a lower number of nodes. The lines and transformers included in the network
model at this voltage level come from single line generic line type and two generic transformer models
(400/132 kV, 220/132 kV). These generic models were obtained as an average of real lines and
transformers at that voltage level. The generic line was defined in per unit values and the final electrical

parameters of each line were calculated using the length extracted from the Google Map measured between

Copyright 2021 FlexPlan Page 17 of 64



FlexPlan

the connected nodes. The modelled network is a simplification of the real one, since not all the nodes and

~asndad

lines are included. Nonetheless, it provides a realistic representation of the existing network, as most
relevant lines were selected and a preliminary power flow analysis does not result in large deviations from

known values using full models.

In Spain, the names of the nodes follow the names included in REE maps, plus information of the voltage
level to assure that they are unique. Special characters from the Spanish language, such as the “fi” and

accents, were eliminated.

The transmission and sub-transmission network nodes are represented in a Google Map, through their

location. In the case of sub-transmission, the lines are also depicted in the map Figure 3-4.
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Figure 3-4 - Location of 400 kV, 220 kV, 132 kV and 320 kV DC network nodes in the map of Spain. Right: zoom showing the
132 kV lines.

In the case of Portugal, a similar approach was followed, eliminating possible special characters and

simplifying the name of some substations which nonetheless keep a name very similar to the official one.

3.1.2 France and Benelux

The main data for the transmission network modelling was downloaded from the ENTSO-E TYNDP data.

The following voltage levels (in kV) can be found for Benelux and France:

e Belgium: 380, 220, 150, 70, 36, 33, 20, 18, 16, 15, 12, 11, 6.

e Netherlands: 380, 220, 150, 110, 66, 52.5, 52, 50, 34, 33, 27, 25, 21, 20, 19, 16, 15, 11, 10.
e France: 380, 225, 150, 45, 42, 20.

e Luxembourg: 220, 15.7,13.7.

While Belgium, Netherlands and Luxembourg had a complete grid model, the French grid was
incomplete. The French data contains transmission substations (V >=150 kV) and some low voltage

networks related to the low voltage side of generation units (V =< 45 kV), while data were not available for

Copyright 2021 FlexPlan Page 18 of 64



FlexPlan

sub-transmission network (63 kV and 90 kV) which connects distribution to the transmission network.
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Openly available data [10][11][12] was utilized to derive the sub-transmission network and merge it to the

French grid.

The modelling data for Benelux and French grid was provided initially in the PSS /E (.raw) format. The
data was converted to PowerModels.jl [13] for testing using an Optimal Power Flow (OPF) and further

processing.

As aforementioned, the data set for the French sub-transmission network was incomplete. For
providing the sub-transmission network of the French grid, the ENTSO-E data and open-source data were
compared in order to import the sub-transmission data from the openly available data to the ENTSO-E data.
Not only that, but also new transmission-level substations were added to ENTSO-E data. This process is

explained briefly below:

For the electrical network modelling of the added AC lines, cables and transformers average electrical
parameters were used which were taken from the TYNDP data set as well as from the literature. For sub-
transmission network modelling, ENTSO-E data and open source data were compared in order to
supplement ENTSO-E data with the data from the open sources. Thus, new transmission substations were

added to ENTSO-E data. This process is explained briefly below:

e  Transmission network:

o Name inconsistency between the substations of the two data sets, were solved by a fuzzy lookup
method in Microsoft Excel and the rest manually.

o Voltage inconsistency between two data sets was resolved. While the open source data has
380 kV, 225 kV and 150 kV, ENTSO-E data has 400 kV, 380 kV, 320 kV, 225 kV, 220 kV and
150 kV.

o The open-source data contains three sets showing the overhead lines (OHL) and underground
cables (UGC) on the 63 kV and 90 KV levels, respectively as well as a data set with substation
names. For the OHL and UGC connections, the connecting substation names are provided in the
respective data sets. However, some substations that exist in the OHL and UGC data were
missing within the substation data set. As such, an algorithm has been developed to import the
missing substations from the OHL/UGC data sets to the substation data set.

o There were some transmission-level substations in each data set that did not exist in the other
source, e.g., open-source data vs TYNDP data set. It means that none of the transmission-level
substation data of two data sets is complete alone, but they are complementary. New
transmission-level substations were added thus to the TYNDP data set.

o The transmission substations imported from the open source data cannot be isolated from the
substations in the TYNDP data and thus need to be connected properly. There can be three
possibilities: 1) The substations from the open source data are connected via transformers to
the TYNDP substations and both are at the same location but on different voltage levels 2) They
can refer to “dummy” substations, e.g. line splitting within HV lines of the TYNDP data set 3)
they are actual substations not present within the TYNDP data set and are connected via actual
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and corresponding elements were created to connect all substations coming from the two
different data sources. As such, many new transmission branches have been added to the
TYNDP data.
e  Sub-transmission:

o The missing 90 kV and 63 kV substations were added to TYNDP data.

o An algorithm was developed to create the correct sub-transmission branches in forms of
transformers and lines.

o For the electrical network modelling of the added AC lines, cables and transformers average
electrical parameters were used which were taken from the TYNDP data set as well as from the

literature.

The ENTSO-E TYNDP data set does not provide any geographical data including latitude and longitude
of the substations. Some of the substation locations were imported from open-source data, but the

remaining 500 substations were found manually using maps.google.com and openinframap.org.

The resulting grid model of the French transmission and sub-transmission grid can be seen in Figure

3-5 below. Reasonable approximations were used for the geographical locations of some substations.

Since not all the substation’s geographical locations can be found on OSM, some of them could be spotted
based on their location on Google Maps and some of the substations were approximated based on their

adjacent substations with known geographical information.
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3.1.3 Germany, Switzerland and Austria

The main data for the transmission grid modelling is depicted from the 2025 grid model provided by
ENTSO-E. The sub-transmission grid, consisting of the high-voltage-level (110 kV level in Germany and to

some extend 66 kV in Switzerland/ Austria), is based on OSM Data.

The modelling is carried out using MILES (Model of International Energy Systems)[80] and
PowerFactory. For the electrical grid modelling (AC, DC lines, transformers) the electrical parameters of
the 2025 grid model provided by ENTSO-E are used. If parameters were not available or implausible in
comparison to existing MILES grid data, an analysis based on open sources [14] the German Grid
Development Plan [15] and TYNDP [16] is carried out for different years to determine the modelling
parameters. If coordinates are missing, the internal MILES database and the ENTSO-E map are used to add

the information.

The sub-transmission grid (110 kV) is generated with the help of OSM information [17]. The algorithm
developed uses stored information on lines (“power = line” and “power = cable” with “voltage = 110000")
and on substations at the high-voltage level. Due to the large number of high-voltage grids in the Regional
Case, an automated correction of the stored information in OSM is necessary. This includes, for example,
consistency checks for line corridors, so that the number of parallel lines does not change in the course of
a route. The nodes of substations are set to the centre of the specific area, for which the polygons of the
boundary sometimes have to be adjusted. Tie-off points have been also made plausible, to get the correct
high voltage grid topology (as OSM data does not provide information for the cables at the substations).
The connection points between the 380/220 kV grid and the 110 kV grids are depicted using the location
of 380/220 kV stations as well as information provided by OSM-users [18].

The geographical location is derived by using the ENTSO-E Map and an internal MILES-database.

The switching state of the 110 kV grid groups can only be considered in approximate terms. If some
110 kV-groups are permanently connected during operation, this is not displayed. High-voltage grids
(means the voltage higher than 110 kilovolts, AC, 50 HZ, but which does not exceed 380 kilovolts) are
usually meshed and have interconnection points to the extra-high voltage (EHV, means the voltage, which
exceeds 380 kilovolts, AC, 50 Hz) level. High-voltage grids are operated in groups that are not directly
connected at the EHV-level. This grouping is ensured via switching positions at the respective substations
(often interconnection points to EHV). However, this switching state is not part of the OSM data and

therefore has to be assumed by analysing the overall grid topology.
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3.1.4 Italy

The main data for the transmission network modelling was downloaded from the Ministero della
Transizione Ecologica (Ministry of Ecological Transition) website [19]. The obtained geographical network
model of transmission, 200 kV- 400 kV (including sub- transmission 110 kV -150 kV), dating back to 2008,
was updated to the 2020 reference year by using available information from [7][20]. The obtained data
sets include the list of the grid nodes names with coordinates, voltage (kV), type of substations, length of

the lines (km).

The modelling work was carried out with MATPOWER, with data modelling scope and requirements
taken from [21]. For the electrical network modelling (AC, DC lines, transformers), average electrical
parameters were used, drawn from the 2025 network model provided by ENTSO-E. Some standard
parameters were taken from public sources. In a first set of simulations, power capacities of all lines (AC,
DC) and of transformers were not limited, in order to allow to perform a maximum power flow calculation.
Subsequently, the capacities were adjusted according to the maximum values from the yearly calculation
results, taking possible physical limits into account. For the modelling of cross-border interconnections,
ENTSO-E data were used, as well information available on the Italian TSO website. The interconnection
capacities were checked and agreed with representatives of the neighbouring regions. Load and generation
were modelled at nodal level (without transformers). Generation was modelled according to installed
capacities, voltage level and geographical location of the power plants. The information about national load

distribution was gained from the previous RSE studies (a description will be given in chapter 4).

The reference case model was tested and analysed by MATPOWER. Actual 2020 time-series for load,
generation and cross border exchanges were downloaded from ENTSO-E transparency platform. Thanks
to the availability of data with bidding zone granularity, the regionalization of total load and generation
was performed per zone. (The generation, consumption of each node in all zones was calculated as a
percentage of the total generation and consumption in its zone). Finally, by using the actual time-series and
applied calculated share of the total generation, the consumption per node were estimated for all hours of
the considered year by using MATPOWER. In order to assign power capacities to lines and transformers,
the OPF simulation results were used. The lines and transformers loading statistics were compared with
available physical parameters and then, the power capacities were assigned accordingly taking its limits

into account.

Since the primary source of information consists of maps [19][20], the obtained network nodes were

easily associated with their geographical location (coordinates).
3.1.5 Balkan region

The main data for the transmission network modelling was downloaded from the ENTSO-E TYNDP Data
Set. The obtained network model of the transmission 110 kV - 400 kV network was for 2025, it was updated

to 2030 reference year by using available information from [7][20] and an internal EKC database. The
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obtained data sets [7], [20] included the list of the nodes’ names with coordinates, voltage (kV), type of
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substations, length of the lines (km).

The transmission network model of each country from the regional case was downloaded from ENTSO-
E Data Set as CGMES (Common Grid Model Exchange Standard) and converted to PSS/E (.raw) file format.
Since the models were for 2025, they were updated to the 2030 reference year in terms of generation
capacities. Power flow simulations were carried out for each model with PSS/E. Some of the models initially
diverged (Serbian). The models of all countries were merged into a common grid model of Balkan region.

The interconnection capacities were checked and agreed with representatives of the neighbouring regions.

Since the primary source of information consists of maps [7], [20], some of the network nodes had their
geographical location (coordinates). For the rest of the nodes, geographical location (coordinates) have

been taken from EKC’s internal database.

The model downloaded from the ENTSO-E Data Set contained a 110 - 400 kV transmission network of

the entire region with all the necessary parameters so that no simplifications were necessary.
3.1.6 Nordic region

Since the ENTSO-E data set used for the transmission grid for other regional cases did not include data
for the Nordic synchronous system, grid data had to be sourced elsewhere. The four countries have
different policies with respect to sharing of power system data. NVE, the Norwegian Water Resources and
Energy Directorate [22], has shared with SINTEF Energy Research the data of the Norwegian transmission
grid under a Non-Disclosure Agreement. Therefore, the Norwegian transmission and sub-transmission grid
is fully covered with highly reliable data. In the case of Denmark, the Danish TSO Energinet releases the
transmission system data through an Excel file openly on their website [23]. Finally, data from Finland and
Sweden is not available through their institutional websites, neither there has been the opportunity to have
this data available through direct contact to the respective TSOs. For this reason, in order to have a
complete model of the transmission grid of the Nordic region, the availability of open source data has been

fundamental. The main sources that have been used are PyPSA-EUR model [24], and OpenStreetMap (OSM)
[7].
The Norwegian grid model includes 2148 buses, primarily at voltage levels 132 kV to 420 kV, but also

around 150 buses at lower voltage levels (10 kV to 66 kV) that each represent an individual distribution
grid.

The Danish grid model includes 300 buses, primarily at voltage levels 132 kV to 400 kV. The data set
includes partial information about generators and loads connected to these network levels. The data set

comprises a balanced power flow solution for the year 2020.

The grid model for Sweden and Finland is a grid model combined from PyPSA-EUR data for voltage levels
220 kV and above and OSM data for voltage levels from around 100 kV to 130 kV. (The original dataset
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includes also buses at 15kV, 20 kV, 45 kV and 70 kV, which are excluded from the model.) The full
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transmission and sub-transmission grid model for Sweden and Finland consists of around 3200 buses.

OSM data were used for modelling the sub-transmission grid of Sweden and Finland by exploiting the
Overpass API using the OSMnx Python package [25][26]. A topological investigation of the grid models
generated returns a single island for both countries. OSM-based data was first converted into a graph, and
finally into a pandapower network, where the line sizing was based on pandapower standard lines
libraries. Unconnected buses were excluded by the power network. The resulting network was analysed in
terms of connectivity by exploiting pandapower topological functions, in order to guarantee that the

network is defined by a single island fully connected.

Partial verification and validation of the grid model and the methodology for creating it was carried out
through visual inspection and comparison with maps through OSM web interfaces and maps published by

Nordic TSOs.

The grid models for Sweden and Finland are generated based on maps and therefore include information
about the geographical location of all buses. The data set for Norway does not include information about
the geographical location of buses or the length of lines. Neither the data set for Denmark includes
information about the geographical location of buses, but coordinates were obtained with an automatic
script that matches Energinet bus names with the corresponding OSM stations names, integrated with
manual inspection. The methodology is based on work previously done by SINTEF in the SmartNet project
[28].

The provided data set from the Norwegian TSO does not contain geographical information about the
busses. To remedy this, a combination of several sources where geographical information is included, has
been used to map each of the busses connected to the grid. These sources include a database of
transformers, a database of power plants (and SINTEF in-house data about which busses connect to which
power plants) and geographical data for an earlier iteration of the grid model (but a lot of the bus names
had been changed). The remaining busses were mapped manually based on their name, and the location of
their neighbouring busses. The source for the transformer and generator geographical data was NVE's

publicly available grid map [27].

Standard electrical parameters were used for branches (transformers and power lines) in Sweden and
Finland; this is the case for the branches from PyPSA-EUR, and similarly standard parameters were applied
for the branches generated from OSM data. Both PyPSA-EUR and OSM data sources were converted into
pandapower, therefore the line sizing has been based on standard libraries from pandapower. The line size
association has been based on the line terminals voltage levels. Since the line’s capacity information is not
given by the data sources, the line with the highest power capacity among the lines with corresponding

voltage level is selected and assigned.
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3.2 Distribution network

From the planning perspective, distribution systems are expected to be massively affected since the
evolution of the generation mix and demand side management is taking place at the lowest voltage levels
mainly (medium/low voltage). However, as anticipated in deliverable D4.1 of the FlexPlan project [1], the
real data collection of distribution networks (especially considering that the entire territory of each
regional case needs to be covered) is critical. For this reason, for the FlexPlan project, a realistic synthetic
distribution systems have been created for each regional case and connected to the transmission network
described in the previous section. The adopted synthesis procedure is described in [47], while the source
of information (from which the country dependent network characteristics have been extracted) are

described within the next subsections.

Thanks to time series returned by MILES simulations, the aggregated power profiles of distributed load
and generation have been extracted for each primary substation, assumed to be point of common coupling
between high voltage system and medium voltage distribution network. Consequently, these power
profiles have been randomly split and spread over the synthetically generated distribution networks to

model (for each node) the connected loads and generation units.

3.2.1 Iberian Peninsula

As to Spain, no public data is available for the distribution network. In addition, there are five major
DSOs and many small ones and they have historically evolved in different ways. This makes distribution
networks to be quite heterogeneous, including the use of different voltage levels. Currently, grid
development is carried out considering common procedures at national level, but this was not the case
some years ago. Availability of a number of distribution network data sets from previous projects permitted
to extract some characteristics of them. These network data are not public, so they were not shared and
only non-confidential statistical parameters have been calculated according to the approach described in
[1]. These statistical values are the input for the creation of synthetic distribution networks. Some
adaptation of the input data had to be done to permit the script to extract the characteristics parameters of
the network. Only connection nodes between transmission and distribution networks have been

considered and their locations were identified.

The FlexPlan consortium includes e-distribucion (one of the major Spanish DSOs) as a linked third-
party. e-distribucién provided statistics on distribution network characteristics, which agrees with the

ones already collected by RSE from the information reported above.

For Portugal, as the full map of the high and medium voltage networks for the distribution system is
available in [29]. Using this map and the information annexed to the same document, the actual topology
and characteristics of the network has been reconstructed and will be used in the context of FlexPlan. All
primary substations of the distribution network also have their location identified. A network model has
been built, using the real grid topology. The grid model was created using public data shared by E-REDES,

the major Portuguese DSO.
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3.2.2 France and Benelux

Multiple networks have been downloaded from DiNeMo [30][31]. Depending on the location of the
primary substation (transmission or sub-transmission substation), a distribution network is assigned to
the substation distinguishing the rural, suburban and urban nature of the substation location. Eventually
the individual demands of the distribution network are adjusted such that the total demand of the
distribution network corresponds to the nodal demand which has been obtained by disaggregating the

nodal demand provided by MILES.

For the distribution networks, the most used voltage levels in Belgium and the Netherlands are 30 kV,
whereas in France 20 kV and in Luxemburg 15 kV is utilized most. Thus, the created networks used these

voltage levels.

Starting from this information, the statistical values requested by the procedure described in [1] have
been extracted and provided as input for the creation of synthetic distribution networks which cover the

entire regional case territory.

3.2.3 Germany, Switzerland and Austria

The distribution grids of this Regional Case are not publicly available. However, data from SimBench
[78] can be obtained to use the synthetic network generator. In SimBench, synthetic and representative
network models were derived based on a detailed literature review and using developed tools [32]. The
supply situation in Germany is analysed for the medium and low-voltage grids. Clusters are formed on the
basis of municipal data, such as population density and community area [33]. For these clusters, which also
allow a differentiation into urban, semi-urban and rural regions, grids are subsequently generated. In the
case of the low-voltage networks, the networks are generated with the help of 0SMoGrid, an OSM tool [34]
and subsequently analysed, by comparing the generated grids to existing distribution grid data and
working with DSOs that were part of the SimBench-project. The medium-voltage grids are generated using
average properties of the grid areas. In summary, SimBench provides network data and evaluations for

different types of municipality [35].

This information is then used to allocate low and medium voltage grids to the various transmission grid
nodes. The municipality information [36] can be used to assign the appropriate medium and low-voltage
grids. The methodology for integrating the generators and loads regionalised by MILES [80] in the

distribution grid is presented in the respective following chapters.

The collected data is based on the results of the SimBench research project in which TU Dortmund
University participated. DSOs did not participate in the network modelling and validation activities in
FlexPlan, but DSOs were associated partners of the SimBench project. Starting from the available models,
the statistical values requested by the procedure described in [1] have been extracted and provided as

input for the creation of synthetic distribution networks which cover the entire regional case territory.
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to derive the starting points for the subordinate medium and low-voltage grids.

3.2.4 Italy

No public models of the Italian distribution systems are available and synthetic networks were created
using several sources of publicly available information [37]-[44]. The analysis of the collected data allowed
the adoption of a synthetic network generator [45], capable of providing a number of different distribution

grids covering the entire territory of the regional case.

Voltage levels and connection with the transmission network has been assumed on the basis of the
Italian region/province, power transfer capacity of high voltage network, density of final users. In
particular, the number of primary substations (point of common coupling between transmission and
distribution) per province is publicly available information [46] and the nominal power of their

transformers has been hypothesized from the analysis of:
. Development plans released by Italian distribution system operators [37].
. The electricity consumption in each Italian province published by Terna [38].
e Geographical concentration level of final users released by Italian Regulator [39].

Thanks to the data reported in [39], also the characteristics (urban, rural, etc.) of distribution networks
have been gathered. This analysis returned the amount of distribution grids connected to the transmission
system for each province, together with their rated power and geographical extension. Adjustment (fine
tuning) of the obtained distribution networks has been performed [47] by comparing their simulation

results with the outcomes of previous studies reported by national regular and network operators.

The process described in the previous section identified the amount and characteristics of distribution
networks for each Italian province. Thanks to this information and from the analysis of the Italian
transmission network model described above, the precise geographical location of each primary substation
has been defined. In fact, the transmission network model extracted from [19] included information

concerning the geographical location of distribution transformers.

Concerning the geographical location of distribution nodes, no sources of information have been found.
For this reason, no geographical coordinates are assigned to electrical nodes belonging to radial

distribution grids (except for the primary substation).

During the previous collaboration experience between RSE and Italian DSOs, models of real distribution
networks have been collected. These networks have been analysed and the extracted high-level statistics
have been used in order to feed a synthetic network generator [47]. In addition to real networks,

information concerning network characteristics have been extracted from:
. Textbooks, literature and presentations on the Italian distribution systems [40][41][42].

. Distribution grid code released by e-distribuzione [43].
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. Documentation released by the Italian Regulator[44].
. Rules defined by the Electrotechnical Standardization Committee [44].

The FlexPlan consortium includes e-distribuzione (one of the major Italian DSOs) as a third-party
partner. e-distribuzione provided statistics on distribution network characteristics, which agrees with the

ones already collected by RSE from the documentation reported above.

3.2.5 Balkan region

No public models of distribution systems for Balkan region are available and synthetic networks were
created using modest sources of publicly available information [30][44]. The analysis of the collected data
allowed the adoption of a synthetic network generator [45][47], capable of providing a number of different

distribution grids covering the entire territory of the regional case.

Voltage levels and connection with the transmission network has been assumed on the basis of the
power transfer capacity of high voltage networks. In particular, there are only 4 nodes in Balkan region at
which industrial consumption is connected. For all other nodes, we assumed that there is a distribution

network connected.

Based on EKC internal database and knowledge of the region, separation of the rural and urban zones

has been made.

The DiNeMo tool [26] has been used to obtain parameters about the distribution networks in the region.
These data have been used to feed a synthetic network generator [47]. Information concerning network
characteristics required as input data for DiNeMo tool has been taken from EKC’s database and some public
sources [48]. Starting from this information, the statistical values requested by the procedure described in
[1] have been extracted and provided as input for the creation of synthetic distribution networks which

cover the entire regional case territory.

From the analysis of the transmission network model for Balkan region described above, the precise
geographical location of each primary substation has been defined. In fact, the starting transmission
network model also included information concerning the geographical location of distribution
transformers (distribution transformers are referring to the transformers in primary substations 110/35
kV, 110/20 kV, it was considered all transformers in primary substations between distribution and
transmission network as distribution rather than transmission transformers). Concerning the geographical
location of distribution nodes, no sources of information have been found. For this reason, no geographical
coordinates are assigned to electrical nodes belonging to radial distribution grids (except for the primary

substation).
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3.2.6 Nordic region

Due to lack of detailed distribution network data, a synthetic distribution network generation method
developed by RSE is used for the Nordic region [45] (the detailed procedure is described in [77]).
Parameters extracted from real networks from Nordic Region are to be used for generating synthetic
distribution networks. (As of 2021-06-16, parameters are extracted for two Norwegian 22 kV urban
networks obtained by SINTEF and a data set for Denmark with 10.5 kV rural networks that was previously
obtained by RSE.)

Municipality level population projections for 2030 is used from the following sources:
. For Norway: Statistisk sentralbrya [49].

. For Finland: Tilastokeskus [50].

¢  For Sweden: Statistics Sweden [51].

. For Denmark: Statistics Denmark [52].

For Norway and Denmark, information about load and generation in the grid models is used to
determine nodes in the transmission and sub-transmission system to which (synthetic) distribution grid
models will be attached: Transmission and sub-transmission nodes to which only generation is assigned
(or neither load nor generation is assigned) in the grid models will not be assumed to connect to a
distribution system. For Norway, bus names and information about the localization of major industrial

loads will also be used to select some load buses to which no distribution grid is assumed to be connected.

A method has been developed internally in SINTEF to designate transmission buses as either rural or
urban. First, all transmission buses are mapped to municipality borders available on OSM and with
conditions of the population density the designation is carried out. A threshold of 150 inhabitants per

square kilometre is used to designate a rural and urban distribution network.
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4 Generation and load input data and its localization

4.1 Generation

The simulation of the six regional cases designed in FlexPlan requires the existence of multiple data
sets, which allow to simulate different energy scenarios, using the grid datasets described previously. An
important activity to complement the existing grid models was dedicated to the collection of data related
to generation units. This data is required to characterize dispatchable and non-dispatchable generation and
also to allow allocating Pan-European market results (installed capacities and generation time series) to

specific power generators in all analyzed horizon years: 2030, 2040 and 2050.

The collection of data for generation units was already started in the context of pan-European market
analysis, as this data was required as an input for the MILES tool. In Deliverable D4.1 of the FlexPlan project
[1] a short description of data sources is performed, regarding the creation of a database for generators.
However, given the scope of Pan-European market analysis, the work was mainly focused on the
identification of existing generation units, as this data was used in the regionalization process followed by
MILES. In the currently reported work, the focus is on the identification of all necessary power plants
required to match the necessary total installed capacities and time-series generation profiles, starting from
the outputs of market analysis (regional level) up to the nodal level required in the simulation of the

regional cases and representing the created pan-European energy scenarios.

The different regional cases had to follow different procedures in order to complete the identification
and allocation of installed capacities. These are linked to the quality and availability of previous existing
data (as the grid model received from ENTSO-E for a 2025 scenario). In the next sections, the main

methodological rules and principles are given for each regional case.

The installed capacities are pre-given by ENTSO-E scenarios for each target year, the description of the
principle for an allocation of the power plants for 2030, 2040, 2050 in the grid model is given below in the
following sections for each region. The MILES provides generation data, containing the distributed
generation time-series on higher voltage levels of transmission substations. The connection to the actual
distribution node is based on a pseudo random allocation algorithm, managed by the synthetic network

generator [47].

For the allocation of the new, perspective power plants for 2040 and 2050 the same approach as for
2030 will be used, mainly by using the current location of the existing connections and considering the

location of natural resources and local restrictions.

4.1.1 Iberian Peninsula

For Spain, the first identification of power plants came through the analysis of network nodes in the
ENTSO-E model. The identification of the nodes, including the satellite view and the information included

in the REE power system maps, permitted classification of the nodes per type, including the generation

type.
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generation capacity and construction year were found from available information (several sources
including utilities reports, [84] and [85]). According to the National Integrated Energy and Climate Plan
(PNIEC), it is expected that the installed capacity of thermal power plants will not change much in Spain.
For hydro power plants, as well, reservoir volume was considered to model them as storage [86]. Inflows
per basin were considered and disaggregated to power plant level [87]. Biomass plants were found on the
internet one by one (several sources). Wind and solar plants were only identified when their substation
was connected directly to transmission or sub-transmission networks. To make the scenarios coherent, the
input data from MILES [80] was checked and compared with data from the created grid model, taking the
real 2020 installed generation capacity into account. The results are shown in the following Table 4-1(these

differences were considered as acceptable):

MW MILES FlexPlan model Difference
Photovoltaics (PV), GW 37-135 37-135 0
Wind, GW 45-86 45-86 0
Hydro RoR 3640 5233 1593
Hydro Res 10975 8513 -2462
Other RES 2226 2806 580
Nuclear 2716 3245 529
Gas 25761 24574 -1187
Pumped storage 9520 9625 105
Storage 9520 9625 105
Total hydro 24135 23370 -764
Total fixed Generation 54838 53996 -842

Table 4-1- Comparison between TYNDP scenarios from MILES and the scenario defined for the project for Spain.

In the case of Portugal, the list of power plants existing in the ENTSO-E data model was considered, for
the identification of most dispatchable power plants (thermal and hydro). The list of all existing
dispatchable power plants was completed with the help of REN. In the case of renewable power plants
(wind, PV, biomass, hydro), the existing power plants were identified by comparing the data from the

ENTSO-E model and the data available in [53].

For Spain and Portugal, generation technologies suitable to be connected to distribution networks are
Wind, PV, hydro and Other-RES (biomass and biogas mainly). From MILES, generation was allocated to
transmission network nodes. The first step was to disaggregate that generation to sub-transmission nodes.

For that purpose, each sub-transmission node was assigned to a transmission node based on proximity.
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Then the generation power and energy allocated by MILES to one transmission node was distributed
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uniformly between all sub-transmission nodes assigned to it.
For wind and solar the disaggregation was performed as follows.

o Ifthe transmission or sub-transmission node has no substation type, the wind or solar power plant

was connected to the lower transmission/sub-transmission node. If the node has substation type:

o Solar: if the generation capacity was lower than 50 MW or if it was higher, but is within a big city,
it was connected to a distribution node. If not, it was connected to the lowest voltage to the

transmission/sub-transmission node.

o Wind: if the generation capacity was lower than 15 MW, it was connected to the distribution

node.
In the case of hydro, the scenario data provided by MILES is assigned considering the following:

e If there was already a dispatchable hydro power energy storage system at a certain node, it was
checked if the installed capacity power provided by MILES for that node was higher than that of the
defined energy storage system: in this case, the excess power was considered as a new non-

dispatchable plant (generator).

o If the generating capacity of a plant provided by MILES was lower than the existing dispatchable

capacity of the plant, the existing capacity was considered for that node.

¢ For the nodes where there were no non-dispatchable or hydro plants, the information from MILES
was considered. If MILES indicated that there is hydro and that node had not substation type, the
plant has been connected there, if the node had the substation type, the power plant was re-
connected to the distribution node. Capacity of 50 MW was not considered a limit, and it was
considered that the installed power provided by MILES could be the aggregation of different plants

amounting that total size.
For Other-RES, mainly biogas and biomass:

¢ Biomass plants have been identified in the grid model with their installed capacity. For other
technologies falling into this category, such as biogas or ocean energy, it was suggested that new
plants are or will be of smaller size and that they will be quite scattered around the territory,
therefore, it was assumed to use MILES data. MILES information was checked node by node and if
there was a biomass plant, it was considered, if there was not any biomass plant, a new generator
was modelled. Some known big generators were connected to the transmission and sub-

transmission network and the rest were connected to the distribution network.

When more than one voltage level was available for a certain location, the generators were connected

to the lowest voltage level (among 400 kV, 220 kV and 132 kV).

The scenario depicted for 2030 is quite close to current one for conventional plants including hydro.

Therefore, new plants are mainly associated with wind and solar (see Table. 1.2). In this case, to be
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consistent with the MILES data, this information was considered as input for all the existing plants in the
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future scenarios and it was distributed throughout the network model in accordance with the description

in the previous section.

4.1.2 France and Benelux

The different generators are distributed using different influencing factors:

PV generation: in northern countries with low solar irradiation, it is assumed that most of the PV
generation is rooftop PV and hence is distributed in urban areas. In countries with high solar irradiation, it
is assumed that there are more ground mounted plants, hence they are distributed in non-irrigated arable

land.

Wind generation: considering the distribution of existing plants, agricultural areas, and reciprocal to

population density.
Hydro generation: upscaling of existing plants and the distribution is divided to the nearest nodes:

For the preparation of the final data sets the following approach is used. For PV generation it can be
assumed that it will be mostly rooftop PV. As such, the PV generation will be distributed among the sub-
transmission and distribution nodes of the system, making use of the geographical location of the high
voltage transmission and the sub-transmission networks. For each high voltage substation, an area of
influence will be defined, and the PV generation will be distributed linearly among all sub-transmission and
distribution networks located in that area of influence. As most onshore wind power plants are connected
to the sub-transmission network, the same approach is going to be applied for them. As the amount of hydro
generation is limited, no disaggregation will be performed. Conventional power plants currently under

construction will be added to the data sets manually.

4.1.3 Germany, Switzerland and Austria

The main sources for generation data are the German Bundesnetzagentur (The Bundesnetzagentur is a
German federal authority that maintains, promotes, and monitors competition in regulated network
markets. In its role, it also provides the public with various data on the electrical energy system). Large
generation units are maintained in a power plant list [54]. This list enables direct assignment to the
connection nodes. Renewable Energy Sources and smaller generation units are part of the so called
Marktstammdatenregister [55]. Since an exact allocation to distribution grid nodes is not directly possible
with this data and is not practical anyway, only the connection levels are evaluated in order to then locate
the generation units in the high, medium or low voltage level. The exact placement in a grid level is done

randomly with the help of the grid generator [81][88][89].

The results of the evaluation of PV systems show that a distinction must be made between roof-mounted

and ground-mounted systems. The share of installed capacity of rooftop PV systems in the total installed
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capacity can be varied depending on the scenario. Typically, the share of rooftop systems is set between
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50% and 70%. The rooftop installations are located entirely in the low voltage level. Because 83 % of all
ground-mounted systems are connected to the medium-voltage level based on the data analysis, it is
assumed that ground-mounted systems are primarily installed in the medium-voltage level. The evaluation
of the connection level of wind turbines shows a greater variation. With about 40 % each, the share of wind
energy units connected to the medium and high-voltage grid level is almost equal. 13% are directly
connected to a high-voltage/medium-voltage substation. This information is used to distribute the wind

energy units to specific nodes.
4.1.4 Italy

The main source for (conventional) generation data is from databases collected by RSE during previous
projects and collaborations, including the currently on-going monitoring activities of operational power
plants (especially hydro technology). Such data included: name of the power plant, region, area,
geographical coordinates, fuel type, estimation of the decommissioning year, installed production capacity,

storage capacity of pumped hydro power plants.

The collected data set includes the information extracted from the website of Ministero della
Transizione Ecologica [56], which is constantly updated with the most recent connection of renewable
power plants (RES), including small scale ones. Data from ENTSO-E transparency platform [57] (especially

for hydro generation), as well other open sources [58], have been collected as well.

Since the geographical locations of generators are known (even if roughly for some technologies), the
matching with the most appropriate electrical grid connection node has been performed according to the

Italian grid code [59]:

¢ Power plants with capacity < 6 MW were assigned to a node of the closest distribution network

(the coordinates of primary substation have been used).

¢ Power plants with capacity 6 MW - 100 MW were connected to (sub)transmission (6 MW - 10 MW)
and transmission network (>10 MW), all nodes types with voltage 132 kV - 380 KV.

e Power plants > 100 MW were connected to transmission network, all nodes types with voltage 220

kV - 380 kV.
Finally, a list of operative generators was defined by assigning:

¢ Generation costs, power capacity and reliability indices to dispatchable generators (thermal based

technology).

¢ Curtailment costs, power capacity and reliability indices to non-dispatchable generators (mostly

renewable technology).

¢ Generation/pumping efficiency, power capacity and reliability indices to hydro pumped storage

units.
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Power plants with capacity lower or equal than 6 MW were primarily assigned to the closest primary
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substation. This allocation allowed the construction and testing of the transmission electrical model with

the data of 2020 [57].

For the allocation of the new, prospective power plants the current location of the existing connection
ENTSO-E results of the Pan- European market analysis to be utilised. In particular, small/medium scale
renewables are assumed to be increasing in number of power plants proportionally to the assumed
scenario generation capacity. The same principle adopted for allocation of existing power plants on

distribution network is used.

4.1.5 Balkan region

The main source for (conventional) generation data is the network model of ENTSO-E for TYNDP 2020.

Data from the model include:
¢  Short name of the power plant.
. Region, area, geographical coordinates.
. Installed production capacity.

Additional generation data were taken from databases collected by EKC during previous projects and
collaborations or the information extracted from the ENTSO-E transparency platform [57]. The data

included:
e  Fuel type.
¢  Estimation of the decommissioning year.
e  Storage capacity of pumped hydro power plants.

Since geographical location of generators is known (even if roughly for some technologies), the
matching with the most appropriate electrical grid connection node has been performed according to the

following adopted rules:

¢  Power plants with capacity < 30 MW were assigned to a node of the closest distribution network

(the coordinates of primary substation have been used).

¢  All other power plants were connected to the transmission network, all nodes types with voltage

110 kV - 380 (400) kV with known geographical location.
Finally, a complete data set for operative generators was defined by assigning:

e  Generation costs, power capacity and reliability indices to dispatchable generators (thermal based

technology).

e  Curtailment costs, power capacity and reliability indices to non-dispatchable generators (mostly

renewable technology).
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¢  Generation/pumping efficiency, power capacity and reliability indices to hydro pumped storage
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units.

For the allocation of the new, prospective power plants the current location of the existing connection
points will be used for the wind and hydro power plants. For the other power plants the regionalization of
the MILES results is utilised. In particular, small/medium scale renewables are assumed to be increasing
in number of power plants proportionally to the assumed scenario generation capacity. The same principle

adopted for allocation of existing power plants on distribution network is used (see previous section).

4.1.6 Nordic region

For Norway, the grid data set includes partial information about generators and loads connected to
these network levels. It represents the situation around 2019 and contains a single load and generation

snapshot (power flow solution).

A detailed model of the Norwegian hydropower generation system is associated with the grid model for

Norway, including the mapping between the generators and the buses of the grid model.
For Thermal generators:

The ‘Matched data’ FlexPlan dataset [60] is used as a starting point for thermal generators in Denmark,
Sweden and Finland. This source also includes coordinates for each power plant. The assumption is that
rather than building new power plants, it is likely that old power plants will be retrofit to use more
environmentally friendly fuel types. These data are supplemented by more detailed data in an in-house
Excel sheet generator database at SINTEF Energy Research. This data set covers power plants in the Nordic
region and some surrounding countries and was last updated around 2018. It also contains information

about net electric efficiency and cost related data for the power plants.
For PV and Wind:

For wind power the MILES data is adjusted with datasets of existing wind turbines/farms [61]. For PV

the existing capacity is very small for the Nordic region, so for this type the Miles data is used directly.

Power plants with capacity lower or equal than 6 MW (3 MW for Hydro) were primarily assigned to the

closest transmission node (primary substation).

For PV, Wind, and Other-RES, installed capacity on the distribution grid is assigned as a function of the
total installed generation capacity for the transmission node. This is done by using a piecewise linear curve,
which can be different for each country fuel type. For instance, in Sweden and Finland wind in the
distribution grid is assigned as follows: All installed capacity up to 5 MW is put on the distribution grid,
then 50% of the capacity up to 10 MW, 25% of the capacity up to 20 MW and 0% after that. By doing it this
way there will be a difference between distribution grids in wind areas and non-windy areas, while also

making sure that no primary substation has more than 10 MW in the connected distribution grids.

Copyright 2021 FlexPlan Page 36 of 64



FlexPlan

Furthermore, to avoid a situation where all distribution grids have some wind/PV/Other-RES, the
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installed generation capacity is removed and redistributed to the transmission level if it is very low. The
cut-off values used for deciding whether to remove and redistribute the capacity in a distribution grid was

4 MW for Wind, 0.1 MW for PV and 1 MW for Other-RES.

For the thermal generators, all 2030 scenarios are the same in the Nordic region. Therefore, a common
2030-database is created by adapting the starting point. This is mainly done by removing old power plants

and scaling remaining power plants to achieve total installed capacity equal to scenario values for each fuel

type.

For 2040 and 2050 the scenarios only have minor differences, and all changes are reductions relative
to the 2030 values. Therefore, updating the dataset for each scenario is done by either downscaling power

plants, for minor changes, or removing power plants for larger changes.

4.2 Load

The MILES provides load data, containing the distributed load time-series on higher voltage levels of
transmission substations. Similarly, to the workflow required for the identification of generation units,
there is the need to perform two activities related to load, which aim to enable the simulation of the
foreseen energy scenarios in the six regional cases, including the utilization of demand-side flexibility.

These two activities include:
. Identification and characterisation of major loads, which can provide flexibility to the system.

. Creation of a methodology to allocate the regional level load data received from Pan- European

market analysis to the required grid nodal level.

The portion of the load belonging to the distribution network has been assigned to each primary
substation based on their rated power. As it happens for generation, each load connection to the actual
distribution node is based on a pseudo random allocation algorithm, directly managed by the synthetic

network generator [47].

In the next sections, these activities are summarized, for each one of the regional cases.

4.2.1 Iberian Peninsula

Two main sources were used for load modelling for the Spanish network. The first was a result of the
network analysis while modelling the transmission and sub-transmission network. The open sources
(internet) were used to find information regarding load and big consumers. Second, the ENTSO-E scenarios

and MILES results were considered.

In the case of Portugal, industrial loads (connected directly to the transmission network) were
identified with the collaboration of REN. However, only the type of industry is obtained, as there is no

additional information.
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The analysis of network nodes led to the identification of several industries, mainly those that were
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directly connected at a transmission or sub- transmission network. As well others near to substations
connected to these networks. Additionally, to the big industries, some other big consumers were found and

included in the commercial sector.
The following types of big loads were identified:

e Industrial sector: automotive, cement, chemical (cellulose), gases (air separation), metal (e.g.
aluminium), petrochemical, shipyard, steel (the most numerous).
e Commercial sector: airport.

e Transport: high speed train supply.

Types of big loads not directly connected to the transmission network are water treatment, water

desalination, paper mill, cement, automotive, gases manufacturing, high speed train.
The general approach for the load connection to the network is next:

e Load data from MILES is assigned to transmission nodes directly.

e If transmission nodes are “load” or “generator” type, the load remains at that voltage level. If
they are “substation” type, they are shared to either sub-transmission (if a connection exists at
that substation between both networks) or distribution.

e Ifsub-transmission nodes are “load” or “generator” type, the load remains at that voltage level.

If they are “substation” type, the load is shared between the nodes at the distribution network.

In the case of Portugal, the allocation of load to the distribution systems will follow a similar approach
of the one explained above but considering as well the information obtained in public reports of the

Portuguese DSO [83], where the maximum load values of primary substations are identified as well.

4.2.2 France and Benelux

As in the case of PV and wind generation disaggregation, the demand time series is going to be

distributed uniformly, based on the area of influence of the HV substations.

Data on big industries was collected for France and Benelux countries and assign some industrial loads
on high voltage levels manually. To do so, also the default demand values of the TYNDP data set are going

to be used as reference.

Distributed load will be connected to the network using the approach described before, i.e. uniformly,
based on the area of influence of the HV substations (e.g., if there are 5 substations in the area of influence
of the substation for which MILES data is provided, each substation will get one fifth of the demand coming
from MILES).
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4.2.3 Germany, Switzerland and Austria

The major load of each node of the transmission grid is provided by MILES. The load of big industries is
subtracted, and the remaining load is distributed to the nodes of the high-voltage grid according to the
supply area. It is assumed that this load is generated by underlying medium and low-voltage grids.

Accordingly, the load was considered for the distribution grid generation.

The load of big industries was collected from internal ie3 databases which is also used in MILES.

4.2.4 Italy

Different sources of information were used for the collection of data related to loads connected to the
Italian network. The time series of the total load is defined per scenario and provided by MILES. Then, it is

split into big industries and distribution loads.

Thanks to the availability of RSE internal databases, a list of big loads with geographical information
and rated power has been extracted. No real time series for industrial consumption were available and a
standard power profile has been used [41], which has been weighted according to the rated power of each
industrial load. Loads of big industries have been assigned to the closest transmission network node. In
some cases, the voltage level to which the load unit is connected was known and used during the selection

of nodes. In other cases, the assignment of the voltage level has been performed based on the rated power.

Then, the total industrial consumption is subtracted from the time series representing the total load
and, the resulting one, is assigned to the distribution network and split according to the rated power of the

primary substations.

4.2.5 Balkan region

Different sources of information were used for the collection of data related to loads connected to the
network of Balkan region. The time series of the total load is defined per scenario and provided by MILES.

Then, it is split into big industries and distribution loads.

Thanks to the availability of EKC internal databases, a list of industrial loads with geographical
information and rated power has been extracted. Since the number of industrial loads is small (only 4 in
Balkan region) and no real time series for industrial consumption were available, loads for all nodes have

been kept proportional to the loads given in the initial network model.

The portion of the load belonging to the distribution network has been assigned to each primary

substation based on the corresponding load given in the initial network model.
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4.2.6 Nordic region

Data about the load distribution for a single snapshot is available with the grid models for Norway and

Denmark. For Sweden and Finland, no load data were available.

The best sources found to date for major loads in Norway is a report from NVE about industry from
2013, and [62] and the grid data from [22]. The former has information about approximate localization,
approximate annual energy use, and approximate distribution throughout the year. The host page for the
report also has some data about expected future energy use for various industries in 2030 and 2040. The

grid data from NVE includes connection points for some of the major loads in Norway and Sweden.
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5 Environmental indices and input data

The regional case leaders have been asked to provide data of existing thermal power plants that will be
still operating in 2030. The template of the requested data can be found in the annex 2. Datasets are briefly

described hereafter by region.

In the Spanish dataset 30 existing thermal power plants are supposed to be still operating in 2030.
These power plants account for 24.7 GW of installed capacity. According to the European Reference
Scenario, in 2030 thermal power plant installed capacity in Spain is expected to be 36.9 GW [63]. The fuel
sources of these plants are natural gas or biomass (residual) (121 MW). For 18 out of 30 power plants the
efficiency is provided, while it can be derived from fuel consumption and annual production for another

one. Emission data are complete for 28 plants. No information on the plume rise parameters are provided.

The Portuguese dataset comprises 22 plants, for an overall installed capacity of 3.35 GW. For three of
these power plants the main activity is power generation (2.9 GW), while the remaining (0.4 GW) are small
units employed in the wood and paper industries, whose main activity is to provide heat and energy for the
industries’ self-consumption. For the first three the fuel source is natural gas, for the others is biomass. For
biomass the source is either fuelwood or wood residues or by-products. There is no information on the
subdivision between primary and residual biomass. The installed capacity of thermal power plants in

Portugal in 2030 according to the European reference Scenario is 5.75 GW [63].

The France and Benelux dataset is filled with 131 power plants (22 of them nuclear) with a total
installed capacity of 118.9 GW. 56 plants are in France, with a total installed capacity of 81.8 GW (of which
63 GW are from nuclear power plants). 22 plants are in Belgium, with a total installed capacity of 13.0 GW.
No power plants are operating in Luxembourg. 53 power plants are in the Netherlands, with an installed
capacity of 24.1 GW. 57 plants are characterized by their efficiency; for the other plants the efficiency
cannot be derived from fuel consumed and electricity produced, because of insufficient data. Greenhouse
gas emission data are not provided but for 3 plants. For air quality data, SO2, NOx and PM10 annual

emissions are provided for 33 plants. No information is provided regarding plume rise parameters.

For Germany, Austria, Switzerland, there are 38 plants in Germany (installed capacity 20.3 GW); 21
in Austria (5.1 GW) and 3 in Switzerland (0.132 GW). The dataset thus comprises 62 plants, which
represent a total installed capacity of 25.5 GW. 48 of the 62 plants are described with plant efficiency. CO2
annual emissions are provided for 60 plants, as well as N20 annual emissions for 4 plants. No CH4 data are
available. For the air quality part, 25 plants present CO2 (or SOx) data; 34 NOx; 1 VOC; 4 CO; 1 NH3; 16 PM10
(all expressed in terms of tons/year). For 13 plants information about the number of stacks and the height

are provided.

The Italian regional case includes 117 fossil fuel and 1565 biomass fuel power plants, respectively

accounting for 49.1 GW and 5 GW of installed capacity.
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Emission data for fossil fuel plants have been collected from the sources listed in the following section,

“Air quality” paragraph. The availability of data is as follows:
. 94 plants included in the LCP reporting.
. 91 plants included in the E-PRTR.
. 66 plants for which EMAS declarations have been found.
No data was found for 13 plants, totalling 0.47 GW installed capacity.

Only 20 among the biomass fuelled plants are included in the available data sources, therefore most of

the emissions will be estimated based on installed capacity, using well-established emission factors.

The Balkan region dataset encompasses 35 power plants (12.3 GW) expected to be operating in 2030.
This list includes both running plants and plants not yet in operation. These plants are fuelled with natural
gas, or hard coal or lignite. 10 plants are in Serbia (6.0 GW); 5 in Croatia (1.5 GW); 4 in Slovenia (1.1 GW);
7 in Bosnia Herzegovina (1.9 GW); 4 in North Macedonia (0.9 GW), 2 in Montenegro (0.5 GW); 3 in Albania
(0.3 GW). For every power plant efficiency and €02, SO2, NOx and PM2.5 emission factors are provided.
PM10 annual emissions are available for 20 power plants. For 16 plants the following plume rise

parameters are provided: number of stacks, stack height and diameter.

The dataset of the Nordic region encompasses 66 power plants in Denmark, Finland and Sweden. In
Norway in 2030 no thermal power plants are expected to be operating. 41 of these power plants are in
Finland (7.2 GW); 15 are in Denmark (5.4 GW); 10 are in Sweden (3.6 GW), for an overall installed capacity
of 16.2 GW in the Nordic region. With four exceptions in Finland, all the plants are multi-fuel. For each
power plant, efficiency is provided. For the carbon footprint section, 22 plants present CO2 emission data,
2 have also CH4 data, no data on N20 are provided. For the air quality section, all the power plants are filled
with SOx, NOx and PM10 emission data and the reference yearly profile. Plume rise parameters are

provided fully for 8 plants, partially for 12. No data on nuclear plants are provided for Finland.

5.1 Carbon footprint data

Besides the Spanish case, all the datasets have gaps to some extent, and those need to be filled before

performing the carbon footprint analysis. To do so, the following two approaches were taken:

For datasets providing the required technical data (efficiency or fuel consumption and energy
production) but lacking all or part of the emission data, the emission factors of the IPCC have been
considered [64]. These emission factors provide the amount of CO2, CHs4 and N20 for a unit of fuel (M])
burned in the power plants. Combined with the power plant efficiency (or fuel consumption and electricity
generated at the power plant) it is possible to derive the direct CO2 equivalent of the kWh generated at the

power plant.
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For plants with insufficient technical data (e.g. efficiency is not available or it cannot be calculated) the
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average efficiency of plants with the same technology has been used.

As far as biomass fuel power plants are concerned, where there is no distinction between the biomass
origin (residual vs not residual) the current ratio between biomass and residual biomass in the Eurostat

dataset is applied [65].

5.2 Air quality

In all regional cases, emissions or emission factors for air quality related pollutants are lacking to some

extent. The main sources of data used to fill the gaps are:

. the European and national Pollutant Release and Transfer Register (PRTR) databases [66], if not

already used by the representatives of the region.

. reported data on large combustion plants (LCP) covered by the Industrial Emissions Directive -

2010/75/EU, Article 72 [67].

. European Eco-management and Audit Scheme (EMAS) declarations [68] (European Commission,

2011) for those plants that voluntarily chose to adopt the scheme.
e  The EMEP/EEA air pollutant emission inventory guidebook 2019 [69].

Missing parameters to be used for plume rise estimation are filled using values typical of power plants

of the same technology and size.

5.3 Environmental models

The simplified model used to evaluate air quality impact is derived through a Taylor expansion
approach based on a full 3D chemistry and transport model (CTM) able to reproduce all chemical and
physical processes which air pollutants undergo in the atmosphere. The CAMx model (Comprehensive Air
Quality model with extensions, [70]) is applied together with the embedded DDM algorithm (Decoupled
Direct Method for sensitivity analysis in a three-dimensional air quality model, [71]). In addition to
simulating concentration fields over domains covering all the regional cases, CAMx/DDM estimates
sensitivity of those fields to variations in the emissions associated with the thermoelectric power plants
considered in the project. This allows to link variations in production of each plant to variations in
emissions, and consequently in pollutant concentrations over the fallout areas. Finally, health impact on
population living in those areas, as well as the related costs, are derived from concentration variations. For

a detailed description, see Section 6 deliverable D 1.2 of the FlexPlan project [4].

The modelling grids used for the regional cases runs of the CTM have been chosen in order to balance

coverage and resolution of the output fields on the one hand, and computational efficiency on the other,
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given the complexity of the involved numerical code. As the Nordic countries of Nordic regional case is
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located peripherally on the northeast with respect to the others, a dedicated domain is used, while all the
other regional cases are covered by the same single domain. The two grids are defined in the WGS84
geographic Coordinates Reference System (CRS) as detailed in Table 5-1, with a grid spacing of 0.125° (1/8
degree). This choice was made considering the input data CRS, which is the same for meteorological and

emission files (see below). An overview of the two grids is shown in Figure 5-1 and Figure 5-2.

Grid min. max. min. max. No. of cells | No.ofcells | Total no.
longitude longitude latitude latitude along x alongy of cells

Nordic 6 32 54 67 208 104 21632

RC

Other -11 24 34 56 280 176 49280

RCs

Table 5-1 Grid parameters for CAMX/DDM simulations

Figure 5-1 - CAMX/DDM modelling grid for all Figure 5-2 - CAMX/DDM modelling grid for the

regional cases but the Nordic countries regional case Nordic countries regional case

Meteorological fields used for driving advection and dispersion in the photochemical model are taken
from the ERAS dataset (provides hourly estimates of a large number of atmospheric, land and oceanic
climate variables), made available by the ECMWF (European Centre for Medium-Range Weather Forecasts)
[73]: a comprehensive reanalysis of forecasts performed by the IFS model and data assimilation system
[74], which assimilates as many observations as possible in the upper air and near surface. Data can be
retrieved on a regular latitude-longitude grid, with a resolution of up to 0.25°. ERAS fields are then
interpolated on the higher-resolution grids and further parameter variables needed by CAMx are computed

from the available ones.

Pollutant emissions from the investigated power plants are assigned to point sources in the relevant

grid cell based on their geographical coordinates. Vertical position and air mass buoyancy characteristics
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are calculated using the ancillary data (stack height and diameter, flue gas exit flow rate, temperature and
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velocity) received from the RCL, or estimated if missing.

Besides this critical input, further data are needed to describe the overall emissions forcing the
concentration field on the modelling domain. The CAMS_REG_AP emission inventory produced by TNO [75]
will be used, processing the data with the HERMES emission modelling framework [76]. Total annual data
provided for each pollutant and each activity sector on 0.0625° x 0.125° lat-lon cells is then spatially,
chemically and temporally disaggregated to obtain hourly emissions of the relevant chemical species on

each grid cell of the target modelling domain.

In order to correctly simulate the chemical equilibrium inside the modelling domain, boundary
conditions will be derived from concentration fields produced by large scale chemical model runs, available

from European services (e.g. CAMS).

A winter and a summer month of the year 2017 will be simulated with a reference load profile assigned
to power plants in each regional case, derived from available data. For each regional case, the methodology
already used for the Italian test case will be followed to obtain the Impref and Prodref coefficients as defined
in the deliverable D1.2 of the FlexPlan project [1]. In brief, an estimation of the sensitivity of concentration
values to emission changes (i.e. production changes) for each grid cell, for each hour of the day and for each
season is calculated as an average over one month’s worth of CAMx simulation data, where the investigated
sources are those associated to power plants. This way, daily and seasonal variability in dynamics and

chemical evolution of the air masses in the atmosphere is considered.

Finally, the effect of air pollution on health is calculated combining variations in pollutant concentration
for each model grid cell (estimated annual average PM2.5 concentration), municipality-level population
data and baseline incidence rates with a log-linear model. Yearly mean concentration of pollutants is
calculated with CAMx model, population data comes from EUROSTAT population dataset [76] and all the
incidence rates come from HRAPIE (Health risks of air pollution in Europe) project [77]. As indicated in the
latter report, we assume that premature mortality affects only adults 30 years of age or older, and we use
a value of relative risk (RR) per 10 pg/m3 equal to 1.062 (1.040-1.083, 95% confidence interval) for
premature mortality. In order to allow a more robust economical evaluation of the premature mortality

impact, health impacts are expressed as Years Of Life Lost (YOLL).
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6 Costs and economic data

The simulation of the full planning procedure to be performed in each one of the regional cases requires
the existence of fuel costs and other economic data necessary to characterize all involved flexibility

elements.

As regarding generation costs, there is the need to characterize the fuel costs. This is required for the
execution of the OPF (that allows to identify grid congestions and reinforcement needs) of the different
scenarios considered in FlexPlan. Due to the lack of complete information regarding generation costs from
publicly available sources, it was decided to use ENTSO-E commodity prices from the TYNDP 2020 in the
regional case studies. Another assumption performed includes the linearization of generation cost curves,
as there is no possibility to obtain real cost curves for the different thermal generators existing at pan-
European level (and required for the different regional cases). Table 6-1 contains the different fuel costs

used in the scope of FlexPlan. These are maintained the same as present in TYNDP 2020 from ENTSO-E.

Year 2030 | 2040 | 2050 | 2030 | 2040 | 2050 | 2030 | 2040 2050

DE DE DE GA GA GA NT NT NT
Nuclear 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
Lignite 3.96 3.96 8.3 3.96 3.96 3.96 3.96 3.96 3.96
Hard coal | 15.48 | 24.9 34.3 15.48 | 24.88 | 34.27 | 15.48 | 24.876 | 34.27
Gas 2488 | 26.3 27.7 2488 | 2632 | 27.76 | 24.88 | 26.32 27.76
0il 0 0 0 0 0 0 0 0 0

Light oil 73.8 7992 | 86.04 | 73.8 79.92 | 86.04 | 73.8 79.92 86.04
Heavyoil | 52.56 | 61.92 | 71.28 | 52.56 | 6192 | 71.28 | 52.56 | 61.92 71.28
0Oil shale 8.28 8.28 8.28 8.28 8.28 8.28 8.28 8.28 8.28
Diesel 37.31

Euro per megawatt

Table 6-1 Fuel prices

In addition to the fuel costs, there are additional economic data required. This includes data allowing to
have an economical characterization of flexibility measures and grid expansion measures. All grid
expansion candidates (including flexibility elements such as battery storage) will be fully characterized and
a CBA is performed, as defined in the scope of work on the planning tool and flexibility elements
identification and characterization. Regarding the economic characterization of flexibility solutions, these

can be mainly summarized as:

. Generation flexibility - flexibility from the generation side is achieved through the definition of
curtailment costs. These will be established taking into consideration the different technologies and

available data sources.
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¢  Demand side flexibility - flexibility from the demand side is characterized using different technical
and economic parameters usually used in demand side flexibility characterization. The Value of Loss Load
(VOLL) is used to characterize involuntary load curtailment due to contingencies (outages) and power
supply interruptions, and should be distinguished from other forms of (flexible) demand reduction. The
parameter can be assigned to all loads and not just flexible loads. Regarding voluntary load reduction or
shifting, different parameters are considered, including: i) compensations for decreasing or shifting power
consumption, allowing to compensate for voluntary demand reduction or shifting of flexible loads,
respectively; ii) definition of maximum energy not consumed, allowing to establish a maximum yearly value
of voluntary load reduction, iii) recovery periods, establishing maximum periods in which a mobilized
flexibility action (e.g. load reduction) needs to be compensated and iv)bounds for upward or downward

shift compensations.
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7 Common post processing of the market results

Data received from both, the market simulations and the regionalization process performed in WP4 was
put available to WP5 in a regional level. However, in order to enable the simulation of regional cases, a full
nodal description is necessary, in order to create the corresponding time-series and hourly scenarios to be
simulated. In this section, a short description of the adaptation approach followed by each regional is
provided. It is important to note that the full understanding of the implemented methodologies also takes

into consideration the generation and load adaptation methods, presented in section 4.

7.1 Used approach for adaptation of Pan-European market results

MILES results for market simulations include as well cross border power flows, one for each
neighbouring country. The general approach to be followed by all regional cases is that for each border (e.g.
France-Germany) the power profile is divided proportionally to the actual capacity of each connection
segment. Additionally, MILES results also included the total generation provided by dispatchable units and
hydro pumped storage. These profiles have been used for the verification of the consistency of the
scenarios, but are not part of the data set requested by the planning tool as the dispatching is performed in

the toolchain of FlexPlan.

In the Iberian regional case, a slightly different approach is used for Spain and Portugal, regarding the
adaptation of pan-European market results from WP4. For Spain, the MILES information has been used as
reference for non-dispatchable generation units and for loads. Dispatchable generation and biomass (here
considered non-dispatchable following the MILES approach) have been identified at network model level.
The matching between the data in MILES and the information retrieved on the current network was done,
so that they were coherent. As non-dispatchable information comes from MILES, this was made for

dispatchable generation including thermal and hydro.

For Portugal, as additional data is available for both dispatchable and non-dispatchable power plants
(from REN), values from MILES are adapted accordingly. This means that there is an intermediary step,
corresponding to a change of location in some installed capacities. This step only implies a change of
geographical location and overall installed capacity and national generation time-series are kept. This step
is performed with the collaboration of REN, and aims at achieving a realistic generation profile (considering
the expected geographic distribution of the different generation technologies). The surplus of installed
capacity existing in MILES (accounted for as new facilities to be deployed until 2030) was not changed and

we assume MILES outputs are correct. These are applicable mostly to wind and PV.

The information from MILES was received at transmission node level. This was disaggregated to the

sub-transmission level with a slightly different approach for generation and loads:

e Generation: sub-transmission nodes were assigned to transmission nodes considering proximity
(similar solar, wind conditions).
e Loads: sub-transmission nodes were assigned to transmission nodes considering connectivity

(connection between transmission and sub-transmission at certain nodes).
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The selection of the generation and load that had to be connected to distribution, has been performed
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in different ways depending on the technology, as explained in sections 4.1.1 and 4.2.1.

For France and Benelux, once the transmission, sub-transmission and distribution networks are fully
available, including the location of generators, loads and storage units, the profiles returned by MILES will
be disaggregated which is providing the time series for total consumption for each considered geographical
location. One additional disaggregation will be on distributing the cross-border power flows as provided

by MILES over the different tie-lines present in the system.

For Germany, Switzerland and Austria, the assumptions mainly include the connection points of the

distribution grid, which was not covered in MILES. These assumptions are presented in 4.1.3.

For Italy, once the Italian transmission and distribution networks were available, including the location

of generators, loads and storage units, the profiles returned by MILES have been split according to:

¢ The geographical area which, for the Italian case, has been selected to coincide with provinces and
big city neighbouring countries.
e The rated power of generators, loads and storage units of the reference case. Capacity upgrades,

which are dependent on the technology, are considered in this process.

MILES has provided a time series for total consumption for each considered geographical location. Thus,

for each area:

e The big industries consumption has been subtracted from the total profile.

e The resulting profile has been divided according to the number of primary substations included
within the area.

e The split has been performed considering the rated power of the primary substations, provided

by the reference case (2020).

Looking at the power profiles of non-dispatchable generation, the same geographical areas have been

considered. For each area and depending on the technology:
o The rated power or the amount of power plants was revised in order to match the scenario data.

o For some kinds of technology (e.g. wind, hydro), the existing power plants in the area were

scaled according to the scenario data.

o For other technologies (e.g. photovoltaics), the amount of power plants was redefined

according to the scenario data.

e The production profile has been split according to the amount and rated power of generators

belonging to the considered area.

For the Balkan region, MILES time series of consumption for each considered geographical location

were used. These time-series have been summed up per each country and after that:

e Loads for all primary stations have been kept proportional to the loads given in initial network

model.
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Looking at the power profiles of non-dispatchable generation, the same geographical areas have been
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considered. For country and depending on the technology:

e The rated powers of existing wind, hydro and solar power plants were scaled according to the
scenario data.
e The production profile has been split according to the amount and rated power of generators

belonging to the considered country.

For the Nordic region, for most cases where real world data was not available, the MILES profiles have
been used distributed to the network busses and used directly. A python script has been created which
compares the coordinates associated with MILES profiles with the coordinates of the power network buses.
First each of the network busses are associated with the closest MILES profile. Then, the MILES profiles
that have not been associated with any network busses are associated with the closest grid bus. Now, all
network busses and MILES profiles should be associated with at least one of the other. Finally, each MILES

profile is divided evenly among all its associated network busses.

Where real life data is available, which is the case for wind in Denmark [90] and Norway, that data has
been used to adapt the MILES profiles. The capacity in each network bus is found by connecting the real-
world generators to the closest network bus. Since the MILES profiles represent the wind conditions at
each physical location, they are used on a per-unit basis for the new capacities. The profiles are then

adjusted to maintain the same production per hour for each region.
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8 Common pre-processing procedures for the case studies

8.1 ICT aspects and JSON file structure

The workflow of the software developed under the FlexPlan project involves interaction between
different modules, each one led by a different developer. Thus, it needs to be (a) customizable, (b) easy to
understand, and (c) lightweight. An overview of the different information that is needed to be transferred
between the users, the optimization engine (WP 3) and the assessment of potential flexibility (WP 2) is

depicted in Figure 8-1.

0 S
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Q _ Grid Model ‘ - OPF results ‘

"E - Future Scenarios - Grid Model

-] ﬁ

£ WP3: —

-

Q

m -

S5 e Planning 9
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G decisions candidates .
- Grid Model |
- Future Scenarios

Figure 8-1 - The workflow between Planning Tool and Pre-Processing tool

The chosen format for the exchange of information is JSON, which is a common practice by both industry
and research. Among other properties, JSON allows to represent objects in many programming languages
as human-readable text that can be easily exchanged through APIs and databases. Also, it is easy for
machines to parse and generate, which reduces the execution time of the tool. Furthermore, it is supported
by Python natively (language of choice for the implementation of the planning tool, both for mathematical
modelling or results generation, as well as for internal and external communication through several API
layers), meaning the expected performance when reading the files is high, as well as numerous useful built-

in functions are available.

The JSON files which will collect the data and models obtained from WP 5 need to be aligned with the
needed input for the optimization problem designed in the deliverable D1.2 of the FlexPlan project [1]. In
such a document, one can consult Section 2, which details the sets, entities and indices used in the planning

tool, together with the optimization variables and parameters.
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8.2 JSON file structure

The following Table 8-1 - Table 8-4 provide detail of the content of each of the files mentioned in Figure
8-1.

Data Details

Grid model - The topology of the power system, providing
information related to buses, lines, converters,
transformers, loads, generators, and storage devices.
Here is included equipment technical characteristics,
i.e. static values which do not vary through the year
(eg. generators’s nominal capacity or branches’
thermal rating).

Similar to equipment profile (EQ) data files, used in the
Common Grid Model Exchange Standard (CGMES) by
ENTSO-E [3].

Future scenarios (2030/2040/2050) - Data related to buses, loads, generators, and energy
storage devices.

Here it is included data which is time-dependant
through a year (eg. load and generation profiles).
Similar to the steady-state hypothesis (SSH) data files,

used in CGMES.
Table 8-1 - Input files for the planning tool
Data Details
Optimal Power Flow (pre-investment) - Outcomes of the non-expanded optimal power flow for

years 2030, 2040 and 2050.

- Expressed as Locational Marginal Prices (LMPs) at the
buses, power flow directions through branches,
transformers and converters and Lagrange Multipliers
(LMs) associated with each branch. Additionally, the
PTDF matrix of the network is provided.

Grid model - Same as Input 1

Table 8-2 - Output files of the planning tool after OPF simulation

Data Details

Investment candidates - Characteristics of the investment candidates
Expressed as a combination of resource location, type
of flexibility technology candidate, alongside with its
size and cost

Grid model - Same as Input 1

Future scenarios - Same as Input 1

Table 8-3 - Input files for running a stand-alone network expansion planning problem
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Data Details

Investment decisions - List of the optimal investment decisions based on the
provided candidates expressed as Boolean variables

Table 8-4 - Output files for running an expansion planning problem

Data Details

Generators - The list of all generators with their type (PV or wind),
their connected bus and their generated active power
variants

Loads - The list of all loads with their connected bus and their

demand reference variants

Granularity - The length of the variants after scenario reduction
(daily, weekly, monthly or yearly)

Number of clusters - The number of variants to select

Table 8-5 - Input files for running the scenario reduction process

Data Details
Scenario probabilities - The list of selected variants together with their
probability

Table 8-6 - Output files after running the scenario reduction process

8.3 Used approach for creation network models in JSON format

Within the FlexPlan project, three visions (scenarios) for each target year (2030, 2040, 2050) based on

diverse storylines, resulting in a total number of nine pan-EU scenarios have been defined.

To determine the optimal grid expansion on a nodal level, the pan EU-scenarios have been
disaggregated to individual nodes in the transmission and distribution grids such that they can be used by
the new planning tool. Furthermore, the dependency of non-dispatchable units, e.g. wind, solar and partly
hydro power generators, on local climatic conditions was considered to obtain realistic results within the
regional studies. For the consideration of uncertain input variables, such as intermittent renewable
generation, the databases were set up, which contain historic weather conditions, i.e. a time series of
historic wind speed near the plants' locations. The databases incorporate climatic conditions (in terms of
hourly capacity factors) for 40 years (1980 - 2019). The recording of one historic year consisting of 8,760
hours and it is known, that the consideration of only one historic year is not representative for future years,
as climatic conditions can vary considerably from one year to another. As the amount of generated time
series data, on nodal level for uncertain input parameters becomes large, especially due to the
consideration of various climatic conditions (variations), a scenario reduction approach has been applied
to reduce the complexity. The purpose of the scenario reduction is to choose a representative but reduced
set of time series out of the 40 generated meteorological variations. Of the 40, there are 35 years with data

on demand, PV, and wind, all correlated on time. Those 35 correlated years are used as input for the
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scenario reduction. More information on scenario reduction can be found in deliverable D1.1 of the
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FlexPlan project [82].

JSON files have been created by using code, written in different programming languages, for converting
the regional networks and market results data from its modelling tools into required JSON format, which

are input files for the new planning tool. The two main input files were created for each region:

e JSON file with regional network data (TN and DN) for optimal power flow calculation.
e JSON file with 35 meteorological variations of load, wind, and PV production for scenario

reduction.

As it was decided to use five meteorological variations, for each scenario the six regional networks with
five meteorological variations each were created and tested by a new planning tool. Codes for generating
JSON data were written by representatives of each region, here below in Table 8- is an overview given of

the modelling tools used by region and programming languages used for writing the program for the data

adaptation.
Region Existing modelling tool Programming languages
Iberian Peninsula PSS/E, DigSILENT Power Factory Python
France and Benelux PowerModels.jl Julia
Germany, Switzerland, MATPOWER Python
Austria
Italy MATPOWER MATLAB
Balkan region PSS/E Excel/Python
Northern countries pandapower Python

Table 8-7 - Overview of the modelling tools and programming languages.
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9 Conclusions

This deliverable has clarified the modalities adopted for assembling the input data needed for the run
of the six FlexPlan regional cases. As explained, these modalities differ from regional case to regional case

due to the availability of different kinds of data.

Of course, the procedure of establishing the data set are delicate and affected by uncertainty. Guesses
and hypotheses are sometimes needed whenever primary data sources are not available (that is for
instance true for sub-transmission and distribution networks). That means that the analysis of the results
of the simulations will require particular attention and critical sense to understand if the obtained results
are in line with expectancies, if there are some strange outcomes that force a reflection on some input data,

etc.

It is very likely that the set of input data will be at least partially revised after the first run of the
simulation. The data set will be iteratively refined based on experiences we develop by running

increasingly to arrive to the final data set.

Particular attention will be devoted to distribution networks that, due to their big extension, would
require to set a number of input data that, even with the assumption to simulate only the highest voltage
level, i.e, the one connected to primary substations, would turn out to be too much for ensuring
computational tractability. Additionally, no public source could be used to retrieve such data. Therefore, it
was decided to set up “synthetic networks” replicating the macro-structure of the real ones, yet in a
simplified way and whose parameter are calculated on the basis a set of statistics drawn from real

networks. Also, for that, adjustments will be possible after testing the results of the regional cases.

A final point of attention is constituted by the linearized parameters assumed to internalize the air-
quality aspects, calculated on by means of simulation carried out on complex 3D environmental models.
This kind of simplification, yet allowing to retain the linearity of the overall model, is something new that
is tested for the first time in the FlexPlan project. Thus, the results have to be attentively scrutinized and

adjustments to the procedure and on the input data are possible as well.
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Regional Case Country Transmission and sub- | Nodes, kv Modelling Grig data (transformers Source for localization of
transmission data nr and power lines) the grid nodes
source tool parameters
Iberian Spain, ENTSO-E model, TSO grid 1846 | 110- PSS/E Standard electrical Open sources (OSM), Google
Peninsula map for sub-transmission 132; parameters for sub- Maps
220 - transmission network for
400 Spain and ENTSO-E model
for transmission network
Portugal ENTSO-E model 150 - ENTSO-E model TSO data
400
France and | France OpenStreetMap, ENTSO-E 12209 | 63- | PowerModels.jl | Standard electrical Open sources (OSM), Google
Benelux model 380 parameters for sub- Maps
transmission network for
France and ENTSO-E
Netherlands | ENTSO-E model 50 - model data for
380 transmission networks
Luxembourg 13.7 -
220
Belgium 70 -
380
Germany, Germany ENTSO-E model, 6250 110 - | MILES, ENTSO-E model, MILES ENTSO-E Map, MILES-
Austria OpenStreetMap 380 | PowerFactory | grid data database
Switzerland, Switzerland
MTE, OpenStreetMap
Austria
Italy Italy MTE website[19], 4180 | 132 - | MATPOWER Standard electrical
OpenStreetMap 380 parameters
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Regional Country Transmission and | Nodes, | kV Modelling | Grig data (transformers | Source for localization of
Case sub- transmission nr and power lines) the grid nodes
data source tool parameters
Balkan Serbia, Macedonia, ENTSO-E model 1993 110 - PSS/E ENTSO-E model EKC'’s internal database, open
region Albania, 400 sources
Montenegro,
Bosnien,
Herzogovina,
Croatia, Slovenia
Nordic Norway TN under a Non-| 3200 | 132 - | pandapower | Provided with model Open sources
Disclosure Agreement 420
region
10- 66
Sweden OpenStreetMap, 110 - Standard electrical
132 parameters
PyPSA-EUR model
220 -
400
Finland OpenStreetMap, 110 - Standard electrical
132 parameters
PyPSA-EUR model
220 -
400
Denmark Danish TSO 132 - Provided with model
400
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11 Annex 2 - Environmental data template
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