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AboutFlexPlan

The FlexPlanproject 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 linewith the goals and principles of the new EC
packageClean Energy for all Europeanshich 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 cess
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 contingerty methodologies replacing the NL 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 ies 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 enslup 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-SIDE, the developer of the European
market coupling platform EUPHEMIA.
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Abbreviation/Acronym | Meaning

CAES Compressed Air Energy Storage
DR Demand Response

EV Electric Vehicle

HVDC High Voltage DC

LAES Liquid Air Energy Storage

LM Lagrange Multiplier

LMP Locational Marginal Price

OPF Optimal Power Flow

0os Operative System

PST PhaseShifting Transformer
PTDF Power Transfer Distribution Factor
RCL Regional Case Leader

RES Renewable Energy Source

SW Software

WP Work Package
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1 Introduction

This document presens the methodologyconsidered asa reference for the development of the flexibility
candidates selection preprocessor tool of the FlexPlan project as well as a short manuallustrating the
settings that are considered within the software, so that they are clearly identified ancan beadjusted, if
necessary, in the different phases of the development

The document analyses also the integration between the prprocessor and the planning tool to achieve
an automated and complete network planning methodology withirthe FlexPlanproject.
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2 Flexibility analysimethodologyand software

To support the planning process, the FlexPlaproject develops a specific software tool which performs a
pre-selection of candidates for network expansion. Such tool acts as a fpcessor of the planning tool,
and its main objective is to restrict the number of possible network expansion options ah in this way,

limit the size of the optimisation problem to be solved.

The flexibility resources analysis is performed through the following steps:

1 Network branches potentially affected by congestion are identified on the basis of an optimal
power flow (OPF) simulation carried out on a network characterised by the final generation
and load scenario for the target year under study (2030, 2040 or 2050but still before new
grid investments are carried out. A ranking of congested lines is proposed based lomgrange
i Ol OEPI EAOOGS j,-q OAI OAO AOOT AEAOGAA dres. OOAT OEO

T 30AO0ANOAT 601 Uh A OAT OOEAT O AT Al UOEOG Hotated AOOEAA
with the procedure of the previous bullet just shifs congestion to some other line of the
network. This analysis is done by considering the so called Power Transfer Distribution
Factors (PTDF), which provide a linearized description of active power flows in the network.

1 The flexibility resources analysis tool (pe-processor) proposes a list of network expansion
candidates, including storage, demand response (DR) and lines/cables/transformers, to solve
congestion in the identified branches. This selection is performed based on congestion
characteristics and on postble location-related constraints. Cost and size details are provided
related to the technology of each selected candidate.

1 Eventually, the proposed candidates for grid congestion support are provided to the planning
tool as input, which, in turn, assessethe best planning option for the power system in the
time frame of the study.

The two main tasks that are carried out by the preprocessor to perform the flexibility resources
AAT AEAAOAGO POAOAI AAGETT AOA OEA A 111 xETCq
1. Selection of congestiorscenarios.

2. Selection of candidates

The following Figure 2.1 graphically summarises the steps carried out by the prgrocessorin relation
with the planning tool.
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Figure2.1 ¢ Pre-processor tasks in relation f@lexPlan planning methodology

routing
tool

After the user has input a grid and scenario datean OPF of the nomxpanded network is carried out by
the OPFmodule included in the planning tool software suite. As a result of this, Lagrange Multipliers
(LM), Locational Marginal Prices (LMP) and Power Transfer Distribution Factors (PTDF) values are
DOl OEAAA O O Epgkocehshr IA addithiOtd thi,thebp@Arocessor also takes as input the
network model and the bus characterization performed by the user and included in the grid model data
format. With these inputs, the main steps of preprocessor are carried out: first, the analysis of
congestions aml the selection of the nodes and branches that need to b@graded; second, the check of
location constraints and congestion characteristics; third, the preselection of a set of candidate
technologies, including cost and size. In this last case, an addlital tool, the line routing tool(described in
D1.2, section 6.3), is used to provide line candidates betweenato nodes or substationsthat were not
previously connected Preselected candidate technologies are handed over to the planning tool, which
performs the optimization and selects among them, those that provide, altogether, a best network
expansion solution. This is performed in loop, for the three time frames 203@040and 2050.

The following Table 2-1 lists the identified interfaces between the preprocessor and the other project
tasksfollowing the numbering Figure 2.1.
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Interface  Description of required info. Who Format

Network model:
1 Gid el :
. Planning tool(grid  JSON

Il SEEEs expansion)
1 Bus characteristics and constraints
Non- expanded network OPF results:
1 LMPs (Locational Marginal Prices) & LM (Lagrang

Multipliers) Planning tool JSON
1 Power flows in branches resulting from the OPF
1 Power Transfer Distribution Factors (PTDF)

Candidatesforced/proposed by the user User JSON
Technlca_ll characteristics and cost of candidate lines WP1 tool JSON
(for previously unconnected buses)

) Set of candidates for selected nodes Pre-processor JSON
Grid expansion results: acceptedandidates Planning tool JSON

Table2-1 - Flexibility resource mapping to the congestion characteristics

2.1 Selection of congestion scenarios

A yearly congestion analysis of is carried out and, from it, aelection of the congestion scenarioss
performed.

2.1.1 Required inputs for the selection of congested scenarios
There are two main inputs to perform the selection of congested scenarios:

1 Optimal Power Flow ( OPF.
1 Transmission and distribution n  etwork s model s and scenarios.

The non-expanded OPF module run within the planning tool suitefirst performs an OPFor the non-
expanded network

1 for the year 2030,
1 for 2040 (including a trial expansion in 2030)
1 for 2050 (including a trial expansion in 2030 and2040)1.

Four types of inputs are provided by the planning toolat this stage The Locational Marginal Prices
(LMPs), the Lagrange Multipliers (LM), Power Transfer Distribution Factors (PTDF) and the power flows
in the branches of the system.

Lagrange Multipliers of lines transit constraints  (LM) are a direct outcome of the solution othe
optimization problem (OPF) They provide information about the dispatching cost reduction deriving
from sending an additional MW of power through a branch. Thereforg¢hey permit to identify congested

1 Each time the planning tool calculates a full set of expansions for the three years: 2030, 2040 and 2050
Copyright 2022 FlexPlan Pagel0 of 55
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lines: these lines will be characterized by noszero LM value and such value will correspond to the
dispatching cost reduction deriving from a unit increase of the line transit limit

Locational Marginal Prices (LMP) show the dispatching cost variation to accommodate a unit increment
of demand at a bus. Téy provide useful information for the location of fexible resources (storage and
DR).

We could say that the LMs represent the value of the interconnection capacity of the corresponding line
and the LMPs the value of energgt the corresponding node.More details on these two concepts are
available in[1].

Power flow values of branches provide information about the direction of the flow of energy and about
their saturation level, in relation to their rating.

In a yearlong simulation, the OPF provides a value for all these three parameters for each of the 8760
hours and for each of the buses and branches.

The Power Transfer Distribution Factors (PTDF) matrix represents the change in thactive power flow
through a network branchas a consequence of a unit extra injection in a given system ndif&ked to its
extraction at another given node This information is dependent on the topology and, therefore, it is
consideredconstant for one year of study.

The topology of the network provides the relationship between buses and branches and the
characteristics of network elemens (the power rating of the branches, electrical characteristics of

TAOxT OE AOOAOO8Q8 4EA 1T OAOAIT 1T 1 Atbmsiissin and disthidutioE T AT OAAC
networks models.

A data format, based on JSON fikshas been createdvithin the project to define the grid modeland

generation and load scenarios The nonrexpanded networks for 2030 (including transmission, sub

transmission and distribution) are defined by the users of the todh this format, as input for the planning

tool. In the frame of the project, the Regional Case Leaderse. the leaders of each of the 6 regional studies

targeted by FlexPlanare in charge of this task.

2.1.2 Tasks for the selection of congested scenarios
The processes that are carried out by the pre-processor to identify the congestion scenarios are the
following:

1. All the systemACA OAT AEAOGS , -cheékédl Thé 10v vAl@ Avolution along the year is
analysedstatistically, but two main values are considered:
a. Number of hours in a year, when the LM value is differeritom a minimum (currently,
LMs lower than 0.001 are not considered as congestion)

2A JSON file is a file that stores simple data structures and objects in JavaScript Object Notation (JSON)
format, which is a standard data interchage format. It is primarily used for transmitting data between a
web application and a server. JSON files are lightweight, telxdsed, humanreadable, and can be edited
using a text editor[2].
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b. Average LM value considering all year hours (sum of LM values for a branchprag the
year).

After the simplifications considered in the final versions of the planning tool (4 weeks
representative of each yearly variant and two hour time steps) this value is calculated taking this
into consideration: each hour represents two, the 8veeks representing one year (4 weeks each
variant), the LM values are affected by their representativenesghe 8 weeks have a factor each
that in total make them represent 52 weeks).

This is done for all variants of each scenario and year.

2. Based on the pevious statistical results, a number of lines is selected, reflecting theost
congested lines in the system.The number of total congestion hourdor an element represents
the occurrence . To take bothseverity and occurrenceinto account, the following factor is used:
the yearly average LM times the occurrence . A common ranking is created for congestions
considering all the variants. The probability assigned to each variant is also used to provide a
weight to the congestionsidentified in each of them.In this process, forced candidates are
assessed first. Forced candidates are those proposed by the user: a pair of nodes that are selected
directly upon request as candidate location for building new lines.
3. For the selected congsted lines, thepower flow direction along the year is studied to check
whether the congestions occur in one or two directions.
4. The hour of the year with highe st congestion (highest LM) is identified for each selected line.
All the identified hours represent the selectedcongestion scenarios .
A4EEO AT T CAOOEITT OAAT AOEI 08 OAI AAOET 1 nobepadddd®OF EO AOO
results are availablefrom the planning tool after a simulation.
The following Figure 2.2 shows the steps performed by the preprocessor tool for the selection of
congested scenarios I( line; cg: congested;cgcons consecutive congestions,cgerr. congestions not
relieved), in the general case (not simplified)
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Figure2.2 ¢ Flow chart for the selection of congestion scenarios

2.2 Selection of candidates

The selection of candidates is mainly linked to the relief of theongestion constraints Therefore, a set of
candidates is proposed for each of the congestion scenagicdentified at the previous stepg which are
related to a specific location in the network

The flexibility candidatesconsideredby the tool are the folbwing:

1 Storage: batteries (lithium ion, NaS and flow), hydrogen, compressed air storag€AES)and
liquid air storage (LAES).Pumped-hydro storage could be included as forced candidate (when
allowed by the planning tool).

1 Demand Response (DR): through flexible loads

1 Conventional network assets : lines/ cables(AC) and transformers. HVDC storage could be
included as forced candidée.

1 Phase-shifting Transformers (PSTs)is considered only as forced candidate (when allowed
by the planning tool).

All the technologies aboveare consideredas possiblecandidates for network extension. However, for all
locations where a congestion is idetified, the suitability of each technology is checked through the
analysis of local constraints and the characteristics of the congestiofihe selection of candidates at a
specific node or branch isscreened according to tis characterization: the network information provided
for nodes is used to discard, or not, some of the candidate technologies
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In order to processthese characteristicsautomatically, a heuristic approach isassumedto check the
constraints and network characteristics at different levels:

1 Location constraints: the grid model allows the characterization of network nodes to include
existing constraints. These are the charactdstics that can be assigned to each network node or
bus (underlined are the ones used in the current version of the toal)

o0 Type of bus: substation (air, air-compact, underground);Industrial load (metal, paper,
textile, cement, water treatment, gas industry, mining, shipyard, high speed train,
automotive, chemical, other);power plant (wind, PV, solar thermal coal, CC, biomass,
hydro, nuclear);commercial load(airport, other).

0 Availability of na tural resources (for substation type buses):.water (river, reservoir, if
no hydro power plant is presen); wind (area with wind parks near); sun (solar power
plants near); cavern; biomass.

0 Loads supplied (for substation type buses): residential (mainly); ommercial (mainly);
industrial (mainly); mixed (lower  voltage level networks, sub
transmission/distribution); big industrial (as above, indicate main type/s).

0 Location of bus: urban (populated city); industrial area; semirural (outskirts of
populated city, small city);rural .
Geographic characteristics (for rural buses): mountainous; plain

0 Restricted area (not allowed to build new installations): for lines; for hydrogen; for
batteries; for CAES/LAEStotal restriction .
o Is interconnection: to check if a certain branch is connectng two different

countries/regions (initially, consideredfor PST installation).

1 Existence of industrial load at a selected node: it allows to propose DRcandidates among the
large loads in the sgtem.

1 Congestion characteristics: the characteristics of the congestion, such as the number of
congestion hours in one year or the number of consecutive congestion hours, make some
candidate technologies more appropriate than othersto solve them e.g, if congestion tends to
last more than six hours]ithium ion batteries might not be the best flexibility candidatesThese
rules are also implemented in the preprocessor tool.

Once the most suitable technologies have been selectint a location, the pre-processor provides a size
and cost for each of them.To end the process, the candidate prprocessor exchanges the
GridExpanssionPlanninglnputFilavith the planning tool. The latter includes the candidates for grid
expansion and new gd elements that might be necessary (e.g. buses).

A second path for candidate preselection is through the direct proposal candidates by the user of the
planning tool (in the frame of the project these would be Regional Case Leader&rced candidates The
users need to provide afrom and to nodes, indicating the branch they would like to assess from the
congestion point of view in the system. At this moment, this is used for nodes that do not have a direct
connection in the nonexpanded grid model and tlat the user would like to consider as candidate options,
OET AA OEA ApdcdssoAdbed AdD ke MO Account this casuistry (no LM information would
be available from the OPF)n this case, an external software for line routing between two nodeis used

to identify the characteristics and cost of both AC and DC candidate linésthe case of HVDC line$STs
and pumpedhydro plants, because they require a dedicatkstudy, the preprocessor does not provide
Copyright 2022 FlexPlan Pagel4 of 55
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candidatesautomatically, but the canddates need to be defined as forced candidatéy the user. The idea
is that users could alsgropose other types of candidates e.g. storageindependently from the results or
the pre-processor calculation.

A maximum number of candidates is set to weight the computational capabilities of the planning todhe
technologies are analysed in a predefined order (first storage) and when the limit of candidates is
reached, no more candidates are included in theandidate list.

The analyses performed for every selected congested line and for each technology type are carried out for
the congestion scenarios. The following flow chart shows the general steps for the selection of
candidates.

Start
(V192 & forced)
k=1

b 4 Next k

N Aﬂx. no.

A 4

Forced candidates
(JSON): I, {9 (1: N{}’;{)

Evaluate flexible
technology for /%@

0. of candidates
< Max. no.
andidates

Evaluate forced

Candidate tech (Ny,,):
Storage, DR, PST, Line

candidates

No. of candidates
< Max. no.
candidates}

Issue candidate (JSON)

\ 4 | Next k A 4
End l End I Issue candidate (JSON)

Next j

Figure2.3 ¢ Flow chart for the selection of candidates (general)

In the following sections, the specificities othe methodology related toeach flexibility technology are
reviewed.

2.2.1 Storage

Starting from a selectedcongestedscenarig, the following steps are carried out to define the storage
candidatesto solve that congestion

1. From the selected congested line/s, thenost suitable node to solve the congestions selected
The nodewith the highest LMPis the preferable, which is aresult from the OPFand indicates the
cost to service the next increment of demand (LIMW)n this case, it is also checked that the
power flow in the congestion scenario is coherent with the power flow diection in the majority
of congested hours along the year for this line
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1 If one of the nodes has higher LMPs in thmajority of the hours (e.g. 75%) when the
line is congested along the yeatthat node is selected as preferred location for the
storage.

91 If the power flow in a line during congested hours does not clearly show a preferred
direction (e.g. 75% towards one of the end nodes), tinestorage is not considered a
good candidate for this location.

2. Locational restrictions are checkedfor each selected nod (a table is provided inAnnex Iwhich
provides an example of how to indicate these restrictions If:

a. Restrictions exist: we do not select the location as candidate.

b. No restrictions exist: we select this location.

3. Congestions characteristics are checked to eliminate not suitable storage technologies (Annex
):

a. The yearly number of congestions in the table is measured considering the number of
hours in the year when the value is differenhigher than a minimum (currently, 0.001).

b. The number of consecutive congestion hours is valued considering its percentile 75,
excluding zero valuegin order not so oversize the storage by considering the maximum
number of hours as reference)

c. In addition to Table 6-1, if the percentage of congestion hours not relieved (e.g. hours
when the storage is not able to solve a congestion because it is empty) is lower than
20%, batteries are not an ofion.

The data simplification considered in the final version of the planning methodology, affects this
calculation, because 8760 hours are not available, but only 8 weeks representing 52 (whole year).
The adopted implementation considerghe following: the characteristics of one hour extended to
the time step (e.g., if one hour is congested and the time step is two hours, this is considered as if
two hours are congested one after the other); weeklyepresentativeness is considered to
calculate the yearly mimber of congestions; andto calculate the number of consecutive
congestion hours the percentage of congestion hours not relievetthe 8 weeks are calculated in a
row without their yearly representativeness

4. One or moresizes and related costs are proposed for the selected technology type (Annex,li
POl OEAET ¢ OOOAT AAOA OE UA § THelsiZe isiopdsed ivEkldlionAithe JE Al A
rated capacity of the congested line. The energy contelfsize of the storage in energy) of
batteries is calculated in relationto the number of consecutive congestion hoursThe size of the
hydrogen is defined as a percentage of the annual number of congestion houesg.50%), as
nominal power per annual hours Also faa CAES and LAES we consider, principle, that the
storageis able to store energy in thes0% of congestion hours.

5. In the case thattwo or more congested lines meet at a selected node, two options are
considered(when no restrictions are present}

a. If the lines come from the same node (parallel lines)a resulting storage will be
proposed forthe selectedbus of the congested branch¢onsisting ina power equal to the
sum of all storagepowers calculated for each of the congested lineand the capacity
(energy) equal to the maximum capacity (in hours) among all calculated storagém
accordance to the previous point)
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b. If the lines come from different nodes:independent storages are proposed athe node,
one per congestedoranch, so that the planning tool can consider them as independent

network expansion options.

Previous steps are shown in a chart in the neXigure 2.4.
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Figure2.4 ¢ Flow chart for the selection of candidates (flexibility and storage)

2.2.2 Demand Response (DR)
Starting from a selectedcongesion scenarig the following steps arecarried out to select flexible loads
able to provide Demand Response actions to solve that congestion:

1. From the selected congested line/s, select thaost suitable node to solve the congestion. In the
case of demand, the@ode with highest LMRin more than 75% of the time is selected among the
two of the congested lineWhen the congestion flow in a branch changes direction along the year,
both nodes from a branch are selected (e.g. when badtlave higher LMP valuesnore than 25% of
the congesed hours).

2. Locational information

a. Ifnoload is available, the node is not selected.
b. If aload is available at that busand the characteristics of the congestion do not prevent
the use of DR, D& selectedas candidate for the node.

T Ax

is checkedfor each of the selected nodes (Annex I¥; i

3ET AA AOEI AET ¢ Ol T AAOGS EO 1 ObonsidegrdOEA OAT PAR
3. | méximum size/flexibility 6 Adprdposed for the selected load typén accordanceto Table

7-4 and Table 7-6, which is an input that can be modifiedIn the current version of the pre-

processor, for transmission and subtransmission lines, Table 7-5 is used, where industrial load
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value is considered as default (it is used if the load has no commercial type specified). For

distribution lines, Table 7-6 is considered where the deh 01 & OAl OA EO OEAO &£ O O
is the one used unless the load is defined as industrial or commercial (in this case, the values in

the table for these types apply) Regarding the cost this is alsoprovided in Table 7-6., in the

current version, it is considered very small but different to zero (it represents the cost for the

DSO for transforming one load from neflexible to flexible).

The following Figure 2.5 represents the algorithm performed by the preprocessor to select a DR
candidate.

Evaluate
DR for @

-

159
Check LMP (Km )

forall hours

Network model: load
bus, type (table 12.1

Table 7.1.
2hiegs ZMiegeons(Q3)

Is LMP bigger in
one of the nodes
75% of time?,

Check congestion
characteristics

‘Restriction?
N

Propose size (P)

and cost (CAPEX) Tables 7.4.-7.6

Fill in candidate |
File (JSON)

I

4
End

Select both nodes

Table 13.4.
Scenario dati

Figure2.5 ¢ Flow chart for the selection of candidates (DR/Flexible loads)

2.2.3 Line

Two different approachesare considered hereto select lines for network expansiondepending on the
previous existence or not of lines

The candidate preprocessor provides automatically only AC candidates. HVDC candidates need to be
proposed as forced candidates.

Steps for existing lines :

If a congestion is identified on an existing tie in the network (selection of congestion scenad), the
following steps are carried out:

1. Thefrom andto nodes of the congested branches are selected

2. Locational restrictions are checked(Annexl).

3. For all the lines in the systems, theaturation percentage,{LLc is calculated based on equation
(6) in Annex Il1, which provides a methodology to avoid, in meshed networks, that solving the
congestion in one brarh may cause that others become congested in its surroundingsor this
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purpose, thePower Transfer Distribution Factor (PTDRH matrix is used, which is provided by the
planning tool as result from the OPF
0 YOO afp | . .
| h 4 6 L h V] A V] - (1)
Where:

1 PTDkwke, is aone column matrix resulting from subtracting the two columns related to
nodes k and ke of the PTDF matrix.

S is the number of norzero elementsin the column PTDka-ka.

0 "YO'O alp)is the element (c,1) in PTDRi-ke.

Mis a diagonal matrix formed with the nonzero elements ofPTDka-ka.

0 is a diagonal matrix formed with the rated power of the lines included in M matrix

= =4 -4 =2

(those with PTDkw«2 elements equal to zero are discarded).

f 0 is a diagonal matrix formed with the DC power flow values of the lines included in the
M matrix.

4. Lines with a value of| s.clower than a limit (currently the limit is equal to 5) are considered as
candidates together with the congested line. Theifrom and to nodes are selected. A maximum
number of candidates derived from the influence of a congested line is permitted.

5. If a line is selected twice, because it is congested and because it is influencédy another
congestion, only one candidate is provided (no repetition).

6. For each of theseselected lines, an AC line with the same characteristics as those of the
congested ones proposed In transmission, we are following the approach of adding a new line
between the nodes of the congested linedhowever, in distribution, lines are substituted with
double nominal power and half impelance The same approach applies to transformerdf more
than one parallel line exists between two nodes, only one additional line is proposed as candidate
with the rating of that of highest power among them (not the sum of the rating of all existing
lines).

7. To provide a price for the AC line the following approaches are considett depending on the
availability of data:

a. Length available: an average cost of the line per km will be used to calculate the total
cost (Table 9-4).

b. No length available (e.g. distribution lines): information on average impedance per
kilometre is considered to calculate a length from the impedance of the line/cabldn the
current implementation, in Table 9-4, we considerOAAAT A6 OAI OA &I O AEOO
AT A O1 ETA6 &£ O OOAT OIi EOOEI T 8

To calculate the price Table 9-3), in transmission, 1C or 2C is selected depending on the nominal
current of the line. For distribution, as we are substituting the linesvith double power, the 2C value
is selected for the variable pricwhich has been selected two times the 1C value)

8. The grid expansion planning input file is handled over to the planning tool, including all
candidates of any type.

The steps to select line cadidates are represented in the next flow chart figure 2.6). It is valid for AC
line and transformer technologies.
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Figure2.6 ¢ Flow chart for the selection of candidates (AC and DC lines and transformers)

Steps for non-existing lines :

Whereas the preprocessor proposes new candidate lines through thddentification of congested
connections, it does not provide line candidates between substations which are not already directly
connected in the nonexpanded scenario. As a matter of fact, proposing new routes requires andaepth
knowledge of the physicalcharacteristics of the interested territory, as well as great experience on the
operation of the specific electricity system. However, the FlexPlan planning tool allows the users to
propose new connection paths between whichever pairs of nodes. These ne@onnections are
automatically considered by the optimisation problem as line candidates for network expansioand
included as first choices in the candidate selection proceds this case:

1. The candidates should be proposed by the planning tool users Regonal CaselLeadersin the
frame of the project) externally through the identification of, at least from and to nodes
including geographical location voltage level and powerThe defined candidate file formats in
JSON araised (as improvement to the current version of the planning tool,tiwould be better to
provide all required data, but the electrical characteristics of the network and its pricg.
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2. These information, nodes (substation) and power rate is provided to the line r outing tool ,
which selects the best routing, technology (AC and DC), and cost for the technologhe pre-

processor prefills in templates according to the available information.

3. Once theinformation related to line candidates is complete thegrid expansion planning input

file is handled over to the planning toal including new DC buses for HVDC links if required.

The following flow chart represents graphically the steps above.

Forced candidates
(JSON): 1 (1: NiESG):
Nodes, power rating

Evaluate forced
candidate

.

Pre-fill in candidate
File (JSON)

'

WP1 Line routing tool

!

Candidate File/s

{JSON)

End

Tables 13.5, 13.6,
13.7,11.1,8.5

Figure2.7 ¢ Flow chart for the selection of candidates (forced AC and DC line candidates)

2.3 Outputs from the preprocessor

The outputs from theprocess of theselection of candidates are handled over to theFlexPlanplanning
tool. According to the methodology, tfs below is a summary of themost relevantinformation provided

AU OEA &I AGeEAEI EOU AAT AEAAOAOS

1 Alocation in the network (bus/branch id.) for the flexibility resource.

Ol 1

O0i OEA DPIATTEIC

1 Alist of candidate flexibility resource s for each location is selected among the following:

storage, flexible loads (leading to DR strategies through existing load shifting or/and

reduction), Phase Shifting Transformer (PSTwhen introduced as forced candidate by the

user) and line (HVYDGonly when introduced manually by the usey.

1 Asize for each candidate: an approximate size for each technology is provided. In the case of

flexible loads, aoad reduction percentagecapability is indicated.
1 Acost for each candidate:CAPEX or CAPEX and OPEX per power is provided (operation and

maintenance costs, not related to the fuel or dispatching costs), depending on the type of

technology (according to its definition in the optimization problem, WP1). The information

comes from([3].
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2.4 Integration with the planning tool methodology

The pre-processor, initially, was designed and coded to interact with the planning tool in an
automated way considering three loops related to three target time horizons. The necessity to reduce the
computation time led to a modification of the methodology. Bwever, the main steps of the whole process
remain the same:

1 The planning tool runs a OPF of theon-expandedgrid model plus scenario for the first year.

1 The pre-processorproposes a set otandidates using both OPF input and output files.

1 The Grid Expansion Problem is run by the planning tool witthe grid, scenario and candidates
as input.

1 The planning tool provides a list of selected candidates that optimizg/stem cost.

1 Selected candidats are included in the grid modeko create the non-expanded network for
the next temporal horizon.

These steps are run three times to consider 2030, 2040 and 205 the initial proposal, the final
candidates were selected filowing a joint optimization for the whole period 2030to 2050. In the final
version, this is done in steps, aggregating two decadesaximum (2030-2040 and 2040-2050).

The pre-processor provides the planning tool with the cost and technical characteristics of all candidate
When the user has proposed a line candidate between two nodes that initially are not connected, the-pre
processor calls the line routing software tool, which selects the best route and technologies to connect
two substations, considering landscape charaetistics, existing routes, etc.

According to the planning tool architecture, the interaction with the client, i.e. the user of the tool (e.qg.
Regional Case Leaders), and the pprocessor is summarized in thefollowing Figure 2.8. The figurealso
shows the link between the preprocessor and the line routing tool , which provides the line
characteristics between two substations.

Client / UI
OPF results Nodes,

grid model candidates
scenarios selection
grid model power rating

e Cm—

candidates Line charact.
(AC/DC), cost

WP3 planning tool WP1 line routing tool

Figure2.8 ¢ Interaction between planning tool, client and ppeocessor

The pre-processor is hosted in a NSIDE server (cloudlas docker imageand it is accessible through a web
API. JSON format files are used to exchange the imf@mtion with it in accordancewith the specifications
issued by WP3.

The interaction with the WP1 tool that optimizes the routing of a line between two substatios has the
following characteristics:

1 The candidate preprocessor calls the Julia Package containing the tool, whicls cloned in the
pre-processor.
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1 This line candidates(between substations not connected previouslypre introduced by the user
(forced) and, when called by the preprocessor, the WP1 tool provides cost and techology
information. Then, thepre-processortakes that output information and completes the rest of the
candidate JSON template.

1 Thenew candidates are included in theeandidate listby the pre-processor.
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3 Short manual of th@re-processor tool

The present chapter focuses on the settings that need to be defined in the pgocessor tool to obtain the
expected results from the network planning process, in accordance to the previously described
methodology.

Some values have been adopted and are proposed for the settings, however they are subject to change if
more accurate ones are found or the results that are obtained from the planning procesisow that other
might be more appropriate.

3.1 Main settingsfor the pre-processor

There are different settings that the user needs to define for the prprocessor to provide the required
outputs. The quality of this inputs impacts the quality of the planning processo there need to be as
actual and specific to the regiorunder study as possible.

The main settings that need to be defined are the following:

1 Locationaland congestionconstraints.
{1 Flexibility candidatesocost and size.
1 Other parameters related to flexibility candidates.

At the moment,some of the required inbrmation is introduced at grid or scenario model levelthrough
the JSON format files used for the planning tgohnd other datais introduced at coding leve] starting
from standard tables in text format that can be easily filled in by the users of thedb

3.1.1 Locational and congestion constraints
The pre-processor checks ifa location, selected because congestion existis, appropriate for a certain
flexibility resource.

To do this, the first step is to introduce information about the locationTo characterise thelocation, a list
of codes is availablefor buses descriptionin Annex VII (Table 11-1), in line with the information

described in the introduction of section2.2. This information is introduced in the Grid Model Input File of
the planning tool: in the part related to bothAC and DC busesd, inside here, in the sub-part related to

characteristics

Since aing this for every network node might not bean easy task, it is recommended that this
information is provided after a first analysis of the network has been performed, i.e., afteongestion
points have already been identified and congestion scenarios selected. This would allow to provide this
additional information only for the nodes that might be affected by a congestion.

If no information is provided no restriction is considered but there is one exception to this general rule,
the resource availability data, if it is not specified that there are caverns availle CAESs not considered
as candidateby the tool.

After the characterisation of the nodes has been performed, the rules affecting the constraints need to be
defined. Table 6-1 shows an example of the information that should be provided:
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1 Type of bus: if the type of bus is an air substation no restrictions are considered (in the example,
only underground cables have been considered as not suitable); if the substation is underground,
those technologies that require a significative space have been reisted (e.g. batteries and PST).

If the substation is a generator or a load, the installation of storage solutions is something to be
decided by the owners of the plantso it is not considered a suitable location to install storage by
the system operator.In the case of loads, they are eligible as demand response candidates.

1 Resources: the absence of cavernprevents the use of CAES systemblo other resources set a
restriction.

1 Location: the location of the bus, implies other restrictions. Urban areas dooh allow the
installation of voluminous or wide area systems on the ground. Rural areas do not have
restrictions related to the required space, but if the area is mountainous some of the technologies
are less suitablebecause of theproblems or costs to irstall them.

1 Restriction: this is the way to indicate that a certain technology or that all technologies,
whatever the reasons, are restricted at a certain bus.

1 Constraints related to the congestion characteristics:  the number of consecutive hours of
congedions may prevent some technologies to be adequate to solve them. For example, if
congestions last more than six hours, batteries and demand response do not seem good flexibility
options. Also, the total number of congestion hours in a year is a parameteonsidered for this
purpose. For example, batteries require the same discharge and charge time, so if a congestion
appears at a certain location more than half of the hours of the year, that would mean that the
battery would be empty in many occasions durig the year, unable to solveongestions

3.1.2 Flexibility candidates cost and size
The pre-processor needs to provide a size and cost for each selected flexible technology at a location.

In the optimization process by the planning toalthe size of candidates is not optimized, therefore, the
pre-processor needs to provide an estimated size. The planning tool can deal with different sizes for each
technology, selecting the optimum among them, but this means increasing the number of caraties and,
therefore, the size of the problem.

Most of the information described in this sectionis included within the pre-processor coding (except
when specified).

Different approaches are consideredo define thesize of the candidatedepending on thetechnology:

1 Storage: the power rating of the storage candidate is considered as a percentage of the congested
branch power rating (Table 7-1). It is considered that if the system is well designed, the
congestion should not be well above the rated power of the linghinking of an unconstrained
power flow problem) and that, as result, this percentage should be relatively smaNaximum
and minimum sizes of the storage are defined for each technology, so if thEower rating
calculated does not fall within that range, this technology is not considered candidate. The energy
rating of batteries iscalculated inrelation to the amount of consecutive congesbin hours; that of
the hydrogen plants is considered to behalf of the congestion hours in a yeamand the related to
CAES and LAES to 100% of the congestion hours in a year.
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f Lines and transformers :the proposedi ET A AT A OOAT O&I O AGsakdquah EAA OA O
to those of the congested line or transformer. It is considered that, if the power needs to be
increased, a line or transformer similar to the existing one is installed in
transmission/subtransmission network and, in distribution, the line/tran sformer is substituted.
If a new line is proposed where a line did not exist previously, the user should provide the power
rating of the new line.

1 Flexible loads (or demand response) : for some selectechig commercial and industrial loads a
typical load reduction capability has been identified Table 7-4).

In principle, technologies which are more scalablén size, as batteries, could permit to play with a higher
degree of sensibility in the optimization phase, permitting a better sizing of resources at global level.

Regarding thecost, some standardvaluesneed to be introducedby coding to the SW toal The investment
cost (CAPEX) ian input required by the planning tool through the JSON formats

1 In the case of batteries, the costs depend dioth the installed power (cost per kW) and on the
energycapacity (cost per kWh) (Annexll, Table 7-2).

1 Inthe case of other storage, the cost is per installed poweAinexIl, Table 7-3).

1 In the case of demand response and flexible loads, the cost is per poweduction (Annex I,
Table 7-4).

1 Inthe case of linesa standard cost is provided perated power of the line (AnnexIV, Table 9-2.,
this annex provides line and transformer related informatior). This last approach is also used for
transformers (Annex IV,Errore. L'origine riferimento non e stata trovata. ).

3.1.3 Other parameters related to flexibility candidates

Location, technology, size and cost are the main outputs of the ppeocessor for the planning tool.
However, technologies should be charderized more extensively in accordance to the data models
required by the planning tool, defined in JSON format

These data modelsre represented in the tables of Annex VIII (sectioh?2), at least for all obligatory fields
(certain fields of the model are optional).

The information included in thesetables comes from different sources:

9 Literature, including previous deliverables from FlexPlan project (mainhf3]).
Pre-processor calculations.

Line routing tool calculations.

Grid model or scenario definition.

= =4 =4 =4

Asaumptions based on common practices

3.2 Software nstallation and output folders

The planning tool interacts directly and in an automated way with the prgrocessor (not in the last
version of the planning methodology) It is hosted in a web server (cloud) and it is accessible through a
web API. JSON format files are used to exchange the informatioetween them in accordance tothe
planning tool specifications.
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The pre-processor is developed in a separated environment, but it is hosted in the planning tool server as
a docker image, to achieve an adequate integration between both tools.

The flexibility candidate pre-processor also interacts with he line routing tool that optimizes the
routing of a line between two substatiors. The same approach as that used for the planning tool is
developed:

1 Docker images are used: one image for the planning tool, one for the line routing tool and one for
the pre-processor.

1 Candidate files in JSOBre usedto exchange inputs and outputs between both tools

1 These toolsare integrated and the interaction with the planning tool is led by the flexibility
candidate pre-processor, which provides a candidate list includtig the outputslien routing tool.

1 The process automationfollows the same philosophy as that between the prprocessor and the
planning tool.

An OS folder, mapped within the image containing the applicatiois used to share output and input files
between the pre-processor and the other two tools. The followingolder tree is used by the pre
processor, in principle:

1 Scenario:
o Input: OPF input and output files OptimalPowerFlowlnputfile.json and
OptimalPowerFlowOutputfile.json
0 Output: including output files from the pre-processor to the planning
GridExpansionPlanninglnputFile.json.
0 Debug scenario: including files that provide additional information for debugging
POODPT OAOh OOAE AO AOOI O 11 ¢ch AITGAOOEIT 1 ADC
1 Log file: text file including a summary of results, e.g. the number of candidates per branch
(e.g. here, we could see if a location has no candidate).

3.3 Debugging

Apart from the selection and sharing of the candidate technologies by the flexibility prprocessor
software, which needs to be transparent for the software user and needs to permit an automated
operation, some other outputs are provided by the tool to allowdebugging or getting additional
information on the pre-processor calculations This isuseful to analyse more in detail the resultsand the
characteristics of the scenario under study

The tool generates some files, which are stored infalder (see previous section) that can be analysed off

line (not part of the automated process of the network planning methodology)For example the tool

generates several graphics showingtatistical information of linesd AT T CAOOET T h OEOI OCE
histograms and boxes and whiker plots for the main output parameters of the OPF simulation and others

elaborated from them: LM, LMP, number of consecutive congestion hours for a line, etc.
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Also, thecongested lines location in the network can be shown graphically, e.g., in Google Maps, through
lines connecting the geographically identified buses in the network modégthe geographical information

of the nodes is necessary to permit this function).

Figure3.2 ¢ Congestion location identification example in Google Maps (for debugging purposes)

In addition, in order to assess the computational capacity of the planning tool,parameter is used to fix
the maximum number of candidategmaxNumberOfCandidates, normally from 25 to 10Q)considering
these as arrays including location, technology, size and pric®ther parametersare also used tocontrol
the number of outputs for the planning tool, such as the maximum number of candidates selected from
the influence of a congested lin¢currently, 30% of the maximum number of candidates with a maximum

of 5).
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4 Prelimnaryvalidation tests andesults

Totest the methodology, a first use casevas run based on the regional cases buonsidering the available
information at that time:

1 The planning toolwas not fully operational and, therefore, some inputs needed for the pre
processor tool, such as the PTDRsgre not available.

1 The grid models and scenarios are not totallyranslated to JSON format, as requested by the
planning tool, soa whole year (8760hours) was not tested.

9 Distribution networks were not available yet and the subtransmission was not been
considered, since no scenario information was available.udt the transmission network was
considered as input(220 and 400kV and around 820 nodes)

To checkthat the pre-processorwas working in accordance to the described methodology, the following
stepswere taken:

1 Calculate PTDF values for the Spanish transmission network : we usel the DIgSILENT
Power Factory (DPF) [4] network simulation tool to obtain the PTDF values for the Spanish
transmission network, as provided by ENTSOE (from theaw input file).

f Create hourly Gongested scenariosé the ENTSOE modeb OT OEAAO A OOAOAAT OEI
system, i.e. a ondour scenario. This scenario refers to a Saturday (date 14/03/2020, 16:00h)
and no congestionsvere observed (Lagrange Multiplierg of all branches are 0)We modified
loads in the system to create six cayested onehour scenarios.

1 Create a use caseout of the hourly congested and non-congested scenarios: the six
OAT 1T CA OOA Awveré dokbinkdwitth abase caséone-hour non-congestion scenarid to
create a use case oaround 40 hours.

1 Run the pre-pro cessor algorithms : the previous use casewas used as input for the pre
processor andthe later provided candidate flexibility options as result.

The usecase preparation in particular, the use of the DPFtool to calculate the PTDFpermitted to make
somepreliminary observations:

1 The algorithm considers a fixed variable-cost-factor [$/MWh] per generator, even if a cost
curve is introduced as input (USD vs. MW)

1 According to the theoryof DC OPFsthe Locational Marginal Prices(LMP) that appear when
no congestion exiss should be the marginal cost of energy at the reference bus (sladiy all
nodes We checkd the results, andthis is what happens(49.423 USD/MWhin the example
below, Figure 4.1).

3 The validation of the last version of the preprocessor is considered in D2.4. This was the validation
at the time when the first version of the deliverable was writterbut, due to Project requirementsthe pre-
processor had sgeral adaptationsto cope with the evolving requirements.

4In the DPF, the concept of shadow prices is used. Flowgate Shadow Prices (FSP) are defined in the
theory, [1], as the difference of upper and lower Lagrange Multipliers (LM)f a branch ():* ‘
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1 The LMP of a node in the network is affected by the value of the LMP at the slack node, by the
LMs ofall the branches that aren the path of the power flow betweenthat node and the slack,
and by the PTDFaffecting to those brancheswhich indicate the fraction of the power that
flows through eachof the lines. This causes that, even if a congestion does not exist in a line
(LM=0), there may exist a difference in the LMP value of its both nodes meshed networks

1 When the load is raised uniformlyin the whole system thegenerationaccommodates without
creating any congestion(using the slack) until the balance between demand and generation
cannotbe met. In thislast case the simulation does not converge.

1 Congestionis created by increasing the all loads of the system andlso, loads at certain
network ends, which led toobtaining 6 one-hour congestian scenarios

An example of theShadow prices or LM of the branches for one of the scenarios is shown in the next
Figure4.1

Figure4.1 ¢ LM results for ane-hour scenario (part of the analysed use case)

Running the preprocessorprovided results in form of a list of candidates. Some examples are presented
below. The fist is asodium sulphur battery candidate in node(.P. Pinatab(no. 1555, in Figure 4.1).
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