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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. Ths is in line with the goals and principles of the new EC package
Clean 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 creates a new innovative grid
planning tool whose ambition is to go beyond the state ohe art of planning methodologies, by including the
following innovative features: integrated T&D planning, full inclusion of environmental analysis, probabilistic
contingency methodologies replacing the M criterion as well as optimal planning decision ogr 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 atasting 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 gstem 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 univesrfitim
8 European Countries (among which the Italian RSE acting as project coordinator) aneSNDE, the developer

of the European market coupling platform EUPHEMIA.

Partners

Rng C’\C\! @-distribuzione

Sistema
Energetico

WELES O wscco
~ st RIEIN P4 @ SINTEF  tecnalio) ez
N
ﬂ "l.‘ :—‘?:ff;u.\v;ﬁ technische universitat # VIto

Electricity
Coordinating
Center

wa CLC lalla dortmund
Tf\y ﬂ T E R N A 3 R J F
1ICl11IQR

Copyright 2021-2022 FlexPlan Page7 of 225



Table of Contents

AADOUL FIEXPIAN ... et e e e e s osssssssss 222 e a2 e e s st 222 22w e 22 sessssssies e nennna D nnnns
T ADIE OF CONTENLS. . e i e e e ee e e e e s st 2222222 e 22 sttt 2 2222222222 e 2 202 e e s

List of AbDreviations and ACIONYIMS . .......cccoiiuurrees e st e e e e e s s 252422241111+ s

Exec

1

2

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.1

2.1

3

3.1

3.2

3.3

UTIVE SUMIMIBIY . c.iiiitteeiee e o 4+ 4424+ s £ 555544 £+ £+ i £ £ £ £ £+ 4411 1 1 5 s
N T OTUGCTION «.oeeeeee e st e+t e et e e e s eresssssss 222 e 22 2 222 st 22 222 2 2 2 st o 0

DALA IMOUEL......coiiiiiiiiiiie i e+ ot 44+ £+ 4214+ ¢ st £ 45555544+ £ 4 s 550
Sets, entities and indices used in planning toQl.................... oo eeviveeeen
AC DUS data MOUEL........oiiiiiiiiie s st s 44242 i £ 22
DC DUS data MOUEL...........ooiiiit it s+ s 2222211
Generator data MOUEL...........coc.uvii s e 1+ i e
(Flexible) demand data MOEL............ooiveee e e e s 222222
Storage data MOUEL..........ooeeiiii i s oot e et s 244200 s 0
AC branch data model (AC lines, cables atrdnsSfOrmers)..............eeeeeee . o
PST data MOUEL.......c.iiiiiiiie et s s+ ¢ s £t
DC branch data MOEL.................oe et 4 s 1

O DC converter data MOAEL..............oeouwtmmmmmm et s 2241211+ s o

1 Air qUality COStMOAEL.........cooiii i e oo e e i 24422 e 10

Optimization target FUNCLON ............ciiiiiii e i e e e e s s 22222224224 s
General structure of the optimization target function...................... e
DyNamicC OPLtIMIZALION...............oooii i s e+ e et e o 2211555+ s 5555

The COSE MINIMUZALION. ... et e e e et et e 22 e e e e et e

Copyright 2021-2022 FlexPlan

Page8 of 225

13

15

18

20.

20....

22...

22...

23.

24.

26...

27

28...

30.

31

32.

35

.35.

.35.

.36.



3.4 Complete FOrMUIATION...........ooueveeee s e s 4+ 221« s 2 230«

3.5  Objective function terms explanation...................... o eeeeesneeeees s e o3 s
3.5.1 TRErmMal QENEIALOIS........cciieiiiiieee s st e+ s 25544+ 2 221 s £+ 10 1D
3.5.2 HYOIO GENEIALOIS ... ..uuiiiiiies ittt s e+ 44t e« 555544+ + 442 s £ 44+ 41125013
3.5.3 ReNEWADIE gENETALION. .......cciiiiiiiee i e i 4+ 2411+« s+ 1O
3.5.4  SUOrAgE UEVICES......cceiuiieeieee s e+ i £+ 441211554 ¢ s 1155240222 D
3.5.5 Demand flexibility rESOUICES.............uuuiiii e s e s 13 D
3.5.6 Load CUIAIlMENT.........ooiiiiiiiiees s et e+ oo+«
3.5.7 NOAAI SIACKS......cciiiiiieiiee s e s 41« s 152102+ RO,
3.5.8 AC ANd DC lINES....cccoiiiiiiiiee s e s e+ 221« e ee oo B 0

3.6 StoChASHIC FOrMUIALION.......coovvniiieii s s e e e e s s 22 e s w20« sssmnsnn oo+ DL
3.7  Costs related to reliability Of SUPPIY......ccooeiiiiiiiiis e e A3

3.8  Details on present value calCulation..................... o svvveeeees s oo A0
3.8.1 Discounting opeational costs and investment COStS.........ccceeeeee e cosssnn ... 45,

3.8.2 Residual value Of INVESIMENTS......ouieeeeee e e e e e e e e e e eeenn QL

4 NetWOrk MOUEIING.....cccuuueeeereeers s e e e 22222222222« s s 2222222222200 ik Qe

4.1  Power flow and equipment modelling for (sub)transmission networks.........48
4.1.1 Nonlinear power flow and equipment modelling for (sub)transmission
NEIWOTKS .ottt ettt s 44+ 4442+ s £ 445254+« s 55544+ + 44 & s+« 12000000 ZHD 110
4.1.2 Linear power flow and equipment modelling for (sub)transmission networks
8§88888888888888888888888888888888488888

4.1.3 Investment deCiSION CONSIIAINTIS ... cccuiieeieee e e s e e e e e e e e e e e e DD
4.2  Modelling of SeCUrity CONSIAINTS........cceiiiirieee s e e e e e e e e e e e s a2 e e e e e e eees Dllann

4.3  Distribution system MOdelliNg............eeeeeeeeee e e eeeeeee e 22222 ee e e e e e e w2 Qo
4.3.1 On the definition of distribution SYStEM..............cc..uvivt e D
4.3.2 Power flow modelling of radial distribution system..................... oo 60.

4.3.3 Candidate management at distribution leVel..................... commmmmeveeeeeeeeeee B3,

5  Generic flexibility MOdelling...............cc....et e o 21512222+ + s 2O D

Copyright 2021-2022 FlexPlan Page9 of 225



00 R I T To N 4 0 To o [= 1 1 oo U U UUU PP o Lo I
5.1.1 LOAU UBCIEASE......uueeeeeeieeeees s e+ 1« 544+ + 4 e 22222100102 OB
5.1.2 LOAd SNITtING.....eeiiiiiiiiiiiiee s e i 44222211+ st 21100000+« OO
5.1.3 Load CUMAIIMENT..........ooiiiiiiieet et e+ 24 s 2«21 000 O D

5.1.4 Demand flexibility INVESTMENTS.............cooeiiiit e e e s e OB

5.2 Storage MOUEIIING......ccoiiiviiiiie e s et e e s 22211« a0 02 OB
5.2.1 StOrage CONSIIAINTS. .....ccceiiurrreee e e e e e e s s 224121115+ ¢ s 1110 OB
5.2.2 Modelling the flexibility of hydropower plants ..............cccuevevs o sevvveeee e L1

6  Environmental impact MOdelling..............uueeii e e oo s B

6.1  Air quality impact MOAElliNgG.........ocuuviieeii s e s e+ sl
6.1.1 Conceptual formulation of the cost fuNClioN.....................t o s evenvneene el

6.1.2 Operational implementation of the Cost function...................... commmmmm e vveenn 8.

6.2  Carbon footprint impact MOdelliNg.............uiiiiiiis e s D

6.2.1 Results of candidate carbon fOOtPriNtS...........cc.uvuvrees e eeeeeeeeee e s - OO

6.3 Landscape impact MOAEIING.........cceeerieee e e e e s 222 e D

7 Monte Carlo SCENArio rEAUCTION..........ccieeii.es e oo s e e DS
7.1 BaCKQrOUNG.........ccccuiuieeees o e ot 55555255+ + ¢+ st 55555522222+« e DS
42 |V =11 T Yo (0] o o |/ OOOOPPN © 7 |

8 Further modelling decisions based on implementation challenges and computational
L= 1= YU PUPPPRRRR. © |
8.1.1 Benders deCOMPOSIION. ........ceiiiiieeee i e e e e e e e e e e e s s« 222222222 s -2
8.1.2 Combined modelling of transmission and distribution systems................ 101
9 Proof-0f-CONCEPL tESHING........uuuurrrreeeeee s s e e e e e e e s 22222222222+« s a2 2222 L L L
9.1 The FlexPlan.jl PACKAGE.........coovviiii e e a2 a e e oo L L

S B ST B3 3 (= 1 1 P PPPOPPUPPPPRINY B 0024
9.2.1 TransmisSSION tESt SYSIEM.........cooiiiiiieet o oo e s 051555+ sk L 2
9.2.2 DIStribUtiON tEST SYSIEM.....uiiiiiiiiiiiiee e s e st 11222222222+ + s L3

Copyright 2021-2022 FlexPlan Pagel0 of 225



0.3 TEST CASES. ... iiiiiiiiiiiiiee sttt s £ £ 51 4+ st 4142444+ 2+« st Lo L D
9.3.1 Tests on the storage MOdel............ccoevvi e et eeeeeee e e e s e e e e e e e e eeene el 1D
9.3.2 Tests on the demand flexibility model.....................o e eeiiieeee s 125
9.3.3 Tests on the reliability MOdel...............oeviii i e s e L34
9.3.4 Tests on the distrbution network model ...............ooevvi e 141
9.3.5 Tests on the air quality impact MOdel...............c..oeii s evveeeeee e s . LA
9.3.6 Tests on landscape impact MOAEL..............oovee v veeeeee e s a0 LD
9.3.7 Tests on the scenario generation and reduction.................... cowwmmna ... 164
9.3.8 Tests on the stochastic optimisation model formulation with multiple Monte

CarlO tIME SEIIES.....ueueeeeeeeeeee e o et e e s 52552225222+« s 22522222222+« s« o 4 O

9.3.9 Proof-0f-coNCept CONCIUSIONS.........c..uvveeeee s s e e e s e« 2w e e LA BLL

10 Model implementation in the final planning tool.....................vt e s eevvvveeee el 18

10.1 Simplifications on the demand flexibility and storage modelling................. 178

10.1.1 Temporal decompostion of large hydro storage modelling.................... 178.

10.1.2 Storage modelling with explicit modelling of the inflow......................... 179

10.1.3 Relaxation of integrality constraints for storage and demand flexibility
modelling 8 88888888888888888888888888888818B8888

10.2 Time series and scenario reduction using representative weeks................ 181
10.3 Pre-processor and planning tool interaction...................... e e oo e eeeeeeee el 84
10.4 Decomposition of the transmission and distribution system planning models....

...185

L1 APPENAICES . ...ooiieeeeee e e s+ 444244 ot 44425515 5 s 55555555555+ s 5 1 5 LD O

11.1 Appendix AZ TeStS INPUL Ata..........eeeeeeeeeees e eeeeeeee e e e 2222222 eeee 00 OB
11.1.1 Transmission test system specifications.....................commmmn e eeeeeenvrer .86
11.1.2 Distribution test system Specifications...................oescommmmm e eeeeeeeeeee s e L 88
11.1.3 Storage assets specifications for test cases................vvr cmmmmmm v vvvvvveennn.. 189,
11.1.4 Flexible loads specifications for tests on demand flexibility................... 191.

11.1.5 Data and sources for reliability modelling tests..................... e 10022, 195

Copyright 2021-2022 FlexPlan Pagell of 225



11.1.6 Investment candidates for tests on scenario reduction............cccccce. e 95
11.1.7 Generation cost data, and investment candidate cost data used in the testing

of the stochastic optimisation model formulation...................... e eeeeeeeevvs L 97

11.2 Appendix Bz Additional teSt reSUltS.................oeee s eeeee e e snn e L98
11.2.1 Additional test results on the storage model tests..................... e ... 198
11.2.2 Additional results on the air impact model...................oos o scvvveeee... 202,

11.3 Appendix Cz FlexPlan.jl DOCUMENTALION.............cuuveee e e 213
L11.3.1  OVEIVIEW. . .utiiiiieeiiiitee et s+ 4+ 4 s 55544+ £ 411 1 & s £+ £ 11115504« e LD
11.3.2 Running scripts within FlexPlan.jl..............ccooo i e e e e . 213
11.3.3 Structure of FlexPlan.jl SCrPLS...........uuviiiiiet e e e e s 2 L4
11.3.4  ProbIEm tYPES....cccoiiiiiiieee e e s £+ 1+« s 110000« 2o LD
11.3.5 Network fOrmulations .............cc.uveee o eeeeeee e s o221 sl L 1
11.3.6 Modelling aSSUMPLIONS........uutiieiineees e s s e+ i, L O

11.4 Appendix Dz OptimalTransmissionRouting.jl documentation...................... 219..
L1141 USAQE.....coeuuuieeieeeets s ettt e+ s 1122444551 s £+ 45555514+ ++ s DL D

A o Y (] (<Y g Lo <Y T2 24

Copyright 2021-2022 FlexPlan Pagel?2 of 225



List of Abbreviations and Acronyms
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AC Alternating Current

AQ Air Quality
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Executive Summary

Recent advances in computing power allow to include complex optimization problems in the core
operations of multiple sectors: logistic, automotive, or energy. If designegroperly, an accurate model can
boost processesefficiency or decrease costs, which is reflected in the end consumer bills, and with an overall
increase in the social welfare. In the electricity sector, networkxpansionactivities account for a big shareof
Transmission System Operators (TSOs) and Distribution System Operators (DSOs) budget and are activities for
which advanced optimization is identified as a potential tool to reduce the system costs. Nevertheless,
challenges arise when modelling the unagain system needs and the growing number of available technologies
at the time when the investments take place. Indeed, technologies enabling demand flexibility and energy
storage at various horizons are gaining interest as alternatives to classical giilvestments (e.g., additional
lines) to solve congestion issues. At the same time, in the context of increasingly connected grids as well as
intermittent and unpredictable energy sources, the impact of an investment has to be computed at supra
national level and must account for the system variability, resulting in largescale problems. Thus, one faces a
trade-off between a sufficiently accurate representation of the system to optimize and the computational
burden of reaching an optimal solution of the larg-scale planning problem at hand.

This document aims to provide the generic design guidelines for the FlexPlan planning tool, aiming to
overcome the challenges mentioned above. As such, it provides the necessary mathematical modelling details
with respect to the optimization target function, network flow modelling, reliability modelling and flexibility
modelling. Additionally, it gives an overview of the data requirements to ensure a proper alignment with the
ongoing activities within the project, such as he scenarios generation and the proper flexibility
characterization and valorisation. Optimization techniques to improve the computational efficiency of the tool
are investigated andour first findings in terms of scalability of the modelare presented using a proofof-
concept implementation

One of the critical aspects when designing a laregcale optimization problem as the one presented here is
the adequate definition of the target function. For such a task, the document presents a formutatifor the
social welfare, which accounts for a long planning horizon covering multiple decades, considering the effects
of both the new installations and the recurrent operational costs. This characteristic, also known as dynamic
optimization, allows to precisely model multiple factors in a cosfjuantification fashion, such as environmental
impact, reliability of supply, investment and operational costs. For all costs, the net present value formulation
of the objective allows totake into accountthe present value of costs incurredat different yearsin the future.
Furthermore, the stochastic formulation of the objective function allows to account for several scenarios
modelling the uncertainty in load and generation profiles (e.g., due to renewable genei@t) at the different

planning horizons.
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Simplifications have to be made in order to keep the tractability of the problem, and this is reflected in the
linear formulation of the power flow model, both for transmission and distribution networks. This way, he
usage of efficient mixedinteger linear programming solvers is leveragedin particular, starting from the non-
linear representation of thetransmission and distribution grids, the document derives the DC and the octagonal
approximations, respectively, pointing out the assumptions for each one. Both formulatios account for
potential investments in new assets through sets of binary variables and adapted network constraints.
Moreover, the model for transmission allows to model mixed AC and DC grids, taffimmong others DC
interconnectors into account, both as existing and investment candidate assets. One of the novelties introduced
in this work is the analytical formulation on the interface between TSOs and DSOs for the planning problem to
enable combinedoptimization of transmission and distribution systems. Planning at distribution level can for
instance be considered as a potential investment to enable upward or downward flexibility at transmission
level. As such, four approaches are presented, with emgidis on the adhoc heuristic developed to integrate the
simultaneous planning process.

As mentioned above, flexibility resources such as batteries or flexible loads are considered as alternative or
complementary investment possibilities to the commissioing of new branches or their reinforcement. Hence,
including their characteristics inamore generic and versatile way later allows to reduce the total system cost,
for instance by investing in demand flexibility, enabling load decrease or load shifting whemeeded. The
developed generic storage model also allows the representation tdrge flexibility sourcessuch as Nordic
hydro power as storage facilities.

The environmental impact model, which is included under the target function, elaborates on three pdiel
categories: (i) air quality, (ii) carbon footprint, and (iii) landscape impact. Whereas the first category only
accounts for existing thermal generators, the carbon footprint generalizes to both investments and operations
through the life cycle of eah asset. Finally, through an optimal routing algorithm, the best routes for the new
branches are evaluated, determiimg the minimum costs of the candidates taking into accountheir landscape
impact costs.

In order for the network expansion planning tool to determine investment decisions which allow the
network to operate reliably for a range of uncertain future conditions, scenariosare generated and
subsequently reduced to a limited number of representatig time-series to reduce the computational burden.
The key uncertainties identified arethe presence of renewable generation resources, temperatwgependent
loads and hydracondition dependent storage and production. Whereas the scenarigeneration isout of the
scope of the planning tool itself, we briefly present the methodology for reducing the number of such scenarios.

As mentioned earlier, the biggest challenge the FlexPlan planning tool faces is the computational efficiency
for the large-scale optimization problem. Having this in mind, the document present four different techniques

that can be applied to increase the computational efficiency if proven necessary. In particular, the
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decomposition of the planning and operational problems using Benders demposition and the combined T&D
optimization are identified as the most promising ones.

Finally, the aforementioned models and methodologies are tested througiroof-of-concept tests based on
the Garver transmission expansion test systemand the CIGRE medium voltage distribution network. These
validation tests present the key features and potential limitations of the model as well as our first findings on
its scalability to large-scale systems. A proebf-concept paclage, FlexPlan.j was implemented to conduct those
tests. FlexPlan.jwill serve as a reference for the implementation of the FlexPlan planning tool and will be made

publicly available at the end of the project activities.
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1 Introduction

The main goal of FlexPlan is to develop and implement a grid expansion optimization tool able to
incorporate flexible grid elements: conventional network asset on one hand and flexibility sources (suclas
storage and demand sidenanagement) on the other. The tool should be applicable to both transmission and
distribution systems alike, providing the possibility to optimize investments in both networks at the same time.

Figure 1-1 shows the outline of the optimization model and the input parameters. A number of candidate
grid investments, flexibility and storage options are provided as an input for the toplwhich will be provided
by the pre-processor developed within WP2of FlexPlan These expansion candidates are characterised both
technically, e.g. power ratings and economically e.g. CAPEX and OPEXhe network planning is carried out for
a number of generation and demand the series Transmission networks data (based on th&en Years Network
Development Planz TYNDP) and distribution networks data (synthetic or real ones) aremeededin order to
provide grid constraints for the optimization problem.

As a first step, grid expasion and flexibility candidates are analysed in order to quantify their costs based
onenvironmental impact (air quality, life-cycle assessment and landscape). These additional costs are included
into the objective function of the expansion optimisation such that the best tradeoff between T&Dsystem
investments and operational costs is found by alsconsidering environmental externalities.

The optimization is carried out in parallel for three ParEU scenarios, elaborated for the years 203R040-
2050 and based onwelA OOA AT EOEAA %5 AT A T AOQOET 1 Al-%OQDEDNE.T § Od AD.
4 0AT AG6 EO OEA AAthddoMDP 20 réparidddsighell b fefle@ thd mobt lEcent EU member
state National Energy and Climate Plans. In addition, ENTE and ENTSE5 have created two scenarios in line

xEOE OEA #/0 ¢p OAOCAOOg O$EOOOEA O hjkdiive wiuddérgaddtheAT A O

impact on infrastructure needs against different pathways reducing E{28 emissions to netzero by 2050.
More information on these scenarios can be found in deliverable D4.1 of the FlexPlan projétt. A Monte

Carlo approach accounts for yearly climatgariations in the planning optimisation framework.
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Candidate transmission lines & cables, Generation and demand T& Darid data based on
HVDC connections, PSTs, storage, time series for 2030, 2040, ENTS:? © TYNDP
demand flexibility 2050 ¢
Quantify .
. Carbon footprint
Iandsa(;\g:témpact analysisusing LCA

( Optimization model \

Objective: Maximum social welfare consisting of investment costs, power plant operational costs, environmental
impact, system security impact

Decision variables: Investment decision (binary), hourly generator dispatch, flexibility activation, storage usage,
PST & HVDCset points

Qonstraints: T&D grid constraints, T&D security constraints, flexibility characteristics, storage constraints

Figure 1-1 z High level outline of the optimization model

The objective of the optimization is to maximize the system social welfare. This is obtained by minimizing
the sum of T&D grid investments, operational costs bound to system dispatch and environmental impaosts,
while maximizing the benefits achieved by the use of the flexibility sources and storage. The optimization is
performed jointly for three target years, namely 2030, 2040 and 2050, and each year is characterised by a
continuous time series ofideally 8760 hours, which is necessary to model storage and flexibility activation
accurately. As a result, a steprise investment plan for new grid connections and flexibility investments is
obtained.

Binary investment decision variables are used for grid anddxibility investments, whereas continuous
variables are used for generation dispatch, and the dispatch of flexibility and storage sources. Considering the
three target decades and the detailed characterisation of each planning year, a laggmle mixed ineger
problem optimization is obtained.

The power flow equations and technical constraints for flexibility source and storage are formulated in a
linear way, in order to maintain tractability of the model notwithstanding its huge dimensions. Security
constraints for critical contingencies are included into the model. Possible rdispatch and load curtailment
costs semming from these contingencies are weighted probabilistically. The weighted costs are added into the
objective function of the optimization, in order to find the best tradeoff between additional grid and flexibility

investments to avoid congestions durig outages versus the expected impact of such grid outages.
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2 Data model

This setion describes the data model used for the planning tool. First all sets, entities and indices are
provided for consistent use throughout the document. For each set, detailledescription of used variables,
optimization parameters (as directly used in the optimization model), additional parameters for pre
processing and visualisation are provided. For all variables and parameters, their cardinality, typical ranges
(where applicable)and mathematical symbols are provided.

The griddatamodel is providedfor the nonlinear formulation of the power flow equations, which is further
linearized in Section 4.1. Regardless of the actual implementation, different sets have been defined for
candidate and existing assets, in order to have cleand concisenotation.

For the sake of generality and ansidering that pre-solvers (CPLEX, Gurohi ) &n eliminate potentially
redundant variables,someof the variables have been defined over a larger number of sets,g.the bounds on
the maximum absorption and injection power for storage have been defined for every asset and every planning

horizon (although the bounds maybe the same in all planning horizons)Optional elementsof the data model

have been marked with a reatolour.

2.1 Sets, entities and indices used in plannitapl

Set / Entity Symbol Indices
Set of planning horizons Y N Y
Set of periods in the planning horizon Y oN Y
Set of existing storage elements Y oY
Set of candidate storage elements Y 6H Y
Set of generators Y WY
Set of ac nodes Y a oy Y
Set of loads Y oONTY
Set of time windows for balancing of Y T~ Y
demand shifting
Set of AC branches Y onN Y
Set of candidate AC branches Y a &y
AC grid topology Y dahoy Y hY Y Y Y
Defined as tuple: (adine id, from node, to
node)
Set of PSTs Y N Y
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Set of candidate PSTs od Y
PST connectivity oo Ay YR Y Y Y Y
Defined as tuple: (PST, from node, to node)
Set of dc nodes Y (0110 0"
Set of DC branches Y Ny
Set candidate of DC branches Y Q® Y
DC grid topology Y TR Y Y Y Y Y
Defined as tuple: (dc line id, from node, tc
node)
Set of AC/DCconverters an "y
Set of candidate AC/DC converters ady
AC / DC converter connectivity Y da@y h3 Y Y Y
Defined as tuple: (converter id, ac node, d
node)
Generator connectivity % o v Y ORY Y
Defined as tuple: (generator id, ac node
connected)
Load connectivity Y ol v Y RY Y
Defined as tuple: (load id, ac node
connected)
Storage connectivity Y mNY h3 Y Y
Defined as tuple: (storage id, ac nod
connected)
Set of contingencies Y v Y
Set of pollutants Y nN -y
Set of countries Y od Y
Set of grid cells for air quality Y foXoXe's
modelling
Set of meteorological variables Y a Ny
Set of AQ impacts QafY
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2.2 AC bus data model

Variables Symbol Cardinality Unit
AC bus voltage magnitude Y ki La Ny HoN"YH o Y kv
AC bus voltage angle — JaNY Hoon YR @n Y rad
Optimization parameters Symbol Cardinality Unit Typical value
Nominal AC bus voltage Y & Jan"Y Hov YA o kv {110, 220, 380} kV
magnitude NY
Maximum operating voltage AT Ja vty Aov"YH o kv Yir pTb
N Y
Minimum operating voltage T Lan"Y Hov YA o kV Y pTb
N Y
Maximum voltage angle — Lan"y Hov YA o rad q"
N Y
Minimum voltage angle — R Lanry Aon YA o rad c
N Y
Additional parameters Symbol Cardinality Unit Typical value
Bus ID [-] Lg Ny [-] [-]
Bus location [-] lanvy [lat, [-]
lon]
2.3 DC bus data model
Variables Symbol Cardinality Unit
DC bus voltage magnitude Yii L'ON Y A oon YR @n Y kV
Optimization parameters Symbol Cardinality Unit Typical value
Nominal DC bus voltage Yii F'Ov Y A oon YR kV {320, 525,600} kV
magnitude NY
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Maximum operating voltage Yir 'OV Y HooN YR @ kV Y pTP
N "Y
Mini mum operating voltage Yir L'ON Y HooN YR kV Y pTb
N Y
Additional parameters Symbol Cardinality Unit Typical value
Bus ID [-] vty [-] [-]
Bus location [-] OL I [lat, [-]
lon]
2.4 Generator data model

Variables Symbol Cardinality Unit
Active power generation 0 fi I"OY YA O YR N Y MW
Reactive power generation 0 ki I"OY YA O YR N Y Mvar
Optimization parameters Symbol Cardinality Unit Typical

value
Active power reference 0 i L Ov YR oN YR @n Y MW [-]
Maximum active power generation 0 fi L Ov YR oN YR @n Y MW [-]
Minimum active power generation 0 fi IOy "YR oN “YH N Y MW 0
Generation cost 6 i L8 YA oM YA v Y | O - TE [-]
Maximum reactive power exchange 0 ki IOy YR oN YR N Y MW [-]
Minimum reactive power exchange 0 ki IOy YR oN YR N Y MW [-]
Generator status Y IOy YR oN YR N Y [-] {0, 1}
Additional parameters Symbol Cardinality Unit Typical

value

Generator ID [-] Loy [-] [-]
AC bus connected [-] Loy [-] [-]
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Generator fuel type [-] Loy [-] Solar
PV, Coal
( UAOI
Emission factor Oy, J"OY YA AN Y kg/MJ [-]
Stack height "0 QN Y m [-]
Stack diameter O Loty m [-]
Plume velocity O PN Yy m/s [-]
Plume temperature O Loty °K [-]
Generator type [-] PN Yy [-] Open
AUAT /
Fuel price — AL F O -7 [-]
Specific fuel consumption - oty [MWh/MWh] [-]
2.5 (Flexible demand data model
Variables Symbol Cardinality Unit
Active power consumption 0 i Lo~ YR N YR N Y MW
Reactive power consumption 0 & Lo~ YR N YR N Y Mvar
Not consumed power 30 i 1oN YR ON "YH N Y MW
Upward demand shifted 30} Lo~ YR N YR oM Y MW
Downward demand shifted EY 16N YR oN "YH @n Y MW
Load curtailment 30 i 1oN YR ON "YH N Y MW
Investment decision | 5N Tip 170 "YH @ Y [-]
(enabling flexibility)
Optimization parameters Symbol Cardinality Unit Typical
value
Power factor angle * iR JoN YR ON YR oM Y rad [-0.45,
0.45]
Reference demand 0 in JoN YR ON YR oM Y MW [-]
Maximum energy not consumed (o] ﬁﬁ L1ON YR @n Y MWh [-]
(accumulated load reduction)
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Maximum energy (accumulated net LonN"YH N Y MWh [-]
demand) shifted

Superior bound on not consumed JON YR ON "YH QN Y MW [-]
power (demand reduction)

Superior bound on upward demand JON YR ON CYH QN Y MW [-]
shifted

Recovery period for upward LN YA N Y h <24h
demand shifting

Superior bound on downward L ON YR ON "YH N Y MW [-]
demand shifted

Recovery period for downward LonN"YH N Y h <24h
demand shifting

Maximum energy (accumulated LonN"YH N Y MWh [-]
load) shifted downward

Compensation for consuming less JONTYRONYH N Y | OF - 7E [-]
(i.e., voluntary demand reduction)

Compensation for load curtailment JoONTYRON"YHONY | OF- 7E [-]
(i.e., involuntary demand reduction)

Compensation  for flexibility JoONTYRON"YHONY | OF- 7E [-]
(demand shifting)

Specific interruption costs JoN"YRON"YHONY | OF- 7E [-]
(involuntary load curtailment costs, or
costs of energy not supplied, due to
contingencies)

Investment cost (for enabling LN YA N Y (0] [-]
potential demand flexibility)

Carbon footprint cost (for enabling LN YA N Y (0] [-]
potential demand flexibility)

Status RE [-] {0, 1}

LN YR ON "YH 0
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2.6 Storage data model

Variables Cardinality Unit
Normalized energy storage level 170 "YH N YR @n Y [-]
Power absorbed from grid 170 "YH N YR @n Y MW
Power injected to grid 170 "YH oN YR @n Y MW
Exchanged reactive power 170 "YH o CYH N Y Mvar
Investment decision 170 "WH on Y [-]
Optimization parameters Cardinality Unit Typical
value
Maximum energy content 170 "YH @~ Y MWh [-]
Minimum energy content 170 "YH @~ Y MWh [-]
Initial energy content 170 "YH @~ Y MWh [-]
Maximum absorbed energy over 170 "YH @~ Y MWh [-]
ayear
Maximum absorbed power 170 "YH ov YR @ MW [-]
N
Maximum injected power 170 "YH ov YR @ MW [-]
N
Maximum reactive power 170 "YH @~ Y Mvar [-]
exchange
Minimum reactive power 170 "YH @~ Y Mvar [-]
exchange
Absorption efficiency 170 YA v Y [-] [-]
Injection efficiency 170 YA v Y [-] [-]
Maximum absorption ramp rate 170 "YH v Y MW/h [-]
Maximum injection ramp rate 170 "YH v Y MW/h [-]
Power provided or demanded by 170 "YH oN YR @ MW [-]
external process N
Hourly discharge rate 17O YA N Y [-] [0,1]
Status ik 17O "YH on YR o [-] {0, 1}
-
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Absorption cost 6 i 170 "YH o “YH o OoF-7E [-]

N "Y
Injection cost (o L7 "YH oM YH @ OoF7-7E [-]

N "Y
Investment cost O Q& YA o~ Y 0 [-]
Carbon footprint cost "00; 1O®d YA o~ Y 0 [-]
Additional parameters Symbol Cardinality Unit Typical value
Storage ID [-] 1oy [-] [-]
ACbus connected [-] 1oy [-] [-]

2.7 AC branch data modd/AC lines, cables and transformers)

Variables Symbol Cardinality Unit

Active power flow in from -direction , i ban "YH o “YH v Y MW
existing lines

Active power flow in to -direction , 0k Lav "W oN "YH @~ Y MW
existing lines

Reactive power flow in from - 0 i ban "YH on “YH on Y Mvar
direction existing lines

Reactive power flow in to -direction , 0 ki Lav "YH on "YH @~ Y Mvar
existing lines

Active power flow in from -direction , 0 in Fa & YA on YA @n Y MW
candidate lines

Active power flow in to -direction , 0 ki ba & YH on "YH @v Y MW
candidate lines

Reactive power flow in from - 0 wn Fa & YA on YA @n Y Mvar
direction,  candidate lines

Reactive power flow in to-direction , 0 i La & YH on "YH @v Y Mvar
candidate lines

Investment decision | &N Tip La YA N Y [-]

Voltage transformation ratio thi bav "YH on "YH @~ Y [-]
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Voltage transformation  ratio, t &k Lo YA on YA N Y [-]
candidate lines
Optimization parameters Symbol Cardinality Unit Typical
(Existing and candidate) value
Resistance i Jao N Y Ohm [-]
Reactance ) Lao N Y Ohm [-]
Susceptance ) Lao N Y 1/ Ohm [-]
Thermal rating Y Lag "y MVA [-]
Emergency rating v b Lagn "y MVA [-]
Maximum voltage t Lag Ny [-] [-]
transformation ratio
Minimum voltage t Lagny [-] [-]
transformation ratio
Maximum angle difference w— Jao N Y Rad [-]
Minimum angle difference w— Jao N Y Rad [-]
Failure rate _ Jao N Y 1/year [-]
Mean time to repair o Jao N Y h [-]
Mean time between failures 0 Jao N Y h [-]
Status i ki JanN"y Aoy YA ® [-] {0, 1}
N "Y
Investment cost "Or La & YA o Y 0 [-]
Carbon footprint cost 00, La & YA o Y 0 [-]
Landscape impact cost 0"Y Fa & YA o Y (0] [-]
Asset lifetime o Lad Ny year [-]
2.8 PST data model
Variables Symbol Cardinality Unit
Active power flow in from -direction , 0 i LN YR on YR v Y MW
existing PSTs
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Active power flow in to -direction , 0 i I N YR oN YR Qv Y MW
existing PSTs

Reactive power flow in from - 0 ii LN YA on YR v Y Mvar
direction , existing PSTs

Reactive power flow in to -direction , 0wk I N YR oN YR QN Y Mvar
existing PSTs

Active power flow in from -direction , 0 ip F@d Y Hov YR v Y MW
candidate PSTs

Active power flow in to -direction , 0 Lod Y Hon YA on Y MW
candidate PSTs

Auxiliary active power flow in from - 0 ii F@d Y Hov YR v Y MW
direction , candidate PSTs

Auxiliary active power flow in to - 0 ii Lod Y Hon YA on Y MW
direction , candidate PSTs

Reactive power flow in from - 0 F@d Y Hov YR v Y Mvar
direction, candidate PSTs

Reactive power flow in to -direction , 0 & Lod Y Hon YA on Y Mvar
candidate PSTs

Phase shift existing PST . i Lood "YH on "YH o~ Y Rad

Phase shift candidate PST S Food Y Hov YA v Y rad

Investment decision | N Tip Jo® YA ovy [-]
Optimization parameters (Existing Symbol Cardinality Unit Typical
and candidate) value

Resistance i AR Ohm [-]

Reactance o AR Ohm [-]

Susceptance ® AR 1/0Ohm [-]

Thermal rating AR MVA [-]

Emergency rating yooh AR MVA [-]

Maximum phase shift . AR Rad 0

Minimum phase shift . AR Rad [-]
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Maximum voltage t AR [-] 0
transformation ratio
Minimum voltage t Lo®N"Y [-] [-]
transformation ratio
Maximum angle difference w— Laod "y Rad [-]
Minimum angle difference w— faod "y Rad [-]
Maximum voltage difference wY fody kv [-]
Minimum voltage difference wY faod "y kV [-]
Maximum active power o fody MW [-]
difference
Mini mum active power o fody MW [-]
difference
Maximum  reactive  power o Jody Mvar [-]
difference
Minimum  reactive  power o Jody Mvar [-]
difference
Status - JooN"Y Hov"YH o [-] {0, 1}
N Y
Investment cost "Of d Y H ony 0 [-]
Carbon footprint cost "00 ; Ld Y H ovry 0 [-]
Landscape impact cost 0Y Jo® YA ovy 0 [-]
Asset lifetime o JQQN"Y year [-]
2.9 DC branch data model
Variables Symbol Cardinality Unit
Active power flow in from -direction , 0 5 QN YA oN YR v Y MW
existing lines
Active power flow in to -direction , 0 &k 1'QN YA on YR N Y MW
existing lines
Active power flow in from -direction , 0 p 1'Qd Y Ao YR on Y MW

candidate lines
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Active power flow in to -direction , 0 & 1'Qd Y Hon YR on Y MW
candidate lines

Investment decision | N Tip Q@ Y A v Y [-]

Optimization parameters | Symbol Cardinality Unit Typical
(Existing and candidate) value

Resistance i QoY Ohm [-]

Admittance Q IQanNY 1/0hm [-]

Thermal rating Y QoY MVA [-]

Emergency rating v b QoY MVA [-]

Failure rate _ QoY 1/year [-]

Mean time to repair o QoY h [-]

Mean time between failures 0 QoY h [-]

Status " 1QonN"Y Hov YA o [-] {0, 1}

N Y

Investment cost Ox 1Qd Y A on Y (0 [-]

Carbon footprint cost "00 ; 1Qd Y A on Y 0 [-]

Landscape impact cost 0"Y & 1Qd Y A on Y (0] [-]

Asset lifetime o QoY year [-]

2.10DC converter data model

Variables Symbol Cardinality Unit

AC side active power injection 0 Lan YA on "YH @n Y MW
existing , converter

AC side reactive power injection , 0 Lan YA on "YH @n Y Mvar
existing converter

DC side active power injection , 0 fi L an YA on "YH @n Y MW
existing converter

AC side active power injection , 0 & Lad Y Hov"YH @v Y MW
candidate converter
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il
AC side reactive power injection , U hh Lad Y Hon"YH @v Y Mvar
candidate converter
DC side active power injection , U R Ja ® YR ov Y o Y MW
candidate converter
Investment decision R TP lad YH ovy [-]
Optimization parameters (Existing Symbol Cardinality Unit Typical
and candidate) value
Auxiliary converter losses v Jdonry MW
Linear converter losses 0 Jdonty MW/M
w
Quadratic converter losses v Jdonry MW/IM
W2
- R N
Thermal rating AC Y law Ny MVA [-]
hoh .
Emergency rating AC Y law Ny MVA [-]
7 h -
Rated active power AC v JaonNTy MW [-]
= h -
Rated reactive power AC v law Ny Mvar [-]
5 h h ~
Emergency rating active power AC v law Ny MW [-]
~ h h -
Emergency rating reactive power AC v lawnN"yY Mvar [-]
a h -
Thermal rating DC v Jado Nty MW [-]
5 h h -
Emergency rating DC v lawnN"yY MW [-]
Status L hh JaonN"Y Hov YA w [-] {0, 1}
N Y
Investment cost O LadYH ov "y 0 [-]
Carbon footprint cost 00 LadYH ov "y (¢} [-]
Landscape impact cost OY LadYH ov "y (0] [-]
Asset life time 0 Laaon"y year [-]

2.11 Air quality cost model
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Variables/Data Symbol | Cardinality Unit Notes
Emission Factor Oy IOy "YH R [kg/MWh] Can be expressed
NY also in terms of
emissions by fuel
consumption (kg/fuel
ton) and generator
efficiency (MWh/fuel
ton).
Emission [ VTS I"OY YR o [ka/h] Hourly  emission
N YR @ rate for each
N YR AN Y pollutant.
Sensitivity coefficient ™ fn R I"Oy YR o [Eg/m3/Kg] Linear
N YR @ relationship between
NCYR AN Y emission and
concentration.
Hourly air quality | 60 pp I"Oy YR o [Eg/m3) Hourly
concentration N CYH G concentration of each
N YR AN Y pollutant.
Yearly mean  air _f,ﬁﬁ e "Yrj [@g/m3] Yearly mean
guality concentration 1N "YH 1) concentration of each
NTY pollutant.
Impact coefficient 0l g AN YR Qb 1 [#/ Bg/m3] Expresses the
NTY variation of a health
indicator (e.g.,
number of years of life
lost) for a pollutant
concentration
variation.

Impact O0f 1, L'y "Yh [#] Expresses the

&N "YH 1) health impact (e.g.
v YA "Qa n number of years of life
N Y lost).

Cost coefficient 066 [euro/#] Expresses the
monetary evaluation
of the corresponding
variation of an impact
indicator.

Cost T 1 Qa Ry [euro] Expresses the
monetary evaluation
of ahealth impact

Emission inventory El Od Y AR [tonsly] Requires also

N YR N Y spatial, temporal and
speciation profiles.

Meteorological fields MF QO A a [-] Gridded (2D/3D)

NTY hourly meteorological

fields of all variables
needed by airquality
models.
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Population data

Pop

QO Ao
N Y

Spatially
distributed; it may
also include age
classes and impact
reference data

Cost of CO2
reference yeary

in

Ton Y

[euro/t]
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3 Optimization target function

This section focuses on the objective function of the FlexPlan planning tool. The rest of the model (variables,

constraints, bounds) is detailedhroughout the Chapters 47.

3.1 General structure of the optimization target function

The FlexPlanplanning tool aims at seekng out an optimal combination ofnew grid investments, bothin
classical new connectionsnd installation of flexibility devices,to achieve maximum social welfareThus, the
first logical choice for the objective of the optimization model uporwhich the planning tool is based is the
maximization of the global social welfare of thesystem, since it is able to capture positive effects for all the

system participants. A general formulation of the social welfare is shown in equatidii)

Op 65 | Op Oj 0 i | Oh (1)

where the indexorefers to the hours of the year®o existing devices in the system@o the new devices, for
which installation has to be evaluated via the optimization, anél to the nodes. The ternOindicates any benefit
for the social welfare derived from the @eration of devices, whiled indicates any cost of the system derived
from the operation of devices. The term) indicates costs of the system related to single nodes derived from
system operation. Finally, the termGndicates investment costs for new @vices.| is the integer decision
variable indicating if the new deviceshould be installed or not.

Equation (1) allows to highlight some important peculiarities of the objective function. First of all, two kind
of effects on the global welfare are considered: time dependent (the terms in square brackén equation(1)),
including what is related to energy production and consumption and to the operation of thg/stem in general,
and time independent,that is investment costs for new installations (the term$ Q.

Furthermore, new installed devices may entail benefits and costs to the system derived from their
operation.

It must be remarkedthat by default the planning tool will use an hourly time resolution for the optimization
of the grid investments. This resolution has the advantages of being able to detect correctly system congestion
in most cases, while preserving numerical tractabili which is of high importancein regard ofthe large-scale
problems at hand.Also, for longterm models looking 30 years ahead a smaller time resolution is hardly

justifiable, as the macro scenarios will yield much higher uncertainty.

3.2 Dynamic Optimization

The planning tool developed should consider a long planning horizon covering multiple decadascounting
for the effectsof both the new installations performed over time and of the evolution of thesystem.To that aim,

a numbern Y of simulation years are considered and simulated togethesis shown inequation (2)
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Note that the effects of each element of the network are considered only in those reference years in which
it is operational, and investment costs are referred only to the reference years during which the installation
takes place.

The set of yearsY in the objective function(2) are referred to as target years. The operation of the system
is simulated explicitly only for this set of years, but each target year represents actual operational yeas. In
the FlexPlan project, the target years will b&Y = {2030, 2040, 2050} so that each of the target years represent
0 =10 operational years and the objective function represents a flB0D-year planning horizon. The prefactors
"Q" and"Q for the operational cost terms and the investment cost terms, respectively, are introduced to weight
each target year accorthg to the operational yearsthey represent and to calculate the present value of costs

incurred in different years in the future. These prefactors are explained in more detail ifsection 3.8.

3.3 The cost minimization

The explicit quantification of future benefits would be hard tomodel, requiring the usage of adetailed
market model. Also, depending on the objective of theystemoperator or the flexibility resource provider, the
benefits associated with that source might not necessarily coincide with the social welfare. As such, witttie
FlexPlanproject, only systemcosts are considered and minimizedsince almost all the benefitfrom the social
welfare perspectivewill be due to thereduction of the operation costs due to a more efficienise of energy in
the system.Thus, it is more useful to considethe total sygem costas the objective of the optimizatiorproblem.
In this case,equation (3), representing the system total costsis used instead of(1), and minimized in the

optimization process.

6 | 65 VS | O (3

3.4 Complete formulation

Equation (4) presents the complete formulation of the objective functionincluding the detailed cost

components of existing and candidatelevices

! The generalityof the model however allows to consider any ¥eof target years.
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3.5 Objective function terms explanation

In this section the terms introduced in equation(4) will be describedin detail. Asmentioned previously,

two kinds of costs are consideredn the optimisation objective.

Firstly, time dependent costs, that result from the operation of thesystem and of the

CAT AOCAOGET T TAT 1 O00i POET T AAOGEAAO AT 11 AA Qfefatiognici ©BO0AB A

They include the costs derived from the operation of theystem that are not accounted for in other ways.
For example, costs related to network losses are implicitlgonsidered by the further generation costs due to
the increase in generation needed to car the load; so, n@xplicit costs related to losses will be present in the
objective function. Regarding grid losses, irour network models (see Chapter4), only storage assets and
converters will be considered as lossyindeed, due to the need to retain model linearity(which is necessary in
order to maintain numerical tractability for the large-scale problems to be solvel] we use DC network
approximations which do not allow tomodel line losses.The main objective of the planning tool is to find best
trade-off between classical and flexibility systems (and not the minimisation of losses), and given the fact that
only a limited set of expansions wilbe realised in the future grid, the effect on the overall system losses with
respect to the reference grid will also be very limited.
devices Possible candidates include storag@flexibility resources 6 and new linest both AC and DCPSEb
and HVDC converter stationg. For each of them, fixed costs include the investment cdgt the carbonfootprint

costs"OD  and possible landscape impact cosis'Y.
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3.5.1 Thermal generators

No new installation of conventional thermal generators is considered within FlexPlan project, so only
operational costs areconsidered These costs are considered praptional to the hourly production 0 ;5 , and
a specific termd j; is introduced, which includes the following contributions:
1 fuel costso — O — -, where—is the price of fuel'Qfor the reference yearor OF - 7 EY h
— is the price of C@emissions for the reference yeator ‘OFBHL'0O is the emission factor of fuelQ
[tcodMWh] and — is the specific consumption of fuelfor generator "AMWh/MWHh];
1 environmental costs 0  , due to the effects of other pollutarg on the air quality - they depend on the
fuel considered, on the generation technology and on the geographical localization of the generator
andwill be described inSection6.1.
Then

0p — O —— Uk (5)

represents the generation costs of generatoat time 0in planning year

3.5.2 Hydro generators

No costs are ascribed to hydro generators, neither operational ones nor fixed ones, since no new installation

of hydro generation isconsideredfor FlexPlan project.

3.5.3 Renewable generation

The renewable generation is presented using time series téference generation valuesd ﬁﬁﬁ . As the aim
of the planning model is the maximisation of renewable infeed into the system by means of investing into power
networks and flexibility, in the objective function, possible curtailment of renewable erngy (e.g. due to
contingencie§ has been penalized using the termd j hoad ki, Where 0 ﬁﬁ corresponds to the
curtailment cost of renewables anda0 ; corresponds to the generation curtailment! "O¥ "Y H o "Yhon
Y. 30 ;j is defined as the difference between the actual generation of the RE source and the mefiee
generation,30 fp Gﬁﬁﬁ 05n andmt 30 Gﬁﬁﬁ IOy Y A oM "YH @M Y The total amount of

renewable energy curtailment can be limited using:

B. B, 30w Op" " 1&N“YhereOy " the maximum total renewable curtailment

allowed for each year of the planning horizon.

3.5.4 Storage devices

3.5.4.10perational Costs

Maintenance costs and other operational costs can be considered for energy storage devices. In this case,
costs could be counted botltior charging and for discharging. No environmental cost is considered for storage

devices, since no polluting emissions are related to charging or discharging. Then
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are the terms to be considered in the objective function, wherd , is the energy charged in hou and
reference yearoby storage deviceétand 0 ii Is the energy discharged in houdand reference yeanby storage
devicei; 6 j, is the charging cost for storage devic&n time 0and reference yearwt OF - 7 E ¥ ;. Asith&

discharging cost for storage devic&in time dand reference yearor O - 7 btlf BBese' costs are usually set

to zero, since for this kind of devices operational costs are mostly reflected in the initial investment costs.

3.5.4.2Fixed Costs

Investment costs for many kinds of storage devices may have two components: dreing afunction of the
total installed capacityO  d onebeing afunction of the nominal powerd  Iso, carbon footprint costs have

to be considered, so that the total fixed costs foa storagedeviceare given by:

"0 O O 0 "00; (7)

where the wN Y subscript indicates the particular year in the planning horizon as some candidate
elements can appear in multiple plannindnorizons. Note that the costsOy, are discounted accordingly for each
WM "Y8As the planning model is going to use a number of candidate storage devices with different power
ratings andenergy contents, in the actual model implementation théxed costs for storage candidatesvill take
the form
O "O0; where Oy is the sum of the evaluated functionsO;, O andO; 0 at given power and

energy ratings.

3.5.5 Demand fexibility resources

As currently the amount ofexisting demand flexibility is very limited and data about characteristics are not
available, the objective function only considers flexibility elements as future candidateBlexibility resources
modelling is described thoroughly insection5.1. Here we recall briefly only the equations needed to describe

the terms included in the objective function(4).

3.5.5.1 Operational costs

Two kinds of load flexibility can be considered by the planning tool: load decrease and load shifting.
In the first case, the flexibility resourceQsimply reduces its consumptiond ki in hour oof reference yearw
by the amount30 ; and to do so it receives a remuneration proportional to the reduction of the consumption,
with a compensationd sz ¥+ OF - 7TEY O OEAO OEA Al OOAODPITAEI C AT 0O
0 hh 30 hi (8)
In the second case, the flexibility resource changes its load profile shifting part of its consumption; , by

increasing it of an amount0 HE or reducing it by an amount3-0 hﬂ from hour oto another hour t (it can be
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aswelld6 tandt ©) but maintaining the original total consumption within a given periodt such thatoft N
t,ie

O hh 0 fn (9)
Here a remuneration proportional to load shifted is considered, with a compensation
6pnF OT-7EYHh O OE AdenCricehch AdutiyiveEby0 OE A
8 305 30 (10)
Note that a flexibility resource could be in principle able to participate to both the flexibility mechanisrs

(load shifting and load reduction)

3.5.5.2 Fixed Costs

Fixed costs for flexibility devices include initial investment costs and, depending on the technology

considered, carborfootprint costs.
0, Oy (12)

where the subscriptwindicates the first year of installation.

3.5.6 Load curtailment

Load curtailment mechanism and modelling are described in sectidb.1.3 Here only a brief recall useful to

describe terms included in objective function(4) are presented

3.5.6.1 Operational costs

Concerningflexibility resources already dealt with in section3.5.5sinceé 7 | 6 5z ando q5 | 6 fr, We
expect that load curtailment will be activated after those two other mechanissare completely exploited, that

is after the lower bound 0 ;; 30 h,? W ﬁﬁﬁ reached. Then, the cost for theystem in hour dis given by
0 ik 30 hk (12)

Note that the decision (slack) variables0 j, is defined forany load, also the nosrflexible loads that are not

described by the demand flexibility model. This means thdbr any load bus, load can be curtailed ifiecessary,

to avoid infeasibility (the curtailment costs can however vary between loads)

3.5.6.2 Fixed costs

For newly installed curtailable loads, since they are also flexible loads, their fixed costs are already

consideredby equation(11). Existingcurtailable loads, instead, do not have installation costs.

3.5.7 Nodal slacks
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To ensure the feasibility of the problem considered, two slack variablesould be introduced in each nodal
balance constraint,0 G, [MWHh], to take into account the situationsn which there is an excess of generation
in node¢ at hour ofor reference yearwy andd Oz [MWh], to consider those situations in which it is not possible
to fulfil the load in hour 6in node € for reference yeara

These terms are valorise with very high specific cost®) ¥ OF - 7TE¥% ;;/A10%¥ - 7TEYh OAOPAAOE
that the costs for the System are given by

0 i OChi 0 7n O O (13)

This way it isensured that these nodal slacks are not chosen by the optimisation solver as means of differing
necessary investments. It would also mean that, if these slack variables become nonzero, additional candidates
should be added to the set of candidates to read the infeasibilities.

Because the model formulation also includes load curtailment slack variables for all load demand buses and
generation curtailment slack variables for all nordispatchable generation buses, it is not foreseen that
additional nodal slack variables will be needed. They are however described here as an optional model feature

that could be implemented if it is found that additional means to avoid infeasibility are necessary.

3.5.8 AC and DC lines

Operational costs for lines are substantially related only to losses, so they are already implicitlgnsidered
by other operational costs. So only fixed costs for new installations are considered in the objective functia@h).
Then, for each candidate AC lingband for each candidate DC lin@ dhe investment cost, the carbon footprint
cost and the landscape impact cost should be considered for the year of installatian

"OF] "06 Fl l’.‘) "¥| (14)

for AC lines and
Op 00 07 (15)

for DC lines.

3.6 Stochastic Formulation

It is alsopossible to implementa stochastic formulation ofthe optimization model. In this case what will be
minimized are the expected costderiving from different possible scenariosi, each with a probability* . The
OAOI OOAAT GdrEtimEsdalscErdferdd to as Monte Carlo variantsjndicates different possible
realizations of the parameters, in particular, but not only, renewable generation and load profile§ hus, the
expected costs are calculated asweightedsum of the costs ineach scenario,with the weights corresponding
to the scenarioprobabilities. Note that the operationd model provides the operational costs for each scenario,

whereas the investment decisions are taken across all scenarios aliléis is shown in equation(16).

Copyright 2021-2022 FlexPlan Page41 of 225



" "ﬁ L 4 3} 5 o Fl
Q O — O — = Ufpn Of  WUFRR
OrrVrAkh  OrnVYark
O vhV i O AR VYR Bk

o 7 7 o ¥ h ¥ h
Onh Varh U hhhk O hh WUiRr  WUspp

0 #i 30 ki 0 in OGhrr 6 rr 0 Orpn
(16)
"Q | r O; O O 0 "00;
| 5 ‘G "OU; | & Or 00 0¥

As will be presented Sectior8.1.1, the stochastic problem can be divided in an uppdevel problem (the
optimal investment problem) and lower-level problems (the operational problems in each scenario, given the
investment deckions taken in the upper problem). This yields a Benders decomposition which, with a specific
solving methodology and a potential parallelization of the lowedevel problems, can reduce the computational

burden to reach an optimal solution of the network &pansion problem.
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3.7 Costs related to reliability of supply

Reliability of supply and probabilistic reliability criteria are proposed to be accounted for in the planning
tool primarily through the objective function. This can be done by introducing a termdr the expected cost of
energy not supplied (CENS)j.e., the expected interruption costs for the demand elementsThese costs
approximate the socioeconomic costs of power supply interruptions due to contingenciese(g. transmission
line failures). Theset of contingencies that are considered in the planning problem is denotedth “Y and is
an input to the planning tool. We define this set to always include the nerontingency state® 11, which
represents the intact grid without any components in an outage state. If one considaa® OOE OEAT 6 AT 1 O
set”Y 1t as input to the plaming tool, this means that no contingencies are considered.

If one formulates a separate term in tk objective function for the cost of energy not supplied, it would take
the following form:

Q i 30 YR 8 ki @0 Rk

Here,the summation goes over the three target years(i.e.,2030, 2040, 2050), all time step®™ “Yin each
year, all considered contingency states(excluding the noncontingency state\ 7t M "Y), and all demand
elements 6 ¥ Y. "Y;;, is the unavailability probability of contingency cduring time step 0 in year y. This
quantity represents the probability that the components involved in the contingencybare all in an outage state
at time step 0. For an N-1 (first-order or single-component) contingency involving a componenty this
unavailability probability is the forced outage rate of the component and can be calculated 3;; ——.
For an N-2 (secondorder or double-component) contingency involving componentsd and &, “Ygp

. These approximate expressions are very good approximations wheas——L p. Here the
failure rates _ are measured in units of 1/yea (i.e.,failures per year) and the mean times to repaid are
measured in units of hours, and the factors ap X ¢are included in the formulas to convert correctly between
units (hours and years) so thafYy, is unitless. The factord  p Eis included in the calculation of the objective
function term "Q so that it expresses the expected cost of energy notglied during one year as measured
EI 08
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e.g. line 1

C1 out of service 1
—-—--f— Z CZ,":.y : Apu.cl,tl.y Cost caused by contingency 1

UESy,
Cyp &g line 2 CZ%] “APy oty Cost caused by contingency 2
tl —_— out of service UESy

Z CZ%’.& “APycyty  Cost caused by contingency N

CN + UESy
Weighted sum of cost of all contingencies
At - Uery Z Cyelt, AP, ., » multiplied with contingency probability T, .,
ceS\{0} UESy where U, ,, considers an average outage
duration MTTR, At = 1h.
e.g.line1
C .
—JL out of service Z Cﬁorl;r APy by Cost caused by contingency 1
UESy,
1]
Cy eg. line 2 z Cﬁ,ot.y APy, tyy Cost caused by contingency 2
tz out of service UESy

Z CZ"t”y "APycpt,y  Cost caused by contingency N
CN + UESy

Weighted sum of cost of all contingencies
At - Z Uty Z Choll APy ey multiplied with contingency probability U, , ,,
ceS\{0} UESy where Uc,m, considers an average outage
duration MTTR, At = 1h.

tg760

Figure3-1 - Structure of the cost of energy not supplied term in the objective function

Furthermore, 0 j;, is the specific cost of energy not supplied for demand elemeritd.,load point or delivery
point) 6 due to power interruptions during a contingency €..0 PAO -7E 1T &£ 1T AA 11 060Qs
o §qi is the power interrupted (in MW) for demand elementd at a time stept during contingency This is a
decision variable that is determned endogenously by the optimization model for each time step as defined by
the nodal power balance equation in Sectiod.2. The interrupted power can be expressed as the difference
between the power actually supplied for the demand element at timéduring the contingency,0 ;5 , and the
demand at that time in the noncontingency state,0 ; . For the simplfying case that there is no load
curtailment and no flexibility activation at the time step in the noncontingency case, one had 7, 0 R
and0 frp 0 s and thusad prn O ip Ogpp  TC The logic behind the structure of the summation of
the contribution from costs of energy to the objective function, according to the formula fo€ above, is
illustrated in Figure 3-1 (here only the summation over all time steps for one of the target years is illustrated.)
In the general objective functionformulation, the cost of energy not supplied would correspond to a term

U 30 Yk 0 hi WU RkR
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inthe sumy ; U j VI VIS E comprising the load shifting and curtailment contributions
to the operational costs.

Note that the sum over contingencies in the formulas above could equivalently also have included the fhion
contingency state® T, i.e.,running over " "Y, Tt instead of N Y. However, in that case the contribution
to the sum from & T would have been zero assuming that the slack variabted ;;  Tin an intact grid
without any contingencies.

If one wants the objective to capture that generation dispatch is modified during contingencies, this can be
done in a somewha simplified manner by modifying the generation cost term in the objective function in

Sedion 3.4 (described for thermal generators in Setion 3.5.1) as follows:
Yin  0p — O — - Ugj

Note that the sum here goes over the entire contingency sét including the non-contingency statec Tt
The non-contingency state corresponds to the intact grid, or in other words the state implicitly assued in
Sedion 3.4. The difference is that the modified term above accounts for the fact that the probability of
occurrence for the nomcontingency state is'Y sz p B. - Yir  p. One simplificdion in the
formula above is that it neglects that the contingency redispatch cost (for either increasing or decreasing
generator output in contingency situations) can be higher than implied by the generator cost function for

normal operation.

3.8 Details on pesent value calculation

3.8.1 Discounting operational costs and investment costs

In the objective function for the dynamic (planning) optimization problem in Setion 3.4, the prefactors
"Q" and"Q were introduced for the operational cost terms and the investment cost terms, respectively. These
factors are included to account for the facts that i) each of the target yeais' "Y represent multiple (here: 10)
operational years, and ii) that,simply put, costs and benefit incurred far into the future are worth less value
than costs and benefits closer to the present time. In the objective function, all costs incurred during the
predefined analysis horizon are referred to a reference time (e.g., presetime), and the formula calculates the
present value of cost elements at different points in the future. In FlexPlan it will be assumed that the reference
time is the year®do ¢ 1 0 The principle of present value calculation applied to the socieconomicanalysis

represented by the FlexPlan objective function is illustrated ifrigure 3-2.
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Analysis horizon

. Investment
Reference time
" .. (future cost)
("present")
Present value l
- } - + . + —
Target years 2030 2035 2040 2045 2050 2055 2060 ¥
Operational years 2030 2040 2050
|
N300 N304 N300
=10 years =10 years =10 years

Figure 3-2 - Principle of present value applied to the socio

economic analysis represented by the FlexPlan objective functiol

The pre-factor for the investment cost terms is the discount factor, a simple form of which can be stated as
0 . ip (17)

where i is the (real) discount rate. Using a real discount rate means that the expected inflation is
accounting for implicitly in the selection of the value of . Inflation should therefore not be accounted for
explicitly in addition. Recommended values foii for socio-economic costbenefit analyses vary between
countries and depend on government policy, regulation, and economic conditions. (For sog@oonomic cost
benefit analyses in Norway, for example, typical values of can be around 4% to 5%The European Agency
for the Cooperation of Energy Regulators (AGH, the European Commission and ENTS0usually recommend
to takei T P.

The prefactor for the operational cost term needs to capture that each target yeab represents 0
operational years ¢h pf8 ho 0 p . It is assumed that the operational costs for each of these
operational years are identical but that the discount factors vary and decrease over time. The gegtor goll
for the operational cost terms thus becomes

0 i 0 p

3.8.2 Residual value of investments

In socic-economic analyses with a finite analysis horizont is opportune to account for the residual value
at the end of the analysis horizon of the investments made within the analysis horizon. Otherwise, the impacts
(i.e., operational benefits and costs) of investments towards the end of the analysis horizon are given
disproportionately little weight compared to the investment costs, since some of these impacts are expected

beyond the analysis horizon. One can say that residual values partly account for this inconsistency by effectively
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reducing investment costs that are incurrel relatively late in the analysis horizon. Residual values can be
incorporated for instance by adding a term as follows to the objective function in Stsan 3.4:
ol 65 | 65 or Q" |0 e}

Here,"O is the residual value of candidate (investmentffand™Q is the discount factor defined previously,
evaluated at the end of the analysis horizon. For the case thadt ¢ Tt dgrot T v and 0 P W
¢ L Tp T ¢ T @ Furthermore, “Yis here used to denote the set of all investment candidates.

If one assunes linear depreciation, the timedependent residual valué@ can be calculated as

. W W

Q@ O 1 AD oV hrt

where "Y is the economic lifetime of the investment (i.e., the asset). The residual value at the end of the

planning horizon is defined asO ‘@ .Inthe example inFigure 3-3, an investment in a transmission line
is made atw ¢ 1 T and the transmission line is assumed to have an economic lifetime”sf O Tyears.
Since the end of the analysis horizon i® ¢TI0 Q O -. This represents in a simplified
manner that the transmission line has still approximately one third of its value "left" at the end of the analysis
horizon explicitly considered in the socieeconomic analysis. Impats in terms of operational costs beyond the
analysis horizon are still not beingconsidered, since they can only be explicitly captured by extending the

analysis horizon.

Analysis horizon

2030 2040 2050

Residual
value,I”®® Investment

100%
x|

33.3%
x|
] ] ] -
1 T Lol

] ]
T T T
2030 2040 2050 2060 2070 y

Figure 3-3 - Example calculation of residual value of investmer
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4 Network modelling

4.1 Power flow and equipment modelling fosub)Xransmission networks

In the context of the FlexPlarapproach, gub)transmission networks refer to the meshed operated part of

the power network, independent of the legal definition of transmission and distributin networks, which may
refer to different voltage levels and operational rules in different countries.

The general AC/DC power flow model, based of2, 3], is usedfor existing and newly built branches The
model has been extended with phasshifting transformers (PSTSs).

This section describes the power flow models usefdr transmission networks planning in the FlexPlantool
as well as the equipment models associated with HVDC links and phase shifting transformers (PSTs), which

offer flexibility in terms of power flow control.

4.1.1 Nonlinear power flow and equipment modelling for (sub)transmission
networks

Firstly, the mixed integer, nonlinear, nonconvex (MINLP) power flow model is introduced, from which, the
linear mixed integer linear model (MILP) is derived, as large scale MINLP problems cannot be solved efficiently
with current optimization solvers.

We first start with the modelling of AC nodes. Each AC node is characterized with a complex valued nodal
voltageY” —HQN "Y as shown inFigure 4-1 The operational limits of the AC nodal voltages are defined as

follows:

5t Yiar Yir JanNTY HonCYH @v Y
e T own T oRe JanTY RoNTYH oY
where these operational limits need to hold for each time step of each planning horizon considered. An AC
branch connects two different AC node¥and & . As such, the AC branch modebnsists of AC lines anctables
and power transformers, e.g.found in primary substations. A generic PImodel representation of AC branches
is chosen, as depicted iffigure 4-1."Qand @ are the resistive and inductive series admittances, whereas is
the shunt susceptance. For the representation of power transformers, the AC branch model is generalizechwit

an ideal transformer with the voltage tap ratiot 8&or an AC line or cablef  p holds.
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Figure 4-1 - AC branch model

The active and reactivepower flow through an existing AC branch in thefrom direction 'Q° & are defined

as follows:
y Y YR YRR g - Yhe YRR . .
L e e OBy —a Lo Y Bov Y 6
N Y
- ,.,NY ~7Y~7 o "‘Y 'TY' o §
Uik W Thh ; hhT ALy Brr —hn Q hhT o OEH; —ip lovYHO
N YR QN Y

The active and reactive power flow through armxisting AC branch in theto direction & © Qare defined as

follows:

. Y s; RTTR 2T T .

0ii 0 Rk 0 thr Af R i O —i thr thE-l—ﬁﬁ e LN Y R
N YR QN Y

. Y RE v Y YRR . Y T I _

U ih _'_hh w hhT hhAl -ghh —hh Q hhT hh OE-'—F.F. —hh JaNy "YH o
N YR QN Y

Candidate AC branches are defined between a pair of AC nodeésr candidate branches(lines, cables,
primary substations), the power flov equations are extended by the binary decision variable jj such that

the power flow is zero iff r;  Tand the Kirchhoff equations are fulfilled if 7z  p:

. . . AR e < : ] o
Orr Q3 Q——— A C=n —i  © —r— OB+ —wi | i lO®
NY R ooN YH N Y
. ~ Yk TR ETE o Yir YRR - -
U &n © = w T Al S5 —m  Q T OE+r —ir | wrlO®
NY R ooN YH N Y
. R AT ST AT TR ET -
O ki Q n Q n Al O —p O T OE+w —wr | wr JO®
NY R oN YH N Y
. - Y « YiR YRR AT TIP .
U fp © — w n Al O —n  Q n OE+s —wr | mrlO®

Copyright 2021-2022 FlexPlan Page49 of 225



The power flow limits for existing and candidate AC branches are defined as follows:

0w Ops Y Lan Y B on YA Gon Y
Gﬁﬁ Gﬁﬁ Y boanv Y H oN YR @n Y
VR . Yo as VadY A oon YA e Y
0 hh 0 hh Y Rh badY A on YA v Y

Additionally, a maximum allowable voltage angle deviation along Aéxisting and candidatebranches is

defined, which is used as a proxy dynamic stability:

—vi —fr @— L av Y Hoon YR v Y
—Rr —wE @— Loy Y Hon YR v Y
—h —hrn @—  Jad'Y Aov YR on Y
—Frr  —hRR W o &Y B o "YH N Y

A phase shifting transformer(PST) can be represented by a series impedance connected in series to an

existing transmission lineasshown in Figure 4-2.

Uklok/ Uk/LGk,/
k g by k'
([ —a
= P/",Q]r < Plo, Pl

Figure 4-2 - PST Model

The PST is located between the nodé8and "Q connected in series with a lin€Q © & . A PST introduces a
voltage angle shifte 5 along the PST impedance, such th#te power flow through an existing PST becomes,

Orn "Q Yii QYee ™ i AT Sri —wn * fi O VYer Y e OB —mn » i 1@
"YH oN "YH o~ Y
0 gy fIJTYﬁﬁ OYer Y e AT Oni —rr * Ri
QVYir ™ wr OBy —wr  * oM "YA oN YA N Y
O " Ywr QY Y s AT Smn  —h ¢ ki
(:)TYﬁﬁ~Y in OB+ —ip * wp ! N YR on YR N Y
Ofn O Y OYee Y AT Swm —wn v QY Y hr OEFin  —i

* A I oN YA on YA N Y
The phaseangle shift is bounded with the maximum and minimum phase angle shift of the PST,
I N "YH o~ "YH N Y also, the apparent power across the PST is bounded as

* * hh
follows,
Y I ON "YH ON YR N Y

L oN YR oN "YH N Y
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For a candidate PST, only putting active and reactive power flosvto zero if the PST is not bilt (as for

candidate AC branches), is not an option, because the PST is connected in series with existing Ikesuch the

power flow equations are multiplied with the investment decision variable
Q Yii Y ji AT O

[ U Q Yig

— F A
® Yer Y g OEHin  —rr ¢ kR | O d Y A
R0 a ® Yan o O Yar Y e AT Orn —gi ¢ Ri
QYeRY jn OBFs —fr ¢ AR | b "y i
R0 R Y QYR Y s AT O Rr —wr ¢ A
® YerY g OEFrn  —wi ¢ i | 0 d
| &0 g ® Y O Y Y AT Swm —hn 0 i

Q Yie 'Y fr OB+ s

flow equations as expected for

—hh * RR |

and angles of the node¥and Q are set to equal values using

B
w— —hh
and

q)’i‘Y R ’i‘Y .

where @— d @—

— hh

Y i

LA G Y H on YA v Y

3&._

Y h

und sufficiently large voltage angle differences, andyY dw'Y

gi on both sides

FYO®TY R oY YR @ Y

The equations above result ithe expressionrt  Tiif the binary decision variable

r  Ttandinthe power

p. In order to avoid slack in power injections, the voltage magnitudes

O ® Y A onN "YH oM "Yh

rk a sufficiently

large voltage magnitude rangdor the difference in nodalvoltages of nodesQand "Q. If the binary decision

variable is zero, the voltages of node®and Q are equal in magnitude and angle and are determined by the

power flows in case

Wy O i 0 gg
W | 5 0 s O
0 hh 0 hA
0 hh 0 hA
I Re * AR
whereawd ,30 ,w0 andal

through the PST.
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p. In a similar way, the power flows of candidate PSTs need to be bound using,
bod Y Hon"YH o~ Y
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where,
0 and0 ;j are the active and reactive power injections of generators connected to node,
T 0 ;and0d ;; arethe AC side active and reactive power injections of HVDC converters connected
to nodea (both existing and candidate),

T 0 B and0 ii are the active power flows leaving from nodéx (both existing and candidate),

=

0 ;; andd . are the active flows and reactive power flows of PSTs leaving from node (both
existing and candidate),

0 and0 ; are the active and reactive power demands of flexible loadsT T T AGIOIAZA
0y and 0 ; are the active and reactive power demands of norflexible loadsA T T T AGIOIAMA

Gﬁﬁ andU ;;; are the active power injection and absorption of storage elements connected to node

= =4 =4 =

0 B andl  are the reactive power injection and absorption of storage elements connected to node
a.

The detailed model for the flexible @mand is provided inSection 5.1 and the detailed model of storage
elements is provided inSection 5.2.

Both dispatchable and renewable generators are subject to operational limits,

Ofrn  Ogp Orp 17OV "YRON “Yhon Y
Ofr O grp 0 Rp ! QN YRON “YRoM Y,

where the active and reactive power limits of the renewable generators are defined by the climatic
conditions at time instancet.

An HVDC converter links an AC grid nodé N "Y with a DC grid nodeQ~ Y . For the HVDC converter
model it is assumed that voltage source converter (VSC) technology is used. Using VSC technology, active and
reactive power injections and absorptions can be controlled independently, in contrary ttine commuted
converters (LCC), where the absorbed reactive power is dependent on the active power injectidie HVDC
converter is represented as a pair of AC and DC grid active power injections, which are linked via the converter
losses

Ors Ogrp Ogp b aN “YRON “Yhon Y.
The converter losses are function of the AC side converter currei@,, :
O 0 0'Qy 0'Qr !avn YN “Yhon Y,
where the converter current and power are linked with the following equations:
0Gi Yir Ok Ofp 1 &N "Yhon "YRon 7Y,
Y i being the AC nodal voltage of node to which the converterdis connected to. The convedr is subject

to the following operational limits in terms of current and power:

voOR L an YR YR Y
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O ir hoy N Y RON CYRoN Y
h 0 & hoy N Y PON YRoN Y

0 h Ofpr O hoy N Y RON CYRoN Y.

Ct ca
ck C2

The power flow equations are valid also for the candidate HVDC converters:
0 hh 0 A 0 ap b a & Y PN “Yhon Y.
0 gp O 0 O 0 O 1a & Y N “Yhon Y,
0Os; Y i 0 AR 0 A I & "Y hon “Yion Y,

For candidate HVDC converterst & "Y , the power injections can be bounded usinthe binary decision

variable| j such that both AC and DC side power injections become zerp if; ~ 1Ttand the power injections

are set by the optimizerif  p:

0 AR 0 A Y h | 5 Va & Y PN YN Y
| ﬁf) h 0 A 0 h g la ® Y PON “YRoN Y
| 56 h 0 A 0 h [ l(:l&"YFf)N “Yhon Y

| 0 h 0 A 0 h | 5 1d & Y FON “YRoN Y.
Each DC branci2~ "Y connectsa DC grid nodéQ~ “Y with a DC grid node€'Q* Y . The power flow over
a DC branch is defiAA AAAT OAET ¢ OI / E6mB(Q° N And thetb ("R I'00ditections, A

=x

respectively:
O N QVYrr Yrr Yar QN Y RON CYRON Y
O N QYer Yer  Yis 1 QN Y FON TYRoM Y,
wherefy N plt is the number of DC polesand"Q — is the series admittance of the DC branciAll DC
branches are subject to power flow limits,
Opn  Opn Ops 1 QNTY FON YN °Y
Orr  Ofp Orp 1 QVY RN "YhoN Y.
The power flow equations need to be valid for all candidate DC branches:
N "QYer Yir Yis 1Q® Y BN CYhoN Y
0w N "Q Yer Yir Yir 1QA Y PN UYRN Y.
The power flows through candidate branches can be bound using the binary decision variable ; which

forces the power flows to zero if mandkeepsthem between operational bounds if pd,

I U & 0 i 0 anl R I'QA@ Y FoN “YRoN Y
| ﬁf) AR 0 AR 0 ARl R 1'Qd Y FoN “Yhon Y.
Finally, all injections from DC converters and DC branches can be linked in DC nodal power balance equation

similar to the AC nodes:

21)  pfor monopoles and] ¢ for symmetrical monopoles or bipolar HYDC connections.
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4.1.2 Linear power flow and equipment modelling for (sub)transmission
networks

In the following paragraphs, the general nonlinear, nonconvex model is approximated with a linear model
as thecurrent MINLP solvers are not capable of efficiently solving such larggeale problems. The uderlying
assumptions for the linearization are that the magnitudes of the nodal AC and DC grid voltages can be assumed
to be equal such that™Y ;;  Yir Y JARN Y and Yy Yir Y VQHQY Y . Another

assumption is that the AC grid voltage angle differences are so small such €+ :; —;r —hh
—n and AT Sqp  —ip p and that the resistive part of the series admittancéQ Tt is neglected,
resulting for AC branches in
- .Y - -
Opp == —r —%n 1Y R oM YR ov Y
5 5 TY 5 \ o~ WY N o | ’ o
Uk (A)T —Fh —FR Opp 4 GV Y R ON YR N Y

O UOgp b an Y A O “YH oM Y,
which means that all reactive power related terms disappear in the used model. The powflow equations
for candidate branches are defined as
—ih — Lo @Y Hon YR o Y
0 hh @ —Hh R ba &Y HoN "YH o~ Y
where — i and —;; are auxiliary variables Branch flows are bound by the maximum voltage angle
differences and the thermal limits of the AC braches (lines, cables, primary substations)for existing and
candidate branches:
bav Y A oN "YH @~ Y
Loy Y A on "YH @~ Y
ny

—
—

—n —ih @—  Jad Y AonYH on
w— Jady HovYH v Y
V]

—hh  TThh
0 Oii bav Y H ov "YH o~ Y
0 Ops O bav Y R oN "YH N Y
| &0 O 0O | 5 Ja®dYHov"YH v Y
| 50 Ofn O | 5 lad y Hov YA vy,

The following constraints need to be added to link the auxiliary voltage angle variables to the nodal voltage
angles,
p | 7 t0 —ir —rp p | t0 JadY HonYH on Y
p I i t0  —r  — p | § tO ba &Y A oN "YH v Y

=

such that the auxiliary voltage angles correspond to the nodal voltage angles in case candidate branches are

built | 5 p) and they are freely chosen by theolver if the candidate branch is not built|( 5 ), while
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still ensuring that there is no power flow on the not built candidate branchd is a sufficiently large angle and
can be fixed td", such that the auxiliary voltage angles remain in a rangé *“.
The nodal voltage bounds are only enforced for the voltage angles as the voltage magnitude becomes a
parameter:
Fwn T T o YT N3 HAO 3AHUNS.
Similar to AC branches, also the linearized equations for existing PSTs can bétem using "Y i,
Yorn Y LOROY Y,

VI O —i —rp * RR N YR oN YA v Y
0 A oY —wn —wE AR ®ON “YH oN “YH N Y
R PO e Y R 6n Y G Y
0 0 hh 0 Fan Y H on "YH N Y
. * hR I N "YH on "YH @N Y

or candidate PSTstwo new variables0 - , 0 ; need to be defined, in order to avoid a notinear
formulation. The power flow through the PST in thérom andto directions are separated in two terms as shown
in the equation below. The first tem is active if the investment decision is taken|( p). Inthiscase 0 ;
and0 y; become zero, using the variable bound gguality. Inthe case¢ | T the variablesd B and0 ip
can vary between the active power limits of the PST. As in the case of the nonlinear formulation the nodal

voltage angles of node¥and "Q are made equal, to match the power flow of the in series connected branch.

O O —r —ii * fr 0 gt O® YR ON YH v Y
O fh ®Y —ii —wF * 0 fp! O® YR on YA @v Y
0 0, O bd® Y R on YA on Y
0 O s O bod Y Hon"YH v Y

| Re T "IO® Y A on YH @n Y
b d Yo on "yl N "Yw

=y
_T|<
p=x
=y
p=x
=y

o | 0 0. p | 50 VOdYHONYH GN Y
R O i p | n 0O LO®YRON YA G Y

In order to avoid slackness in the active power injections, following constraint is needed for the auxiliary
active power variablesd ; and0 gp
0 B 0 pp T d®"YHoN"YA oY
The AC nodal power balance is only written in active power:

5 5

U /i U fi Uik U iR

C
=
=2

C
=
=<

N N N N N N

Oan TGN Y RN YR Y

Ca
=
=2

N N

The lossy HVDC converter model is approximated by its linear components and the converter current is
substituted by the AGside active power as the voltage magnitude becomes a parametdlote that for our linear
model neglecting reactive power both VSC and LCC type of converters can be modelled in the same way.

Ofn Ogp Opp 1 GN "YRON "YRON 7Y,
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Ofr 0 00g Van YN "Yion Y,
O fr 0 frp O 5p L& &Y fON "Yhov Y,
Ofi O 00 g V&Y N YN "y,
Note that the converter losses need to be positive at all times,;; 0 00f; TO O
00 fp T8

The AC and DC side active power injections are bound asldals, for the existing and candidate DC

converters:
0 h Gﬁﬁ 0 Ry an "Y ON “Yhon Y
0 h C)ﬁﬁ 0 hoy an "Y PN CYhon Y
Db R B O P sl ad Y Ron YRon Y

L r0 " B 0 M ad Y Y YR Y.
AsYii Y Y LQRQY Y is assumed, the power flow model reduces to a network flow model for
existing and candidate DC branches where,
O Opp  TUQNTY FON "YhoM Y
0 g 0 gp T QN Y FON TYRON Y.
The power flowsof the DC branches are bound by the thermal rating for existing and candidate branches:
Orn  Opn Ops 1 QNTY FON YN °Y
f o Opr Dgp 1 QY RN VRN Y
AU Rk o O Rl R 1 QA Y RN YN Y
a0 ar O oar O opl n 1 Q3 CY Fon CYiow Y.

Ca
=g

CA
CA

Finally, the DC grid nodal balance equation remains unchanged:
0 i 0w QMY Fon Yion Y8

4.1.3 Investment decision constraints

To ensure that selected candida lines, converters and PSTs cannot be deactivated after the investment
decision is taken for a certain planning year, following set of constraints is required:
(G 5 Ja Y HoNTYgd p
Q® Y Aoy Ygn p
La Y A oN "Ygo p
|k bad Y H N Yo p
The described model allows talefine parallel candidate AC and DC lines, HVDC converters and BSWahich

=2

I &

=2

[ \

=2

all might have different power ratings, impedances and costs. As such, the optimizer chooses the best possible
combination between the defined candidates. If the number of selesd investments in a certain corridor,

corresponding to a pair of nodes in the described model, needslte limited, e.g.due to spatial constraintsthe

3 Investment decisions constraints for demand flexibility and storage are described in Chapter
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following constraint can be used where&¢ ; maximum number of investments that can beonneded to a

specific nodein each year of the planning horizon

R & 5 LAQYY RN Y
| f & 5 VAaRQvTY hon Y

| 5 & 5 Lahovty hovy

4.2 Modelling of security constraints

Broadly speaking, one can in general account for reliability of supply and reliability criteria using the
following approaches (or combinations thereof):
1. Accounting for reliability in the objective function (through energy not supplied)
2. Accounting for reliability in the constraints
a. through security (contingency) constraints in a securityconstrained OPF model
b. through pre-determined reliability/security margins in the constraints for the base
case power flow model (through heuristics or security analyses in a prprocessing phase)

In FlexPlan we propose to primarily account for reliability of supply through theobjective function of the
optimization model, and the modelling details were described irsection 0. In addition to these objective
function terms, a set of power flow equations and other technical restrictions (thermal ratings of branches etc.)
as described inthe previous sectionmust be included in the constraints of the model for each contingenap®
Y.

One way to specify and mathematically represent the contingencies is to use state matrices for the
components subject to outage. For instance, if one considers AC branch contingen@estate outage matrix)

for all N-1 AC branch contingencies can be written as

p M8 p
0 & é E é8
PP s

An elementd ;, equals zero if branchdis in an outage state in contingencyb The dimensionality of0 is in
general0 0 where 0  SYsSis the number of contingencies andd  SY ° "Y Sis the number of AC
branches (both existing branches and candidate branches can be included for the contingency set). The first
column of 0 corresponds to the noncontingency state Ttin which no components are in the outage state.
For the example of d N-1 AC branch contingencies above, the dimensionality 6fis0 0 0 0 p.

Including a set of power flow constraints for each contingency is necessary for the model to be able to
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determine the value of the slack variables® n , which depends on the power flow in the contingencgtate
network model. Including these contingency constraints amount to including a copy of all constraintssection
4.1 for each contingency®" "Y but with the connectivity tuples “Y appropriately modified to reflect the
component outage states for the contingency. For instance, if AC branch contingencies are considered, the AC
grid topology tuple Y acquires a contingency subscript and becomé¥ . The nodal power balance equation
in section4.1is extended by a sum over variableg) f, for all demand elementsd ¥ "Y:

0 fi 0 i Okan 0 ki O Rk U ik

N N N N N N

0 hii 0 ki W jpp O A N Y DN CYRON TYRON Y8
N h N N
Note that compared tosection4.1, an additional contingency subscriptois added for the power variables,
since the power flow for each time step wi in general be different for each contingency.
When accounting for contingencies in the AC branch flow constraints gection4.1, they take the form
050 O.rr 00 Len Y foN YR @8 YR Gn Y
040 Orip 0RO banv Y A on YR @N YA Qv Y
for existing branches and the form
O fl f0 O:n O | pbg JadY R oN YA an Y
Ol RO Ofin O | g0y 1a& Yy Hon YA oy,
for candidate branchesd ; and0 j are thed (& @) line andc columns of the state outage matrit for
both existing and candidate lines, respectivelyAnalogous contingency constints apply for AC branch voltage
angle differences—;r;  —pgrp and for the other equipment described in the network and power flow
modelling (section 4.1). It should be noted that contingency analysis can be computationally very heavy. One
way of speeding it up when using a DC power flow formulation is to calculate line outage distribution facs.
The line outage distribution factord 0 @, gives the overload on lind, due to contingencyc. These factors can
quickly be calculated using the inverse matrix modification lemma as presented [4]. The advantage of this

approach is that the susceptance matrix only has to be inverted for the naontingency case ® ).
To represent branch power transfer ratings that are higher during contingencies.€.,emergency operation)

than during normal operation, one can replace the thermal rating® in these constraints by emergency

ratingsd "

Note that these contingency constraints have similarities with the security constraints of a security
constrained OPF (cf. approaci2a above). However, since the slack variables) ;; are included in the
problem in our case, the model does not strictly speakingecurethe system against the contingencies, and it is
thus more appropriate to refer to the constraints as contingecy constraints than as security constraints.

It is also possible to follow approach 2b to representing security constraints (cf. the overview above)
without introducing additional modelling features to the model. In that case, the limit parameters for témical
constraints can be set to a more conservative value by including a security margin (or reliability margin). For

instance, one can use a lower value for the thermal ratiiy ~ than the actual thermal rating of the branch.
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This representdion can be used also when no contingencies are included in the ca%é ( 1 ). However, the
approach requires that security margins are determined in a prg@rocessing step.

Apart from the contingency constraints described above, the only constraints in ¢hmodel that are
particular to the representation of security constraints are the boundaries on the slack variable) .y that
were implied in Sedion 3.1, namely

T o0 frp 04p8

Note that these constraints on the slack variable have the same mathematical structure as the constraints
on the demand flexibility presented inSection5.1 below. Expressed inthese terms, one ha® j; 0 gpd
0y TT contingency states {.e., contingency index® Ti). We assume that that there are no separate
decision variables for demand flexibility {.e.,voluntary load reduction) in contingency states (i.e. these are only
relevant degrees of freedom for the nortontingency statecy ).

In order to account for generator contingencies in an implicit way, following constraint is used

0 0 T Ad L ON "YH QN Y
where the power rating of the largest generator in the system. This way, it is ensured that there is always

enough reserve generation available to compensate generator contingencies.
4.3 Distribution systemmodelling

4.3.1 On the definition of distribution system

The FlexPlan planning tool could be applied with network models including transmission systems,
distribution systems, or both. In the context of the network model used in the planning tool, a distribution
system is understood as a part of the power systethat is radial or radially operated. The network model for
meshed operated networks has been presented in Sectidil. The ambition of FlexPlan is tdoe able to include
the highest voltage level of the radially operated systenm the integrated transmission and distribution system
planning problem.

The planning tool is to be applied to power systems of different countries in the regional case studidgich
parts of the power system that is regarded as distribution system will depend on the country. To use Italy as
an example, distribution systems typically are at voltage levels around 20/ and below. This example is
illustrated in Figure 4-3 with a radially operated 20kV distribution system and a meshed transmission system
represented by voltage levels 380 kV and (a sdipansmission network at) 150 kV. In other countries, parts of
what is regarded as distribution systems are at higher voltage levels and meshed. To use Norway as an example,
networks at around 60 kV and some parts of the 132 kV stibansmission network are regarded as part of

distribution systems. However, 60 kV is the highest voltage level that is usually operated radially.
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Transmission -
\ network 380 kV

Distribution

s >, network 20 kV
: ol @

Transmission §
network 150 kV s

Figure 4-3 - Example of a network model including the transmission network and a distribution network

4.3.2 Power flow modelling ofradial distribution system

Distribution systems refer to the radial (or radially operated) parts of the grid operated at medium/low
voltages.The distribution system is composed by the same physical elemerdstransmission networks. Lines
and transformers can be modelled in the samway(seeFigure 4-1), however the characteristics of radial grids

equipped with medium/low voltage devices make the assumptions taken for transmission systems not entirely

m x1£((+7/2)

128

Figure 4-4 Example of phasor diagram for an AC branch

applicable on distribution systems

Having considered the AC branch model reported ifrigure 4-4Figure 4-1, the phasor diagram of the
electrical quantities can be represented as depicted iRigure 4-5Errore. L'origine riferimento non € stata
trovata. , where'O—is assumed to be the currenflowing from node "o node m through the branch resistance
i and reactancew.

In the literature [5], several methods for carrying out optimal power flow calculation The most common
practices for distribution networks are based on a nofinear (and rigorous) representation of the network
physical behaviour. Some otherfs] adopted linear formulations which, thanks to opportune strategies, can be
reconducted to the exact physics of the electrical network. Having considered the normal operation of a
distribution grid, there are somereasonable approximations that can be performed in order to formulate the
power flow problem linearly.

One of the main assumptions adopted for distribution networks consists of considering negligible the
voltage phaseangle difference among twoneighbouring buses. In this condition, the magnitude of the line

voltage drop can beapproximated as:
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wheree — —and— is the phaseangle of the median voltage of the branch (sdggure 4-5). Thanks
to this definition, the active powerflowing through the branch is calculated a® WMoY "@ 1 O, while the

reactive powerasd  Mio'Y @ Esl .

U 20,
__?v’akm‘égkm =(Uk£€k + Umégm)/z
»-" U260,

%4

Figure 4-5 - Definition of the median voltage of the branch and powefiactor angle

3

For small phaseangle displacements, it can be recognized thdY e “Y 7Y j¢, therefore:
Y Yecd c¢wd
The obtained approximation can be compared with the exact formulation of the squaredltage difference,

which can be demonstrated to be equal to:

Y Y c¢l0 cwdl i o —

It can be noticed that the adopted approximation consists of the linearization of the exact formula around
the working point 0 mand0 1t which is making the model neglecting power losses ourring in lines.
According to that, the proposed formulation can be considered to be acceptable if the following assumptions
are validated:

1 low voltage phaseangle deviation between consecutive buses;
1 low power losses in network lineslines if compared to power transit.

Real systems are always affected by (technical) power losses and this introduces a systematic error within
the model. The energy efficiency of distribution networks normally decreases with the voltage level, spreading
from ~98% for medium voltage grids to ~92% for low voltage grids[7]. Limiting the planning problem to
medium voltage, the model can be considered affected by

1 a systematic error of about 2% within the power balance;
1 a similar error magnitude within the branch voltage drop.

Finally, in order to consider the presence of power transformers, the equation modelling the generic AC

branch can be rewritten as:
ViR - .. o
T Yar € GiOpg QWU ;L anv Y R oN "YH wv Y

where T is the voltage transformation ratio. In case the voltage transformation ratio is controllable tican

be noticed that the selected model results to be mslinear for a variable T . However, for a typicalistribution
network, controllable transformation ratios are experienced only for on load tap changers, which are directly
connected to theswing bus (point of common coupling between transmission and distribution).In this case,

since the proposed transmission network model is not managing the voltage variable, the generic voltaye,
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can be assumed to be equal to the nominal voltagéy , and removed from the optimization variables so
that the consideration oft (which becomest ;; ) does not jeopardize the linearity of the model:
% % YineQOrs GO bav Y Hoon YR v Y
Having noticed that reactive power is required for the processing of the branch moddhe power balance
needs to take it into account. For this reason, in addition to the same active power balance adopted for
transmission system (see &ction 4.1.1)
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With respect to transmission network power balance, the contribution of DC lines and phashifter is
excluded since they are not considered possible candidates for radial distribution networks.
Concerningthe other optimization constraints, in the first instance, only voltage and loading limitations of

the network are considered for distribution system management and planning. These constraints can be

formulated as:

Y A Y [ Y Rp lanvy H o~ “YH &~ "Yh
T Tt bav 'Y H on "YH o~ "Yh
Gﬁﬁ 6FIFI “Yﬁﬁ ! dN “Y H (‘)N “YH (J:)N “Y8

In order to keep the model linear, the dllowing reformulation are adopted:

Yero YeR o Yeeo dan Y Hon YR o YR
P P P v AN SV E
I = — av Y H oM "YH @V “Yh
t t t
AT &Y Op AT OY 4y
AT O6Y 0y Aiocy MW ] )
— - . e .~ baNn Y R ov YR N Y
NCA I oY Uik U ki NcA | oY v
. - - — r'r
NCA I oY Uik U ki NcA | oY o
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where the overloading constraint is expressed by using an octagonal approximation of the circular power
flow capability of branches In order to guarantee that the actual power transit limits are not overtaken the
octagon approximation inscribed within the actual capability is adopted.

Similarly to the (sub)transmission network model, the line candidateghavingt p) can be modelled by
using auxiliary variables that, for the case of distribution network, consist ahe auxiliary voltage magnitude
Y g

Yern o Y Gi 0 COU 4 o &Y H o "YH N Y
or, for voltage regulating transformers connected to the swing bus:

Tp.- Y Y hh q 0 hh C(JL)lN) AR ba &Y A ov "YH v Y
hh

where, having defined a sufficiently large voltage magnitude , the related constraints can be expressed as:
p | 5 Y wi Y ki p | 5 D La &Y A ovN "YH N "Yh

| AT ©OY O | RATOY 4

g “Y 6 hh ‘ h A I O “Y I,I’

Ja &Y A ov YA v Y8

. - . L I'p
| RUCAT ©°Y O 0 | RUCAT 7Y

4.3.3 Candidate management at distribution level

The proposed formulation is applicable only to radial grids, conditions for which theumber of equations
balances the number of variables (voltage magnitudes and active/reactive power flows). For this reason,
candidate branches and related decision varides need to be formulated in order to avoid the possible creation
of meshes.

When a generic candidate linéx @6 aimed at replacing an existing liné the model needs to consider their
mutual exclusivity. Taking as reference the equations reported ithe previous sectionf @ included within the

model as usual:

Yin  Yano G0 co O ;YoM YH @ YR
Pl n D Yao Yeoop | g D LovYH @M YA
| AT Oy O | RATOY oy
_ | A Q:Y . S Ffl G,)“Y INP L ON YR N Y8
| iWCAT ©°Y Opr O wp | pUCAT ©7Y 1P
| RVUCAT ©°Y O4r O sp | sWICAT O°Y 'C:

In case the candidater & selected ( ;  p), the existing linedneeds to be excluded. By using the same
dedsion variable| j, the potentially replaceable linedmodel can be written as follows:
Yin o Yok GiOpz GO iz ) oN"YH o~ “Yh
| 5 Y mi Yie | op D I ON "YH N "Yh
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The same model can be adopted for the substitution of transformers. In this case, the voltage drop equations

of the candidate transformersd énd the existing onethe can be respectively encoded as:
P

T TY TY hh Ci 6 hh C(b 6 hh | (‘)N “YH (bN “YF]
hh
Ti "y Yir CiOr cab Vo YA 6N Y
hh

The substitution of a line preserves the radiality of the network and it does not represent a modelling issue.
On the contrary, when a candidate liné s aimed at reinforcing the existingy the creation of a physical mesh
is unavoidable (two lines inparallel are defining a loop). In order to preserve the radiality condition required
by the model, the two lines in parallel can be coded as a single fictitious branzHiaving opportunely selected

impedance { ,® ) and power limit "Y

[ w [ w .
1 h
i1 0w
. Wi W @ i w .
w h
i 0w O
- p P . e . .
Y I EITY i w Y i w 8

i W
Thanks to this definition the number of variables of the model is not increased and its consistency is
preserved. In fact, the fictitious lined @an be managed as a line aimed at substituting the existing ofieby
simply using the model described above. The samapproach can be adopted for voltage regulating
transformers, for which operation in parallel is theoretically possible and sometimes adopted. However, this
solution is leading to several drawbacks (recirculating currents, higher power losses, higher shortircuit

currents, etc.) and it is rarely considered as a planning option.
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5 Generic flexibility modelling

5.1 Loadmodelling

The model intends to describe flexibility options in the most generic way within the planning tool. The
modelling approach and the data model have been chosen to be as generic as possible such that thene
independent of the type of the flexibility optionand the used technology. Thenodel parameters themselves
reflect the type and technology.

This model can be used for these flexibility options:

1 Electric Vehicles (EV)

1 Industrial Demand Response

1 Residential Demand Response

M Thermal Loads

1 Hydrogen productionas industrial load

Management of distributed energy sources is part of the generator modelling and is excluded from the
general flexibility model. Load flexibility is referred to those resources that are able to change their hourly
consumption profile in order to meet the needs of the System. {f ki is the expected hourly consumption, it
can be both reduced up t@ j d increased toD i or any load typology,power factor angle is assumed to be a
constant, making reactive power varying proportionally with the active power:

O i Oy OAd n 16w YA 0% "YH v Y

Two kinds of load flexibility can be considered by the planing tool: load reduction and load shifting. In
addition, if these two mechanisms are not sufficient to meet generation, load curtailment can be considered as
well.

Note that a flexibility resource is in principle able to participate to both the flexibilitymechanism. Fixed
costs for enabling flexibility for a load include initial investment costs and, depending on the technology

considered, carbon footprint cost Those costs were described in detail in Sectid5.5

5.1.1 Loaddecrease

In the first case, the flexibility resourcesimply reduces its consumptiond ki In hour oof reference yearw
by an amountz0 . When the flexibility is enabled by an investment, this load reduction must be positive and
cannot be higher than a boundy ﬁﬁﬁ

T o0y | ﬁ@ﬁﬁh (18)

To do so it will receive a remuneration proportional to the reduction of the consumption, with a
compensationd 5 ¥ OF - 7TEY O OEAO OEA IAysomibgeriby:AET ¢ Al 00 & O C

" ~ 19
O iR W Fif (19)
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Moreover, the total amount of energy not consumed over a planning year can be constrained using,
1 30 fp | ﬁ'Oﬁh h  1on~"Yhov "Y8

5.1.2 Load shifting

In the second case, the flexibility resource changes its load profile shifting part of its consumptior,;; , i.e.
increasing by an amount-0 h,': or reducing by an amount0 m? from hour 0 to another hour ¢ (it can be as
well0 0 andd  0) but maintaining the total consumption within a given periodt:

30 5 30 if (20)

Also, the activation of the shiftingflexibility is bounded and forced to be zero if no investment is performed,

h h h
Tt 3"055 \ 53‘055

h h h
m 305 | 730 ni

Here a remuneration proportional to load shifted is considered, with a compensation
6 F OT-7EYHh O1 OE AyGtenOrieAch Rolr@iyiveEbyd OE A
" s 21
6 &k 30 fin (1)
As demand shifting can only be performed for a short period of time.g.,.a nhumber of hours, the upward
" Wl R 16N YRoN “Yian Y
foR
ﬁ

and downward flexibility is limited for a number of hourst  based on the activation of the flexibility as:

5 h
T W xR W

oS¢

Wb sl A 1 ON "YRoN YRoN Y

(¢

g
ST
=y

T o5

Moreover, the total amount of energy shifted over a planning year can be constrained using,
m 20000 | sOs" R 1on YR Y8

5.1.3 Load curtailment

Load curtailment is similar to the flexibility resources load deoease described in sectior8.5.5, but it is
OAAOEOAOAASG AU OEA OUOOAI xEAT &I AQEAEI EOU A£EOT 1 A& Agl
needs to reduce load in hourd of reference yearw Only partiaular resources can be curtailed and their
remuneration 6 j; , which is much higher than the prge for simple load reduction, is decided by regulation. It
could be also possible to neglect completely the consumption of the considered resources.

Load curtailment is modelled considering that the reference load  can be curtailed by an amoung0 gy

such that:
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m 30 Opzh  1ONTYhON "Yhon Y
For what concerns flexibility resources, sinced ;1 0 sz and 0 z5 | 0 ;, we expect that load
curtailment will be activated after those two other mechanismsare completely exploited, that is after the lower
bound 0 j, reached. Then, the cost for theystem in hourois given by

. ~ 22
O #h 3V R (22)
The hourly demand value as seen from the grid and used in the nodal balance equations need to be defined

based on the demand flexibility model explained abové&igure 5-1 shows the relationship between the flexible

demand and the reference demand expected over a -hbur period. The flexible power demand seen at grid
nodes  is be defined as:

Load demand
LI}
-U—'s
3 T
®},

Figure 5-1 - Reference demand versus flexible demand

The bounds ond ;; can be derived from the variable bounds oioad reduction ( ﬁﬁﬁ

nd load shifting
(T

ﬁﬁ " Ry QFQE O ¢ ¢) and do not need to be specified explicitly in the planning tool. The only

additional constraint that is needed is to require thad ;  Ttto ensure that load curtailment or simultaneous

activation of load reduction and load shifting do not tirn the load into a net power producer.The variable
bounds can be derived using expressions provided previousligure 5-2Figure 5-2 illustrates the bounds

0 ri considering for simplicity only the variable bounds on demand shifting

2
gA
_qOJ |—'_l:I Prcf+ APds,max
2 — T
s
Pref_ APdstin
t } i +—
6 12 18 24

Time step of the day

Figure 5-2 - Flexible demand boundsonsidering load shifting
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5.1.4 Demand flexibility investments

Demand flexibility elements can be investment candidates in the sense that an investment is needed to
enable the potential demand flexibility at a load point. To make sure thédt an investment is made to enable
demand flexibility at a loadu in horizon y, the demand flexibility is enabled at loadu for the next planning
horizons we add the following constraint:

|k | 5 JoNTYRH N YD p
Investment costs associated with enablinglemand flexibility as well as operational costs were desitred

with more details in Section3.5.5.

5.2 Storage modelling

We define a generic model which applies for all kind of storagExamples of different storage technologies
are:
Reservoir Hydro
Pumped Storage Hydro (PSH)
Battery energy sbrage system (BESS)
Compressed Air Energy Storage (CAES)
Liquified Air Energy Storage (LAES)

Hydrogen as an energy storage system

=A =4 =4 -4 A -4 -

Thermo-electric storage

5.2.1 Storage onstraints

The storage model is composed using following assumptions:

1 Impact of reactive powe on storage energy efficiency is assumed to be negligible.
1 Minimum charging and discharging times are assumed to be zero.
1 Times to start charging/discharging are assumed to be zero.

It is also worth mentioning that, as for other grid assets and coherently with our planning perspective, we
consider an hourly resolution in our storage model (and so, by defaultd p hour). Here, the benefits from
storage devices can be seen as performgn AT OAOAEOOACA6 AAOxAAT OEA EI 600
dispatching cost reduction. Other advantages like support to system balancing are not considered because it
would require a much denser time resolution which is not tractable for the sizef the problems at hand.

As such, the operational benefits of a storage asset as estimated in the planning tool can be seen as a lower
bound on the real benefits that would result from the operation of the storage. This means that in cases where
storage i"OA OOI AT 0O AOA AET OAT AU OEA T DPOEI EOQOAOETTh xA AOZ
the actual benefits will be higher. The other direction, when certain storage assets are not chosen, can always
be analysed by means of a sensitivity analigson the storage costsd.g.,how much do the additional benefits

needto be (or the costs be decreased) in order to make the investmenptofitable at grid level).
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We can define the dynamic storage equation using the normalized energy storage lewg}, :

. v . - 0 - . _ . .
Or "™ p @k 0y "M a0 -yl — g R YN Vi
~h (23)
N Y
where two different variables 0 and 0 for charging and discharging have been used as the charging
and discharging efficiencies can be differenThe parameter, 5 accounts for the potential power demanded

or provided by external processes €.g.water inflow or evaporation in PSH).

The parameterQ iy, is the hourly selfdischarge rate of the storage ass¢tn horizon y. For longterm storage
(Pumped Hydrg CAES, etc.), sdifischarge is mostly not relevah Forthose storage technologies losses occur
mainly when charging and dischargingand are modelled through the absorption/injection efficiencies. The
parameter’Qi; can then be setto 0.

For more short-term storage technologiesself-discharge carhowever be nonnegligible [8], certainly over
long periods (e.g.thermal storage electrical batteries). A nonzero value of the paramete i; then allows to
take into accountself-discharging of the storage assetf.€. static losses). Modelling static losses as proportional
to the energy level ensure that no losses are accounted for when the storage is emp. {0y, 1), without
the need for additional binary variables.

The normalized energy storage level is bound as follows:

O, Orn . O h  17Q "Yhown “Yhov Y8
Then, the charging and discharging power is bound as follows:
h

moOp " B Op TR 1O YRON VRN YR
Tt Gﬁ h Gﬁﬁ Gﬁ h ﬁ !TQ “YFbN “YFD:)N Y
Typically, Gﬁ R 1T and Gﬁ h 1t for all '@oas otherwise there would be constant charging and

discharging of the storage present, resulting in the following equations:
h L VRN YN Y
L YidN "Yion Y8

Tt f)ﬁ
Tt Gﬁ h

=2
Ca Ca
=

p=x

h
h

p=x

For existing storage devices, we make sure that charging or discharging is only available when the status of

the storage is equal to 1 (to model the unavailability of existing storage):
Orp Op ™ figsh 170 YN “YioM YR

=2

T[L')F1
m 0 0

s By " figgh 10 YRn TYRoN Y8

=2

For, charging or discharging exclusivity, two classical formulations exist:
Opp Dy T 1@ "YidN “Yitow Y
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with @ being binary variables defining if the storage asset is chargingof; p or discharging gy 1.
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Both formulations are either nonlinear or use binary variables. Therefore, in the FlexPlan model
charging/discharging exclusivity will be consdered implicitly via the efficiency. As the general objective is the
minimization of operational costs in combination with investmentsa solution with simultaneous charging and
discharging would indeed be suboptimal (as both charge and discharge losses would be accounted fosee
eq.(23)). Formally, ifone set® ;. O0pp Oy andbothOy;  mandOy;  m(simultaneous charging and
discharging) then, assuming that the storage charging and discharging efficiencies are not set to 1 (lossless

storage asset):
1 If0s; Tsettingdpr Opp andOy; T yields solution with a lower objective function
1 1f0p; T settingdp; mandOg Oy Yields solution with a lower objective function
Moreover, we add the following limiting constraints(which preserve the linearity of the model and do not
add binary variables the problem)
Opi Op | AB" " R 170 "“Yhon "Yion Y8
Moreover, constraints will not eliminate the risk of having simultaneous absorption and injection but will
limitit , in the case where- ; and— ; would both be set to 1 Indeedwhen there is overgeneration ;; should
be maximized and so); is pushed to zero.
Generally, ramping constraints can be considered for storage, although for most of the storage technologies,
the ramping rate will be Ies than onénour, and those constraints will be omltted
Ori O F 3~oi)hh h o 17 "Yon "Yion ©
N T ogd)ﬁ h  17Q "Won “Yhov Y8
Here, we also have to ensure it is the case only if the storageisilable (status=1):
iapt Opn Of ¢ 3005 | "R 1O YN CYioM CYR
tO0p 0p ogd)ﬁ h  17Q "Yon "Yion Y8
Initial and final conditions for the energy content are needec.g.,to avoid storage being emptied towards
the end of the planning year considered:
0, " ©O; h 1 "W~ YR
oy " Of h 17 "Yion Y8
Finally, wealso add an integral constraint on the maximum amount of energy which can be absorbed over
a year in order to avoid having some storages which are oveised during the simulated yearsAs for the other

storage parameters, the value dDy, h provided as an input of the planning tool to allow the user to account
for the type technology that is used, its expected lifetime, etc.
20t0p  Op " R 1O VRN Y8

N

Simmilarly, for candidate storagetechnologies, the dynamic storage equations remain the same except that

losses and external exchanges are not accounted if the storage is not invested in:
S SO . 0 g ey e
Ofp @i P | aQlk Of®rp  WD- {0 5 Ry ome NP Q&TYON TYho

h

N Y8

The normalized energy storage level and charging and discharging power should be bound using the binary

investment decision variable:
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Finally, initial and final conditions for the energy contents are also updated depending on the investment
variables:
O, " | ROgh 1Q&"YRN YA
o, " | jOogh 1Q&YRON Y8
To ensure that selected candidate storage cannot be deactivated after the investment decision is taken for
a certain planning year, following constraint is required:
[ | 5 Ja®d YH N Yoo p8
Reactive poweris another control variable of a generic storage device and it is includedthin the model
since it can bebeneficial for distribution network planning. As stated abovereactive power is assumed to not
have any impact on the energgfficiency (Joule losseslue to higher currents are neglected)and a reasonable
approximation of the storage capabilitycan be formulated as follows:
O0fr Ofr Of h 170 "YiON “Yhov "Y8
For candidates, the same constraint can béefined as:
Of t 5 Ofx Of T gh 17Q&H"YMDN “Yion Y8

Finallly, fixed (investment) costs and operational costs for storage assets were described in Section

5.2.2 Modelling the flexibility of hydropower plants

Realistic modelling of hydropower plants for the purpose of hydropower production scheduling andydro-
thermal market analyses involves complex stochastic optimisation mode[®, 10]. Among other factors, such
models need to account for the stochastic inflow over the scheduling horizon, the value of having enestpred
at the end of the scheduling horizon, hydrological coupling in water courses linking different power plants and
reservoirs, limitations within the water courses such as environmental constraints. Such level of detail is
outside of the scope of the IExPlan model, and compromises are made for representing hydropower planis
a way that is deemedsufficiently accurate for the purpose of the model. An important issue is to represent the

availability and marginal cost of flexibility from hydropower in areasonable way.
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In the FlexPlan model, the models for VRES$sed power plants and energy storage devices can be used as
building blocks for several different regesentations of hydropower plants. Two very simple representations
are i) representing a hydropower plant as a generic energy storage device ("a big battery") with a scenario
specified inflow time series, j5 , or ii) representing hydropower generation as a VRE®ased generator with a
fixed scenariospecified generation scheduled ﬁﬁﬁ . The latter representation (ii) is most applicable to run
of-river hydropower plants but are unable to capture the flexibility of regulated, dispatchale hydropower
plants with reservoirs. The former representation (i) includes storage balance equations representing the

"state of charge" dynamics through the year, energy capacity constraint®; and Oy and power
injection/absorption capacities Gﬁﬁﬁ and Gﬁﬁ " tis more applicable to dispatchable hydropower plants

but will typically overestimate the flexibility it can provide in practice. This overestimation is due to nelgcting
the uncertainty and variability of inflow, environmental constraints as well as the hydraulic coupling in water

courses. The two representations (i, ii) with exemplary power injection curves are illustrated below.

Figure 5-3 - Representing hydropower generation by i) generic ESS model or ii) neflispatchable

These two alternatives representtwo extremes in terms of how flexible the hydropower plants are
modelled to be. Although all the possible representations that have been considered in the FlexPlan project

have their drawbacks in terms of fidelity and input data requirements, a combinatiof the two (i + ii) is

proposed as a fair compromise: A nowlispatchable generator with a reference production time serie ﬁﬁh

() is combined with (ii) a generic ESS model with absorption and injection limits (power capacitieef.)ﬁﬁ h
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