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About FlexPlan 

 

The FlexPlan project aims at establishing a new grid planning methodology considering the opportunity to 

introduce new storage and flexibility resources in electricity transmission and distribution grids as an 

alternative to building new grid elements. This is in line with the goals and principles of the new EC package 

Clean Energy for all Europeans, which emphasizes the potential usage of flexibility sources in the phases of grid 

planning and operation as alternative to grid expansion. In sight of this, FlexPlan creates a new innovative grid 

planning tool whose ambition is to go beyond the state of the art of planning methodologies, by including the 

following innovative features: integrated T&D planning, full inclusion of environmental analysis, probabilistic 

contingency methodologies replacing the N-1 criterion as well as optimal planning decision over several 

decades. However, FlexPlan is not limited to building a new tool but it also uses it to analyse six regional cases 

covering nearly the whole European continent, aimed at demonstrating the application of the tool on real 

scenarios as well as at casting a view on grid planning in Europe till 2050. In this way, the FlexPlan project tries 

to answer the question of which role flexibility could play and how its usage can contribute to reduce planning 

investments yet maintaining (at least) the current system security levels. The project ends up formulating 

guidelines for regulators and for the planning offices of TSOs and DSOs. The consortium includes three 

European TSOs, one of the most important European DSO group, several R&D companies and universities from 

8 European Countries (among which the Italian RSE acting as project coordinator) and N-SIDE, the developer 

of the European market coupling platform EUPHEMIA.  

 
Partners 
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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 designed properly, an accurate model can 

boost processesȭ efficiency or decrease costs, which is reflected in the end consumer bills, and with an overall 

increase in the social welfare. In the electricity sector, network expansion activities account for a big share of 

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 uncertain 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 grid investments (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 large-scale 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 large-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 the scenarios generation and the proper flexibility 

characterization and valorisation. Optimization techniques to improve the computational efficiency of the tool 

are investigated and our first findings in terms of scalability of the model are presented using a proof-of-

concept implementation. 

One of the critical aspects when designing a large-scale optimization problem as the one presented here is 

the adequate definition of the target function. For such a task, the document presents a formulation for 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 cost-quantification fashion, such as environmental 

impact, reliability of supply, investment and operational costs. For all costs, the net present value formulation 

of the objective allows to take into account the present value of costs incurred at different years in 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 generation) 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, the 

usage of efficient mixed-integer linear programming solvers is leveraged. In particular, starting from the non-

linear representation of the transmission and distribution grids, the document derives the DC and the octagonal 

approximations, respectively, pointing out the assumptions for each one. Both formulations 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, taking among 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 combined optimization 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 emphasis on the ad-hoc 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 commissioning of new branches or their reinforcement. Hence, 

including their characteristics in a more 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 when needed. The 

developed generic storage model also allows the representation of large flexibility  sources such as Nordic 

hydro power as storage facilities. 

The environmental impact model, which is included under the target function, elaborates on three parallel 

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 each asset. Finally, through an optimal routing algorithm, the best routes for the new 

branches are evaluated, determining the minimum costs of the candidates taking into account their 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, scenarios are generated and 

subsequently reduced to a limited number of representative time-series to reduce the computational burden. 

The key uncertainties identified are the presence of renewable generation resources, temperature-dependent 

loads and hydro-condition dependent storage and production. Whereas the scenarios generation is out 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 decomposition and the combined T&D 

optimization are identified as the most promising ones. 

Finally, the aforementioned models and methodologies are tested through proof-of-concept tests, based on 

the Garver transmission expansion test system and 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 proof-of-concept package, FlexPlan.jl, was implemented to conduct those 

tests. FlexPlan.jl will 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 assets on one hand and flexibility sources (such as 

storage and demand side management) 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 tool, which will be provided 

by the pre-processor developed within WP2 of FlexPlan. These expansion candidates are characterised both 

technically, e.g., power ratings and economically, e.g., CAPEX and OPEX. The network planning is carried out for 

a number of generation and demand time series. Transmission networks data (based on the Ten Years Network 

Development Plan ɀ TYNDP) and distribution networks data (synthetic or real ones) are needed in order to 

provide grid constraints for the optimization problem. 

As a first step, grid expansion and flexibility candidates are analysed in order to quantify their costs based 

on environmental 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 trade-off between T&D system 

investments and operational costs is found by also considering environmental externalities.  

The optimization is carried out in parallel for three Pan-EU scenarios, elaborated for the years 2030-2040-

2050 and based on well-ÅÓÔÁÂÌÉÓÈÅÄ %5 ÁÎÄ ÎÁÔÉÏÎÁÌ ȰÖÉÓÉÏÎÓȱ ÁÓ ×ÅÌÌ ÁÓ ÏÎ ÔÈÅ %.43/-%ͻÓ 49.$0Ȣ  Ȱ.ÁÔÉÏÎÁÌ 

4ÒÅÎÄÓȱ ÉÓ ÔÈÅ ÃÅÎÔÒÁÌ ÐÏÌÉÃÙ ÓÃÅÎÁÒÉÏ ÏÆ the TYNDP 2020 report, designed to reflect the most recent EU member 

state National Energy and Climate Plans. In addition, ENTSO-E and ENTSO-G have created two scenarios in line 

×ÉÔÈ ÔÈÅ #/0 ςρ ÔÁÒÇÅÔÓȡ Ȱ$ÉÓÔÒÉÂÕÔÅÄ %ÎÅÒÇÙȱ ÁÎÄ Ȱ'ÌÏÂÁÌ !ÍÂÉÔÉÏÎȱ ×ÉÔÈ ÔÈÅ Ïbjective to understand the 

impact on infrastructure needs against different pathways reducing EU-28 emissions to net-zero by 2050.  

More information on these scenarios can be found in deliverable D4.1 of the FlexPlan project [1] .  A Monte-

Carlo approach accounts for yearly climate variations in the planning optimisation framework. 
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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 impact costs, 

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 of ideally 8760 hours, which is necessary to model storage and flexibility activation 

accurately. As a result, a step-wise investment plan for new grid connections and flexibility investments is 

obtained. 

Binary investment decision variables are used for grid and flexibility 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 large-scale mixed integer 

problem optimization is obtained.  

The power flow equations and technical constraints for flexibility sources 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 re-dispatch and load curtailment 

costs stemming from these contingencies are weighted probabilistically. The weighted costs are added into the 

objective function of the optimization, in order to find the best trade-off between additional grid and flexibility 

investments to avoid congestions during outages versus the expected impact of such grid outages. 

 

  

Generation and demand 
time series for 2030, 2040, 
2050

T & D grid data based on 
ENTSO ςe TYNDP 

Quantify 
landscape impact 

costs

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 & HVDC set points

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

Optimization model

Carbon footprint 
analysis using LCA

Candidate transmission lines & cables, 
HVDC connections, PSTs, storage, 
demand flexibility

Figure 1-1 ɀ High level outline of the optimization model 
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2 Data model 

This section 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, detailed description 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 grid data model is provided for 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 clear and concise notation.  

For the sake of generality and considering that pre-solvers (CPLEX, Gurobiȟ ȣ) can eliminate potentially 

redundant variables, some of the variables have been defined over a larger number of sets, e.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 may be the same in all planning horizons). Optional elements of the data model 

have been marked with a red colour. 

2.1 Sets, entities and indices used in planning tool 

Set / Entity  Symbol Indices  

Set of planning horizons  Ὓ ώɴ Ὓ 

Set of periods in the planning horizon  Ὓ ὸɴ Ὓ 

Set of existing storage elements  Ὓ Ὦɴ Ὓ 

Set of candidate storage elements  Ὓ  ὮὧɴὛ  

Set of generators Ὓ ὫᶰὛ 

Set of ac nodes Ὓ  άȟὯᶰὛ  

Set of loads Ὓ όᶰὛ 

Set of time windows for balancing of 

demand shifting  

Ὓ †ɴ Ὓ 

Set of AC branches Ὓ  ὰɴ Ὓ  

Set of candidate AC branches Ὓ  ὰὧɴὛ  

AC grid topology  Ὕ  ὰȟάȟὯᶰὝ ȟὛ Ὓ Ὓ  Ὓ  

Defined as tuple: (ac line id, from node, to 

node) 

Set of PSTs Ὓ ὦɴ Ὓ 
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Set of candidate PSTs Ὓ  ὦὧɴὛ  

PST connectivity  Ὕ  ὦȟάȟὯᶰὝȟ Ὓ  Ὓ Ὓ  Ὓ  

Defined as tuple: (PST, from node, to node) 

Set of dc nodes Ὓ  ὩȟὪɴ Ὓ  

Set of DC branches Ὓ  ὨᶰὛ  

Set candidate of DC branches Ὓ  ὨὧɴὛ  

DC grid topology  Ὕ  ὨȟὩȟὪɴ Ὕ ȟὛ Ὓ Ὓ  Ὓ  

Defined as tuple: (dc line id, from node, to 

node) 

Set of AC/DC converters  Ὓ ᾀɴ Ὓ 

Set of candidate AC/DC converters  Ὓ  ᾀὧɴὛ  

AC / DC converter connectivity  Ὕ  ᾀάὩɴὝ ȟ3 Ὓ Ὓ  Ὓ  

Defined as tuple: (converter id, ac node, dc 

node) 

Generator connectivity  Ὕ  ὫȟάᶰὝ ȟ Ὓ Ὓ  

Defined as tuple: (generator id, ac node 

connected) 

Load connectivity  Ὕ  όȟάᶰὝ ȟ Ὓ Ὓ  

Defined as tuple: (load id, ac node 

connected) 

Storage connectivity  Ὕ  ὮȟάᶰὝ ȟ3 Ὓ Ὓ  

Defined as tuple: (storage id, ac node 

connected) 

Set of contingencies Ὓ ὧɴ Ὓ 

Set of pollutants  Ὓ ὴɴ Ὓ 

Set of countries  Ὓ  ὧώɴὛ  

Set of grid cells for air quality 

modelling  

Ὓ  ὭὮὯɴὛ  

Set of meteorological variables  Ὓ  άᶰὛ  

Set of AQ impacts Ὓ  ὭάὴɴὛ  

 

  



 

 

 

Copyright 2021-2022 FlexPlan      Page 22 of 225 

 

2.2 AC bus data model 

Variables  Symbol Cardinality  Unit  

AC bus voltage magnitude Ὗ ȟȟ άᶅᶰὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ kV 

AC bus voltage angle —ȟȟ άᶅᶰὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ rad 

 

Optimization parameters  Symbol Cardinality  Unit  Typical value  

Nominal  AC bus voltage 

magnitude  

Ὗ ȟȟ άᶅᶰὛ ȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

kV {110, 220, 380} kV 

Maximum operating voltage  Ὗ ȟȟ άᶅᶰὛ ȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

kV Ὗ ȟȟ ρπϷ 

Minimum operating voltage  Ὗ ȟȟ άᶅᶰὛ ȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

kV Ὗ ȟȟ ρπϷ 

Maximum voltage angle  —ȟȟ άᶅᶰὛ ȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

rad ς “ 

Minimum voltage angle  —ȟȟ άᶅᶰὛ ȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

rad ς “ 

 

Additional parameters  Symbol Cardinality  Unit  Typical value  

Bus ID [ - ] άᶅᶰὛ  [ - ] [ - ] 

Bus location  [ - ] άᶅᶰὛ  [lat, 

lon]  

[ - ] 

 

2.3 DC bus data model 

Variables  Symbol Cardinality  Unit  

DC bus voltage magnitude Ὗȟȟ Ὡᶅɴ Ὓ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ kV 

 

 

Optimization parameters  Symbol Cardinality  Unit  Typical value  

Nominal DC bus voltage 

magnitude  

Ὗȟȟ  Ὡᶅɴ Ὓ ȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

kV {320, 525, 600} kV 
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Maximum operating voltage  Ὗȟȟ Ὡᶅɴ Ὓ ȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

kV Ὗȟȟ ρπϷ 

Mini mum operating voltage  Ὗȟȟ Ὡᶅɴ Ὓ ȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

kV Ὗȟȟ ρπϷ 

 

 

Additional parameters  Symbol Cardinality  Unit  Typical value  

Bus ID [ - ] Ὡᶅɴ Ὓ  [ - ] [ - ] 

Bus location  [ - ] Ὡᶅɴ Ὓ  [lat, 

lon]  

[ - ] 

 

2.4 Generator data model 

Variables  Symbol Cardinality  Unit  

Active power generation  ὖȟȟ ὫᶅᶰὛȟᶅὸɴ Ὓȟᶅώɴ Ὓ MW 

Reactive power generation  ὗȟȟ ὫᶅᶰὛȟᶅὸɴ Ὓȟᶅώɴ Ὓ Mvar 

 

Optimization parameters  Symbol Cardinality  Unit  Typical 

value 

Active power reference  ὖȟȟ ὫᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ MW [ - ] 

Maximum active power generation  ὖȟȟ  ὫᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ MW [ - ] 

Minimum  active power generation  ὖȟȟ ὫᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ MW 0 

Generation cost  ὅȟȟ ὫᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ ΌȾ-7È [ - ] 

Maximum reactive power exchange  ὗȟȟ ὫᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ MW [ - ] 

Minimum  reactive power exchange  ὗȟȟ ὫᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ MW [ - ] 

Generator status  ίȟȟ ὫᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ [ - ] {0, 1} 

 

Additional parameters  Symbol Cardinality  Unit  Typical 

value 

Generator ID  [ - ] ὫᶅᶰὛ [ - ] [ - ] 

AC      bus connected [ - ] ὫᶅᶰὛ [ - ] [ - ] 
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Generator fuel type  [ - ] ὫᶅᶰὛ [ - ] Solar 

PV, Coal, 

(ÙÄÒÏȟ ȣ 

Emission factor  Ὃȟ ὫᶅᶰὛȟᶅὴɴ Ὓ kg/MJ [ - ] 

Stack height Ὃ  ὫᶅᶰὛ m [ - ] 

Stack diameter  Ὃ  ὫᶅᶰὛ m [ - ] 

Plume velocity  Ὃ  ὫᶅᶰὛ m/s  [ - ] 

Plume temperature  Ὃ  ὫᶅᶰὛ °K [ - ] 

Generator type  [ - ] ὫᶅᶰὛ [ - ] Open 

ÃÙÃÌÅȟ ȣ 

Fuel price  —  ώᶅᶰὛ ɍΌȾ-7ÈɎ [ - ] 

Specific fuel consumption  – ὫᶅᶰὛ [MWh/MWh]  [ - ] 

 

2.5 (Flexible) demand data model 

Variables  Symbol Cardinality  Unit  

Active power consumption  ὖȟȟ  όᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ MW 

Reactive power consumption  ὗȟȟ όᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ Mvar 

Not consumed power  ɝὖȟȟ όᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ MW 

Upward demand shifted  ɝὖȟȟ
ȟ

 όᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ MW 

Downward demand shifted  ɝὖȟȟ
ȟ  όᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ MW 

Load curtailment  ɝὖȟȟ όᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ MW 

Investment decision 

(enabling flexibility)  

‌ȟᶰπȟρ Ὦᶅɴ Ὓȟᶅώɴ Ὓ [ - ] 

 

     Optimization parameters  Symbol Cardinality  Unit  Typical 

value 

Power factor angle  •ȟȟ όᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ rad [-0.45, 

0.45] 

Reference demand ὖȟȟ όᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ MW [ - ] 

Maximum energy not consumed  

(accumulated load reduction)  

Ὁȟ
ȟ  όᶅᶰὛȟᶅώᶰὛ MWh [ - ] 
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Maximum energy (accumulated net 

demand) shifted  

Ὁȟ
ȟ  όᶅᶰὛȟᶅώᶰὛ MWh [ - ] 

Superior bound on not consumed 

power  (demand reduction)  

ɝȟȟ
ȟ  όᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ MW [ - ] 

Superior bound on upward demand 

shifted  

ɝȟȟ
ȟ ȟ

 όᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ MW [ - ] 

Recovery period for upward 

demand shifting  

†ȟ
ȟ ȟ

 όᶅᶰὛȟᶅώᶰὛ h < 24 h 

Superior bound on downward 

demand shifted  

ɝȟȟ
ȟ ȟ  όᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ MW [ - ] 

Recovery period for downward 

demand shifting  

†ȟ
ȟ ȟ  όᶅᶰὛȟᶅώᶰὛ h < 24 h 

Maximum energy (accumulated 

load) shifted downward  

Ὁȟ
ȟ  όᶅᶰὛȟᶅώᶰὛ MWh [ - ] 

Compensation for consuming less  

(i.e., voluntary demand reduction)  

ὅȟȟ όᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ ΌȾ-7È [ - ] 

Compensation for load curtailment  

(i.e., involuntary demand reduction)  

ὅȟȟ όᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ ΌȾ-7È [ - ] 

Compensation for flexibility  

(demand shifting)  

ὅȟȟ όᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ ΌȾ-7È [ - ] 

Specific interruption costs 

(involuntary load curtailment costs, or 

costs of energy not supplied, due to 

contingencies)  

ὅȟȟ όᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ ΌȾ-7È [ - ] 

Investment cost (for enabling 

potential demand flexibility)  

Ὅȟ όᶅᶰὛȟᶅώᶰὛ Ό [ - ] 

Carbon footprint cost (for enabling 

potential demand flexibility)  

Ὂὖȟ  όᶅᶰὛȟᶅώᶰὛ Ό [ - ] 

Status ίȟȟ όᶅᶰὛȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

[ - ] {0, 1}  
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2.6 Storage data model 

Variables  Symbol Cardinality  Unit  

Normalized energy storage level  ὼȟȟ Ὦᶅɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ [ - ] 

Power absorbed from grid  ὖȟȟ Ὦᶅɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ MW 

Power injected to grid  ὖȟȟ Ὦᶅɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ MW 

Exchanged reactive power  ὗȟȟ Ὦᶅɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ Mvar 

Investment decision  ‌ȟᶰπȟρ Ὦᶅɴ ὛȟᶅώᶰὛ [ - ] 

 

Optimization parameters  Symbol Cardinality  Unit  Typical 

value 

Maximum energy content  Ὁȟ  Ὦᶅɴ ὛȟᶅώᶰὛ MWh [ - ] 

Minimum energy content  Ὁȟ  Ὦᶅɴ ὛȟᶅώᶰὛ MWh [ - ] 

Initial energy content  Ὁȟ  Ὦᶅɴ ὛȟᶅώᶰὛ MWh [ - ] 

Maximum absorbed energy over 

a year 

Ὁȟ
ȟ  Ὦᶅɴ ὛȟᶅώᶰὛ MWh [ - ] 

Maximum absorbed power  ὖȟȟ
ȟ  Ὦᶅɴ Ὓȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

MW [ - ] 

Maximum injected power  ὖȟȟ
ȟ

 Ὦᶅɴ Ὓȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

MW [ - ]  

Maximum reactive power 

exchange 

ὗȟ  Ὦᶅɴ ὛȟᶅώᶰὛ Mvar [ - ] 

Minimum reactive power 

exchange 

ὗȟ  Ὦᶅɴ ὛȟᶅώᶰὛ Mvar [ - ] 

Absorption efficiency  –ȟ  Ὦᶅɴ ὛȟᶅώᶰὛ [ - ] [ - ] 

Injection efficiency  –ȟ Ὦᶅɴ ὛȟᶅώᶰὛ [ - ] [ - ] 

Maximum absorption ramp rate  ὶȟ
ȟ  Ὦᶅɴ ὛȟᶅώᶰὛ MW/h  [ - ] 

Maximum injection ramp rate  ὶȟ
ȟ

 Ὦᶅɴ ὛȟᶅώᶰὛ MW/h  [ - ] 

Power provided or demanded by 

external process  

‚ȟȟ Ὦᶅɴ Ὓȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

MW [ - ] 

Hourly discharge rate  Ὠὶȟ Ὦᶅɴ ὛȟᶅώᶰὛ [ - ] [0, 1] 

Status ίȟȟ Ὦᶅɴ Ὓȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

[ - ] {0, 1} 
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Absorption cost  ὅȟȟ Ὦᶅɴ Ὓȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

ΌȾ-7È [ - ] 

Injection cost  ὅȟȟ Ὦᶅɴ Ὓȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

ΌȾ-7È [ - ] 

Investment cost  Ὅȟ ὮᶅὧɴὛȟᶅώᶰὛ Ό [ - ] 

Carbon footprint cost  Ὂὖȟ  ὮᶅὧɴὛȟᶅώᶰὛ Ό [ - ] 

 

Additional parameters  Symbol Cardinality  Unit  Typical value  

Storage ID [ - ] Ὦᶅɴ Ὓ [ - ] [ - ] 

AC bus connected [ - ] Ὦᶅɴ Ὓ [ - ] [ - ] 

 

2.7 AC branch data model (AC lines, cables and transformers) 

Variables  Symbol Cardinality  Unit  

Active power flow in from -direction , 

existing lines  

ὖȟȟ ὰᶅɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ MW 

Active power flow in to -direction , 

existing lines  

ὖȟȟ ὰᶅɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ MW 

Reactive power flow in from -

direction existing lines  

ὗȟȟ ὰᶅɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ Mvar 

Reactive power flow in to -direction , 

existing lines  

ὗȟȟ ὰᶅɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ Mvar 

Active power flow in from -direction , 

candidate lines  

ὖȟȟ ὰᶅὧɴὛȟᶅὸɴ ὛȟᶅώᶰὛ MW 

Active power flow in to -direction , 

candidate lines  

ὖȟȟ ὰᶅὧɴὛȟᶅὸɴ ὛȟᶅώᶰὛ MW 

Reactive power flow in from -

direction,       candidate lines  

ὗ ȟȟ ὰᶅὧɴὛȟᶅὸɴ ὛȟᶅώᶰὛ Mvar 

Reactive power flow in  to-direction , 

candidate lines  

ὗ ȟȟ ὰᶅὧɴὛȟᶅὸɴ ὛȟᶅώᶰὛ Mvar 

Investment decision  ‌ ȟᶰπȟρ ὰᶅὧɴὛȟᶅώᶰὛ [ - ] 

Voltage transformation ratio  †ȟȟ ὰᶅɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ [ - ] 
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Voltage transformation ratio, 

candidate lines  

†ȟȟ ὰᶅὧɴὛȟᶅὸɴ ὛȟᶅώᶰὛ [ - ] 

 

Optimization parameters   

(Existing and candidate)  

Symbol Cardinality  Unit  Typical 

value 

Resistance ὶ  ὰᶅὧᶰὛ  Ohm [ - ] 

Reactance ὼ  ὰᶅὧᶰὛ  Ohm [ - ] 

Susceptance ὦ  ὰᶅὧᶰὛ  1 / Ohm [ - ] 

Thermal rating  Ὓ  ὰᶅὧᶰὛ  MVA [ - ] 

Emergency rating  Ὓ ȟ  ὰᶅὧᶰὛ  MVA [ - ] 

Maximum voltage 

transformation ratio  

†  ὰᶅὧᶰὛ  [ - ] [ - ] 

Minimum voltage 

transformation ratio  

†  ὰᶅὧᶰὛ  [ - ] [ - ] 

Maximum angle difference  ῳ—  ὰᶅὧᶰὛ  Rad [ - ] 

Minimum angle difference  ῳ—  ὰᶅὧᶰὛ  Rad [ - ] 

Failure rate  ‗  ὰᶅὧᶰὛ  1 / year [ - ] 

Mean time to repair  ὸ  ὰᶅὧᶰὛ  h [ - ] 

Mean time between failures  ὸ  ὰᶅὧᶰὛ  h [ - ] 

Status ί ȟȟ ὰᶅὧᶰὛ ȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

[ - ] {0, 1} 

Investment cost  Ὅȟ ὰᶅὧɴὛȟᶅώɴ Ὓ Ό [ - ] 

Carbon footprint cost  Ὂὖȟ  ὰᶅὧɴὛȟᶅώɴ Ὓ Ό [ - ] 

Landscape impact cost ὒὛȟ ὰᶅὧɴὛȟᶅώɴ Ὓ Ό [ - ] 

Asset lifetime  ὸ  ὰᶅὧᶰὛ  year [ - ] 

 

2.8 PST data model 

Variables  Symbol Cardinality  Unit  

Active power flow in from -direction , 

existing PSTs 

ὖȟȟ ὦᶅɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ MW 
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Active power flow in to -direction , 

existing PSTs      

ὖȟȟ ὦᶅɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ MW 

Reactive power flow in from -

direction , existing PSTs 

ὗȟȟ ὦᶅɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ Mvar 

Reactive power flow in to -direction , 

existing PSTs 

ὗȟȟ ὦᶅɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ Mvar 

Active power flow in from -direction , 

candidate PSTs 

ὖ ȟȟ ὦᶅὧɴὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ MW 

Active power flow in to -direction , 

candidate PSTs 

ὖ ȟȟ ὦᶅὧɴὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ MW 

Auxiliary active power flow in from -

direction , candidate PSTs 

ὖ ȟȟ ὦᶅὧɴὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ MW 

Auxiliary active power flow in to -

direction , candidate PSTs 

ὖ ȟȟ ὦᶅὧɴὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ MW 

Reactive power flow in from -

direction, candidate PSTs 

ὗ ȟȟ ὦᶅὧɴὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ Mvar 

Reactive power flow in to -direction , 

candidate PSTs 

ὗ ȟȟ ὦᶅὧɴὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ Mvar 

Phase shift existing PST •ȟȟ ὦᶅὧɴὛȟᶅὸɴ ὛȟᶅώᶰὛ Rad 

Phase shift candidate PST • ȟȟ ὦᶅὧɴὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ rad 

Investment decision  ‌ ȟᶰπȟρ ὦᶅὧɴὛ ȟᶅώɴ Ὓ [ - ] 

 

Optimization parameters (Existing 

and candidate)  

Symbol Cardinality  Unit  Typical 

value 

Resistance ὶ  ὦᶅὧᶰὛ  Ohm [ - ] 

Reactance ὼ  ὦᶅὧᶰὛ  Ohm [ - ] 

Susceptance ὦ  ὦᶅὧᶰὛ  1 / Ohm [ - ] 

Thermal rating  Ὓ  ὦᶅὧᶰὛ  MVA [ - ] 

Emergency rating  Ὓ ȟ  ὦᶅὧᶰὛ  MVA [ - ] 

Maximum phase shift  •  ὦᶅὧᶰὛ  Rad 0 

Minimum phase shift  •  ὦᶅὧᶰὛ  Rad [ - ] 
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Maximum voltage 

transformation ratio  

†  ὦᶅὧᶰὛ  [ - ] 0 

Minimum voltage 

transformation ratio  

†  ὦᶅὧᶰὛ  [ - ] [ - ] 

Maximum angle difference  ῳ—  ὦᶅὧɴὛ  Rad [ - ] 

Minimum angle difference  ῳ—  ὦᶅὧɴὛ  Rad [ - ] 

Maximum voltage difference  ῳὟ  ὦᶅὧɴὛ  kV [ - ] 

Minimum voltage difference  ῳὟ  ὦᶅὧɴὛ  kV [ - ] 

Maximum active power 

difference  

ῳὖ  ὦᶅὧɴὛ  MW [ - ] 

Mini mum active power 

difference  

ῳὖ  ὦᶅὧɴὛ  MW [ - ] 

Maximum reactive power 

difference  

ῳὗ  ὦᶅὧɴὛ  Mvar [ - ] 

Mini mum reactive power 

difference  

ῳὗ  ὦᶅὧɴὛ  Mvar [ - ] 

Status ί ȟȟ ὦᶅὧᶰὛ ȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

[ - ] {0, 1} 

Investment cost  Ὅȟ ὦᶅὧɴὛ ȟᶅώᶰὛ Ό [ - ] 

Carbon footprint cost  Ὂὖȟ ὦᶅὧɴὛ ȟᶅώᶰὛ Ό [ - ] 

Landscape impact cost ὒὛ ȟ ὦᶅὧɴὛ ȟᶅώᶰὛ Ό [ - ] 

Asset lifetime  ὸ  ὦᶅὧᶰὛ  year [ - ] 

 

2.9 DC branch data model 

Variables  Symbol Cardinality  Unit  

Active power flow in from -direction , 

existing lines  

ὖȟȟ ὨᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ MW 

Active power flow in to -direction , 

existing lines  

ὖȟȟ ὨᶅᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ MW 

Active power flow in from -direction ,     

candidate lines  

ὖ ȟȟ ὨᶅὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ MW 



 

 

 

Copyright 2021-2022 FlexPlan      Page 31 of 225 

 

Active power flow in to -direction , 

candidate lines  

ὖ ȟȟ ὨᶅὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ MW 

Investment decision  ‌ ȟᶰπȟρ Ὠᶅὧɴ Ὓ ȟᶅώᶰὛ [ - ] 

 

Optimization parameters 

(Existing and candidate)  

Symbol Cardinality  Unit  Typical 

value 

Resistance ὶ  ὨᶅὧᶰὛ  Ohm [ - ] 

Admittance  Ὣ  ὨᶅὧᶰὛ  1/Ohm [ - ] 

Thermal rating  Ὓ  ὨᶅὧᶰὛ  MVA [ - ] 

Emergency rating  Ὓ ȟ  ὨᶅὧᶰὛ  MVA [ - ] 

Failure rate  ‗  ὨᶅὧᶰὛ  1 / year [ - ] 

Mean time to repair  ὸ  ὨᶅὧᶰὛ  h [ - ] 

Mean time between failures  ὸ  ὨᶅὧᶰὛ  h [ - ] 

Status ί ȟȟ ὨᶅὧᶰὛ ȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

[ - ] {0, 1} 

Investment cost  Ὅȟ ὨᶅὧɴὛ ȟᶅώᶰὛ Ό [ - ] 

Carbon footprint cost  Ὂὖȟ ὨᶅὧɴὛ ȟᶅώᶰὛ Ό [ - ] 

Landscape impact cost ὒὛ ȟ ὨᶅὧɴὛ ȟᶅώᶰὛ Ό [ - ] 

Asset lifetime  ὸ  ὨᶅὧᶰὛ  year [ - ] 

 

2.10 DC converter data model 

Variables  Symbol Cardinality  Unit  

AC side active power injection 

existing , converter  

ὖȟȟ ᾀᶅɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ MW 

AC side reactive power injection , 

existing converter  

ὗȟȟ ᾀᶅɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ Mvar      

DC side active power injection , 

existing converter  

ὖȟȟ ᾀᶅɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ MW      

AC side active power injection , 

candidate converter  

ὖ ȟȟ ᾀᶅὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ MW 
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AC side reactive power injection , 

candidate converter  

ὗ ȟȟ ᾀᶅὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ Mvar 

DC side active power injection , 

candidate converter  

ὖ ȟȟ ᾀᶅὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ MW 

Investment decision  ‌ ȟᶰπȟρ ᾀᶅὧɴὛ ȟᶅώɴ Ὓ [ - ] 

 

Optimization parameters (Existing 

and candidate)  

Symbol Cardinality  Unit  Typical 

value 

Auxiliary converter losses  ὒ  ᾀᶅὧᶰὛ  MW  

Linear converter losses  ὒ  ᾀᶅὧᶰὛ  MW/M

W 

 

Quadratic converter losses  ὒ  ᾀᶅὧᶰὛ  MW/M

W2 

 

Thermal rating AC  Ὓ ȟ  ᾀᶅὧᶰὛ  MVA [ - ] 

Emergency rating AC Ὓ ȟ ȟ  ᾀᶅὧᶰὛ  MVA [ - ] 

Rated active power AC ὖ ȟ  ᾀᶅὧᶰὛ  MW [ - ] 

Rated reactive power AC  ὗ ȟ  ᾀᶅὧᶰὛ  Mvar [ - ] 

Emergency rating active power AC  ὖ ȟ ȟ  ᾀᶅὧᶰὛ  MW [ - ] 

Emergency rating reactive power AC  ὗ ȟ ȟ  ᾀᶅὧᶰὛ  Mvar [ - ] 

Thermal rating DC  ὖ ȟ  ᾀᶅὧᶰὛ  MW [ - ] 

Emergency rating DC ὖ ȟ ȟ  ᾀᶅὧᶰὛ  MW [ - ] 

Status ί ȟȟ ᾀᶅὧᶰὛ ȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

[ - ] {0, 1} 

Investment cost  Ὅȟ ᾀᶅὧɴὛ ȟᶅώɴ Ὓ Ό [ - ] 

Carbon footprint cost  Ὂὖȟ ᾀᶅὧɴὛ ȟᶅώɴ Ὓ Ό [ - ] 

Landscape impact cost  ὒὛ ȟ  ᾀᶅὧɴὛ ȟᶅώɴ Ὓ Ό [ - ] 

Asset life time  ὸ  ᾀᶅὧᶰὛ  year [ - ] 

 

2.11 Air quality cost model 
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Variables/Data Symbol Cardinality  Unit  Notes 

Emission Factor  Ὃȟ ὫᶅᶰὛȟᶅὴ
ᶰὛ 

[kg/MWh]  Can be expressed 
also in terms of 
emissions by fuel 
consumption (kg/fuel 
ton) and generator 
efficiency (MWh/fuel 
ton). 

Emission  Ὁὓ ȟȟȟ ὫᶅᶰὛȟᶅὸ
ᶰὛȟᶅώ
ᶰὛȟᶅὴɴ Ὓ 

[kg/h]  Hourly emission 
rate for each 
pollutant . 

Sensitivity coefficient  Ὓὅȟȟȟ ὫᶅᶰὛȟᶅὸ
ᶰὛȟᶅώ
ᶰὛȟᶅὴɴ Ὓ 

[ g/m 3/Kg]  Linear 
relationship between 
emission and 
concentration. 

Hourly air quality 
concentration  

ὃὗȟȟȟ ὫᶅᶰὛȟᶅὸ
ᶰὛȟᶅώ
ᶰὛȟᶅὴɴ Ὓ 

[ g/m 3] Hourly 
concentration of each 
pollutant . 

Yearly mean air 
quality concentration  

ὃὗ
ȟȟ

 ὫᶅᶰὛȟ
ώᶅɴ Ὓȟᶅὴ
ᶰὛ 

[ g/m 3] Yearly mean 
concentration of each 
pollutant . 

Impact coefficient  Ὅὓὅȟ  ὴᶅɴ ὛȟᶅὭάὴ
ᶰὛ  

[#/ g/m3]  Expresses the 
variation of a health 
indicator (e.g., 
number of years of life 
lost) for a pollutant 
concentration 
variation. 

Impact  Ὅὓȟȟȟ  ὫᶅᶰὛȟ
ώᶅɴ Ὓȟᶅὴ
ᶰὛȟᶅὭάὴ
ᶰὛ  

[#]  Expresses the 
health impact (e.g. 
number of years of life 
lost). 

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

Cost ὅȟȟȟ  ὭᶅάὴɴὛ  [euro]  Expresses the 
monetary evaluation 
of a health impact. 

Emission inventory  EI ὧᶅώɴὛ ȟᶅὴ
ᶰὛȟᶅώᶰὛ 

[tons/y]  Requires also 
spatial, temporal and 
speciation profiles. 

Meteorological fields  MF ὭᶅὮὯɴὛ ȟᶅά
ᶰὛ  

[-] Gridded (2D/3D) 
hourly meteorological 
fields of all variables 
needed by air quality 
models. 
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Population data  Pop ὭᶅὮὯɴὛ ȟᶅώ
ᶰὛ 

[-] Spatially 
distributed; it may 
also include age 
classes and impact 
reference data. 

Cost of CO2 in 
refe rence year y 

—  ώᶅᶰὛ [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 detailed throughout the Chapters 4-7. 

3.1 General structure of the optimization target function 

The FlexPlan planning tool aims at seeking out an optimal combination of new grid investments, both in 

classical new connections and installation of flexibility  devices, to achieve maximum social welfare. Thus, the 

first logical choice for the objective of the optimization model upon which the planning tool is based is the 

maximization of the global social welfare of the system, since it is able to capture positive effects for all the 

system participants. A general formulation of the social welfare is shown in equation (1) 

Ὁȟ ὅȟ ‌ Ὁȟ ὅȟ ὑȟ ‌Ὅȟ (1) 

where the index ὸ refers to the hours of the year, Ὥ to existing devices in the system, Ὦ to the new devices, for 

which installation has to be evaluated via the optimization, and ὲ to the nodes. The term Ὁ indicates any benefit 

for the social welfare derived from the operation of devices, while ὅ indicates any cost of the system derived 

from the operation of devices. The term ὑ indicates costs of the system related to single nodes derived from 

system operation. Finally, the term Ὅ indicates investment costs for new devices. ‌ is the integer decision 

variable indicating if the new device Ὦ should be installed or not. 

Equation (1) allows to highlight some important peculiarities of the objective function. First of all, two kinds 

of effects on the global welfare are considered: time dependent (the terms in square brackets in equation (1)), 

including what is related to energy production and consumption and to the operation of the system in general, 

and time independent, that is investment costs for new installations (the terms ‌Ὅ). 

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

operation. 

It must be remarked that 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 tractability which is of high importance in regard of the large-scale 

problems at hand. Also, for long-term 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 decades accounting 

for the effects of both the new installations performed over time and of the evolution of the system. To that aim, 

a number ώᶰὛ of simulation years are considered and simulated together as shown in equation (2) 
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Ὢȟ Ὁȟ ὅȟ ‌ Ὁȟ ὅȟ ὑȟ
ᶰ

Ὢ ‌Ὅ
ᶰ

 (2) 

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 years Ὓ 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 ὔ  actual operational years. In 

the FlexPlan project, the target years will be Ὓ = {2030, 2040, 2050}1 so that each of the target years represent 

ὔ  = 10 operational years and the objective function represents a full 30-year planning horizon. The pre-factors 

Ὢȟ and Ὢ  for the operational cost terms and the investment cost terms, respectively, are introduced to weight 

each target year according to the operational years they represent and to calculate the present value of costs 

incurred in different years in the future. These pre-factors are explained in more detail in Section 3.8. 

3.3 The cost minimization  

The explicit quantification of future benefits would be hard to model, requiring the usage of a detailed 

market model. Also, depending on the objective of the system operator or the flexibility resource provider , the 

benefits associated with that source might not necessarily coincide with the social welfare. As such, within the 

FlexPlan project, only system costs are considered and minimized, since almost all the benefits from the social 

welfare perspective will be due to the reduction of the operation costs due to a more efficient use of energy in 

the system. Thus, it is more useful to consider the total system cost as the objective of the optimization problem. 

In this case, equation (3), representing the system total costs is used instead of (1), and minimized in the 

optimization process. 

ὅȟ ‌ὅȟ 

ᶰ

ὑȟ
ᶰᶰ

‌Ὅ
ᶰᶰ

 (3) 

3.4 Complete formulation 

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

components of existing and candidate devices. 

 
1 The generality of the model however allows to consider any set Ὓ of target years. 
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Ὢȟ ὅȟ — Ὃ — – ὖȟȟ
ᶰ

ὅȟ
ȟ ῳὖȟȟ

ᶰᶰ

ὅȟȟὖȟȟ ὅȟȟὖȟȟ
ᶰ

ὅȟȟὖȟȟ ὅȟȟὖȟȟ
ᶰ

ὅȟȟ ὖȟȟ ὖȟȟ ὅȟȟ ῳὖȟȟ
ȟ

ῳὖȟȟ
ȟ ὅȟȟῳὖȟȟ

ᶰ

ὅȟȟὉὉȟȟ ὅȟȟὒὒȟȟ
ᶰ

Ὢ ‌ȟ Ὅȟ Ὁ Ὅȟ ὖ Ὂὖȟ
ᶰ

‌ȟ Ὅȟ Ὂὖȟ
ᶰ

‌ ȟ Ὅȟ Ὂὖȟ ὒὛȟ
ᶰ

‌ ȟ Ὅȟ Ὂὖȟ ὒὛȟ
ᶰ

‌ ȟ Ὅȟ Ὂὖȟ ὒὛȟ ‌ ȟ Ὅȟ Ὂὖȟ ὒὛȟ
ᶰᶰ

 

(4) 

3.5 Objective function terms explanation 

In this section the terms introduced in equation (4) will be described in detail. As mentioned previously, 

two kinds of costs are considered in the optimisation objective. 

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

ÇÅÎÅÒÁÔÉÏÎȾÃÏÎÓÕÍÐÔÉÏÎ ÄÅÖÉÃÅÓ ÃÏÎÎÅÃÔÅÄ ÔÏ ÉÔ ÁÎÄ ÓÏ ÁÒÅ ÌÁÂÅÌÌÅÄ ÉÎ ÔÈÅ ÆÏÌÌÏ×ÉÎÇ ÁÓ Ȱoperational cÏÓÔÓȱȢ 

They include the costs derived from the operation of the system that are not accounted for in other ways. 

For example, costs related to network losses are implicitly considered by the further generation costs due to 

the increase in generation needed to cover the load; so, no explicit costs related to losses will be present in the 

objective function. Regarding grid losses, in our network models (see Chapter 4), only storage assets and 

converters will be considered as lossy. Indeed, due to the need to retain model linearity (which is necessary in 

order to maintain numerical tractability for the large-scale problems to be solved), we use DC network 

approximations which do not allow to model 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 will be realised in the future grid, the effect on the overall system losses with 

respect to the reference grid will also be very limited. 

4ÉÍÅ ÉÎÄÅÐÅÎÄÅÎÔ ÃÏÓÔÓȟ ÌÁÂÅÌÌÅÄ ÁÓ ȰfÉØÅÄȱ ÉÎ ÔÈÅ ÆÏÌÌÏ×ÉÎÇ paragraphs, are considered only for candidate 

devices. Possible candidates include storage Ὦ, flexibility resources ό and new lines ὰ, both AC and DC, PSTs b 

and HVDC converter stations z. For each of them, fixed costs include the investment cost Ὅz, the carbon footprint 

costs Ὂὖz  and possible landscape impact costs ὒὛz. 
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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 are considered. These costs are considered proportional to the hourly production ὖȟȟ, and 

a specific term ὅȟȟ is introduced, which includes the following contributions: 

¶ fuel costs ὅȟ — Ὃ — –, where — is the price of fuel Ὢ for the reference year ώ ɍΌȾ-7ÈɎȟ 

—  is the price of CO2 emissions for the reference year ώ ɍΌȾÔCO2], Ὃ  is the emission factor of fuel Ὢ 

[t CO2/MWh] and – is the specific consumption of fuel Ὢ for generator Ὣ [MWh/MWh];  

¶ environmental costs ὅȟ, due to the effects of other pollutants on the air quality - they depend on the 

fuel considered, on the generation technology and on the geographical localization of the generator - 

and will be described in Section 6.1. 

Then 

ὅȟ — Ὃ — – ὖȟȟ (5) 

represents the generation costs of generator Ὣ at time ὸ in planning year ώ. 

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 is considered for FlexPlan project.  

3.5.3 Renewable generation 

The renewable generation is presented using time series of reference generation values ὖȟȟ
ȟ

. 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 energy (e.g. due to 

contingencies) has been penalized using the term ὅȟ
ȟ ɝὖȟȟ, where ὅȟ

ȟ  corresponds to the 

curtailment cost of renewables and  ɝὖȟȟ corresponds to the generation curtailment  ᶅὫᶰὛ ȟᶅὸɴ Ὓȟώɴ

Ὓ.  ɝὖȟȟ is defined as the difference between the actual generation of the RE source and the reference 

generation, ɝὖȟȟ  ὖȟȟ
ȟ

ὖȟȟ and π ɝὖȟȟ ὖȟȟ
ȟ

ὫᶅᶰὛ ȟᶅὸɴ ὛȟᶅώᶰὛ The total amount of 

renewable energy curtailment can be limited using: 

В В ɝὖȟȟᶰᶰ ὖȟ
ȟ ȟ    ᶅώᶰὛhere ὖȟ

ȟ ȟ  the maximum total renewable curtailment 

allowed for each year of the planning horizon. 

3.5.4 Storage devices 

3.5.4.1 Operational Costs 

Maintenance costs and other operational costs can be considered for energy storage devices. In this case, 

costs could be counted both for 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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ὅȟȟὖȟȟ ὅȟȟὖȟȟ (6) 

are the terms to be considered in the objective function, where ὖȟȟ is the energy charged in hour ὸ and 

reference year ώ by storage device Ὦ and ὖȟȟ is the energy discharged in hour ὸ and reference year ώ by storage 

device ί; ὅȟȟ is the charging cost for storage device Ὦ in time ὸ and reference year ώ ɍΌȾ-7ÈɎ ÁÎÄ ὅȟȟ is the 

discharging cost for storage device Ὦ in time ὸ and reference year ώ ɍΌȾ-7ÈɎȢ "oth these costs are usually set 

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

3.5.4.2 Fixed Costs 

Investment costs for many kinds of storage devices may have two components: one being a function of the 

total installed capacity Ὁ d one being a function of the nominal power ὖ lso, carbon footprint costs have 

to be considered, so that the total fixed costs for a storage device are given by: 

Ὅȟ Ὁ Ὅȟ ὖ Ὂὖȟ  (7) 

where the ώᶰὛ subscript indicates the particular year in the planning horizon, as some candidate 

elements can appear in multiple planning horizons. Note that the costs Ὅȟ are discounted accordingly for each 

ώᶰὛȢ As the planning model is going to use a number of candidate storage devices with different power 

ratings and energy contents, in the actual model implementation the fixed costs for storage candidates will take 

the form  

Ὅȟ Ὂὖȟ  where Ὅȟ is the sum of the evaluated functions  Ὅȟ Ὁ   and Ὅȟ ὖ  at given power and 

energy ratings. 

3.5.5 Demand flexibility resources 

As currently the amount of existing demand flexibility is very limited and data about characteristics are not 

available, the objective function only considers flexibility elements as future candidates. Flexibility resources 

modelling is described thoroughly in section 5.1. 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 resource Ὢ simply reduces its consumption ὖȟȟ in hour ὸ of reference year ώ 

by the amount ɝὖȟȟ and to do so it receives a remuneration proportional to the reduction of the consumption, 

with a compensation ὅȟȟ ɍΌȾ-7ÈɎ ÓÏ ÔÈÁÔ ÔÈÅ ÃÏÒÒÅÓÐÏÎÄÉÎÇ ÃÏÓÔ ÆÏÒ ÔÈÅ ÓÙÓÔÅÍ ÉÓ ÇÉÖÅÎ ÂÙȡ 

ὅȟȟɝὖȟȟ (8) 

 In the second case, the flexibility resource changes its load profile shifting part of its consumption ὖȟȟ, by 

increasing it of an amount ɝ0ȟȟ
ȟ

 or reducing it by an amount ɝ0ȟȟ
ȟ  from hour ὸ to another hour † (it can be 
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as well ὸ † and † ὸ) but maintaining the original total consumption within a given period ɬ such that ὸȟ†ɴ

ɬ, i.e 

ὖȟȟ ὖȟȟ (9) 

Here a remuneration proportional to load shifted is considered, with a compensation  

ὅȟȟ ɍΌȾ-7ÈɎȟ ÓÏ ÔÈÁÔ ÔÈÅ ÃÏÓÔ ÆÏÒ ÔÈÅ system in each hour ὸ is given by 

ὅȟȟ ɝ0ȟȟ
ȟ

ɝ0ȟȟ
ȟ  (10) 

Note that a flexibility resource could be in principle able to participate to both the flexibility mechanisms 

(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, carbon footprint costs. 

Ὅȟ Ὂὖȟ  (11) 

where the subscript ώ indicates the first year of installation. 

3.5.6 Load curtailment 

Load curtailment mechanism and modelling are described in section 5.1.3. Here only a brief recall useful to 

describe terms included in objective function (4) are presented. 

3.5.6.1  Operational costs 

Concerning flexibility resources already dealt with in section 3.5.5 since ὅȟȟḻὅȟȟ and ὅȟȟḻὅȟȟ, we 

expect that load curtailment will be activated after those two other mechanisms are completely exploited, that 

is after the lower bound ὖȟȟ ɝὖȟȟ
ȟ ῳȟȟ

ȟ  reached. Then, the cost for the system in hour ὸ is given by 

ὅȟȟɝὖȟȟ (12) 

Note that the decision (slack) variable ɝὖȟȟ is defined for any load, also the non-flexible loads that are not 

described by the demand flexibility model. This means that for any load bus, load can be curtailed if necessary, 

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 

considered by equation (11). Existing curtailable 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 variables could be introduced in each nodal 

balance constraint, ὉὉȟȟ [MWh], to take into account the situations in which there is an excess of generation 

in node ὲ at hour ὸ for reference year ώ, and ὒὒȟȟ [MWh], to consider those situations in which it is not possible 

to fulfil the load in hour ὸ in node ὲ for reference year ώ. 

These terms are valorised with very high specific costs ὅȟȟ ɍΌȾ-7ÈɎ ÁÎÄ ὅȟȟ ɍΌȾ-7ÈɎȟ ÒÅÓÐÅÃÔÉÖÅÌÙȟ ÓÏ 

that the costs for the System are given by 

ὅȟȟὉὉȟȟ ὅȟȟὒὒȟȟ (13) 

This way it is ensured 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 resolve the infeasibilities. 

Because the model formulation also includes load curtailment slack variables for all load demand buses and 

generation curtailment slack variables for all non-dispatchable 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 implicitly considered 

by other operational costs. So only fixed costs for new installations are considered in the objective function (4). 

Then, for each candidate AC line ὰὧ and for each candidate DC line Ὠὧ the investment cost, the carbon footprint 

cost and the landscape impact cost should be considered for the year of installation ώ: 

Ὅȟ Ὂὖȟ ὒὛȟ (14) 

for AC lines and 

Ὅȟ Ὂὖȟ ὒὛȟ (15) 

for DC lines.  

3.6 Stochastic Formulation 

It is also possible to implement a stochastic formulation of the optimization model. In this case what will be 

minimized are the expected costs deriving from different possible scenarios ί, each with a probability “. The 

ÔÅÒÍ ȰÓÃÅÎÁÒÉÏÓȱ ÈÅÒÅ (sometimes also referred to as Monte Carlo variants) indicates different possible 

realizations of the parameters, in particular, but not only, renewable generation and load profiles. Thus, the 

expected costs are calculated as a weighted sum of the costs in each scenario, with the weights corresponding 

to the scenario probabilities. Note that the operational model provides the operational costs for each scenario, 

whereas the investment decisions are taken across all scenarios alike. This is shown in equation (16). 
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“ Ὢȟ ὅȟ — Ὃ — – ὖȟȟȟ
ᶰ

ὅȟ
ȟ ῳὖȟȟȟ

ᶰᶰ

ὅȟȟὖȟȟȟ ὅȟȟὖȟȟȟ
ᶰ

ὅȟȟὖȟȟȟ ὅȟȟὖȟȟȟ
ᶰ

ὅȟȟ ὖȟȟȟ ὖȟȟȟ ὅȟȟ ῳὖȟȟȟ
ȟ

ῳὖȟȟȟ
ȟ

ᶰ

ὅȟȟɝὖȟȟ ὅȟȟὉὉȟȟȟ ὅȟȟὒὒȟȟȟ
ᶰ

Ὢ ‌ȟ Ὅȟ Ὁ Ὅȟ ὖ Ὂὖȟ
ᶰ

‌ȟ Ὅȟ Ὂὖȟ
ᶰ

‌ ȟ Ὅȟ Ὂὖȟ ὒὛȟ
ᶰ

‌ ȟ Ὅȟ Ὂὖȟ ὒὛȟ
ᶰ

‌ ȟ Ὅȟ Ὂὖȟ ὒὛȟ
ᶰ

‌ ȟ Ὅȟ Ὂὖȟ ὒὛȟ
ᶰ

 

(16) 

 

 

As will be presented Section 8.1.1, the stochastic problem can be divided in an upper-level problem (the 

optimal investment problem) and lower-level problems (the operational problems in each scenario, given the 

investment decisions taken in the upper problem). This yields a Benders decomposition which, with a specific 

solving methodology and a potential parallelization of the lower-level problems, can reduce the computational 

burden to reach an optimal solution of the network expansion 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 term for the expected cost of 

energy not supplied (CENS), i.e., the expected interruption costs for the demand elements. These costs 

approximate the socio-economic costs of power supply interruptions due to contingencies (e.g., transmission 

line failures).  The set of contingencies that are considered in the planning problem is denoted with Ὓ and is 

an input to the planning tool. We define this set to always include the non-contingency state ὧ π, which 

represents the intact grid without any components in an outage state. If one considers a ȰÔÒÉÖÉÁÌȱ ÃÏÎÔÉÎÇÅÎÃÙ 

set Ὓ π as input to the planning tool, this means that no contingencies are considered. 

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

the following form:  

Ὢ  ɝὸ Ὗȟȟ ὅȟȟ ῳὖȟȟȟ
ᶰ  ᶰ ͵͵ᶰᶰ

 

Here, the summation goes over the three target years ώ (i.e., 2030, 2040, 2050), all time steps ὸɴ Ὓ in each 

year, all considered contingency states ὧ (excluding the non-contingency state \ πᶰὛ), and all demand 

elements όᶰὛ. Ὗȟȟ is the unavailability probability  of contingency ὧ during time step ὸ in year y. This 

quantity represents the probability that the components involved in the contingency ὧ are all in an outage state 

at time step ὸ. For an N-1 (first -order or single-component) contingency involving a component ὰ, this 

unavailability probability is the forced outage rate of the component and can be calculated as Ὗȟȟ . 

For an N-2 (second-order or double-component) contingency involving components ὰ and ά, Ὗȟȟ

. These approximate expressions are very good approximations when Ḻρ. Here the 

failure rates ‗ are measured in units of 1/year (i.e., failures per year) and the mean times to repair ὸ  are 

measured in units of hours, and the factors of ψχφπ are included in the formulas to convert correctly between 

units (hours and years) so that Ὗȟȟ is unitless. The factor ɝὸ ρ È is included in the calculation of the objective 

function term Ὢ  so that it expresses the expected cost of energy not supplied during one year as measured 

ÉÎ ΌȢ 
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Furthermore, ὅȟȟ is the specific cost of energy not supplied for demand element (i.e., load point or delivery 

point) ό due to power interruptions during a contingency (e.g., Ό ÐÅÒ -7È ÏÆ ÌÏÁÄ ÌÏÓÔɊȢ 4ÈÅ ɉÓÌÁÃËɊ ÖÁÒÉÁÂÌÅ 

ῳὖȟȟȟ is the power interrupted (in MW) for demand element ό at a time step t during contingency ὧ. This is a 

decision variable that is determined endogenously by the optimization model for each time step as defined by 

the nodal power balance equation in Section 4.2. The interrupted power can be expressed as the difference 

between the power actually supplied for the demand element at time ὸ during the contingency, ὖȟȟȟ, and the 

demand at that time in the non-contingency state, ὖȟ ȟȟ. For the simplifying case that there is no load 

curtailment and no flexibility activation at the time step in the non-contingency case, one has ὖȟ ȟȟ ὖȟȟ 

and ὖȟȟȟ ὖȟȟ  and thus ῳὖȟȟȟ ὖȟȟ ὖȟȟȟ π. The logic behind the structure of the summation of 

the contribution from costs of energy to the objective function, according to the formula for Ὢ   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 function formulation, the cost of energy not supplied would correspond to a term  

ὑȟ ɝὸ Ὗȟȟ ὅȟȟ ῳὖȟȟȟ
ᶰ  ᶰ ͵͵

 

Figure 3-1 - Structure of the cost of energy not supplied term in the objective function 
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in the sum ὑȟ ὑȟ ὑȟ ὑȟ Ễ 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 non-

contingency state ὧ π, i.e., running over ὧɴ Ὓ͵π instead of ὧɴ Ὓ. However, in that case the contribution 

to the sum from ὧ π would have been zero assuming that the slack variable ῳὖȟȟȟ π in 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 somewhat simplified manner by modifying the generation cost term in the objective function in 

Section 3.4 (described for thermal generators in Section 3.5.1) as follows: 

 

Ὗȟȟ ὅȟ — Ὃ — – ὖȟȟ 
ᶰ

 

Note that the sum here goes over the entire contingency set Ὓ including the non-contingency state ὧ π. 

The non-contingency state corresponds to the intact grid, or in other words the state implicitly assumed in 

Section 3.4. The difference is that the modified term above accounts for the fact that the probability of 

occurrence for the non-contingency state is Ὗ ȟȟ ρ В Ὗȟȟ ᶰ ͵͵ ρ. One simplification 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 present value calculation 

3.8.1 Discounting operational costs and investment costs 

In the objective function for the dynamic (planning) optimization problem in Section 3.4, the pre-factors 

Ὢȟ and Ὢ 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 years ώᶰὛ 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., present time), 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 ώ ςπσπ. The principle of present value calculation applied to the socio-economic analysis 

represented by the FlexPlan objective function is illustrated in Figure 3-2. 
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The pre-factor for the investment cost terms is the discount factor, a simple form of which can be stated as 

Ὢ
ρ

ρ ὶ
 (17) 

where ὶ is the (real) discount rate.  Using a real discount rate ὶ means that the expected inflation is 

accounting for implicitly in the selection of the value of ὶ. Inflation should therefore not be accounted for 

explicitly in addition. Recommended values for ὶ for socio-economic cost-benefit analyses vary between 

countries and depend on government policy, regulation, and economic conditions. (For socio-economic cost-

benefit analyses in Norway, for example, typical values of ὶ can be around 4% to 5%. The European Agency 

for the Cooperation of Energy Regulators (ACER), the European Commission and ENTSO-E usually recommend 

to take ὶ τϷ). 

The pre-factor for the operational cost term needs to capture that each target year ώ represents ὔ  

operational years ώȟώ ρȟȣȟώ ὔ ρ. It is assumed that the operational costs for each of these ὔ  

operational years are identical but that the discount factors vary and decrease over time. The pre-factor Ὢȟ 

for the operational cost terms thus becomes 

Ὢȟ Ὢ
ρ

ρ ὶ
  

3.8.2 Residual value of investments 

In socio-economic analyses with a finite analysis horizon, it 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 

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

economic analysis represented by the FlexPlan objective function 
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reducing investment costs that are incurred relatively late in the analysis horizon. Residual values can be 

incorporated for instance by adding a term as follows to the objective function in Section 3.4: 

Ὢȟ ὅȟ ‌ὅȟ 

ᶰ

ὑȟ
ᶰᶰ

Ὢȟ ‌Ὅ
ᶰᶰ

Ὢ ‌Ὅ
ᶰ

 
 

Here, Ὅ  is the residual value of candidate (investment) Ὦ and Ὢ  is the discount factor defined previously, 

evaluated at the end of the analysis horizon. For the case that Ὓ ςπσπȟςπτπȟςπυπ and ὔ ρπ,   ώ

ςπυπρπ ςπφπ.  Furthermore, Ὓ is here used to denote the set of all investment candidates.  

If one assumes linear depreciation, the time-dependent residual value Ὅȟ  can be calculated as  

Ὅȟ Ὅ ÍÁØρ
ώ ώ

Ὕ
ȟπ  

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

planning horizon is defined as Ὅ Ὅȟ . In the example in Figure 3-3, an investment in a transmission line 

is made at ώ ςπτπ, and the transmission line is assumed to have an economic lifetime of Ὕ σπ years. 

Since the end of the analysis horizon is ώ ςπφπ,  Ὅ Ὅȟ Ὅ . 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 socio-economic analysis. Impacts in terms of operational costs beyond the 

analysis horizon are still not being considered, since they can only be explicitly captured by extending the 

analysis horizon.  

 

 

y2030 2040 2050

Residual 
value, Ires

2060

33.3% 
x I

100% 
x I

Investment

2030 2040 2050

2070

Analysis horizon

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

4.1 Power flow and equipment modelling for (sub)transmission networks 

In the context of the FlexPlan approach, (sub)transmission networks refer to the meshed operated part of 

the power network, independent of the legal definition of transmission and distribution networks, which may 

refer to different voltage levels and operational rules in different countries. 

The general AC/DC power flow model, based on [2, 3], is used for existing and newly built branches. The 

model has been extended with phase-shifting transformers (PSTs).  

This section describes the power flow models used for transmission networks planning in the FlexPlan tool 

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 

voltage Ὗ —᷁ȟὯᶰὛ  as shown in Figure 4-1 The operational limits of the AC nodal voltages are defined as 

follows: 

5 ȟȟ Ὗ ȟȟ Ὗ ȟȟ       ᶅάᶰὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

ʃȟȟ ʃ ȟȟ ʃȟȟ       ᶅάᶰὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

where these operational limits need to hold for each time step of each planning horizon considered. An AC 

branch connects two different AC nodes Ὧ and ά. As such, the AC branch model consists of AC lines and cables 

and power transformers, e.g., found in primary substations. A generic PI-model representation of AC branches 

is chosen, as depicted in Figure 4-1. Ὣ and ὦ are the resistive and inductive series admittances, whereas ὦὧ is 

the shunt susceptance. For the representation of power transformers, the AC branch model is generalized with 

an ideal transformer with the voltage tap ratio †Ȣ For an AC line or cable, † ρ holds. 
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Figure 4-1 - AC branch model 

The active and reactive power flow through an existing AC branch in the from direction Ὧᴼά are defined 

as follows: 

ὖȟȟ Ὣ
Ὗȟȟ
†

Ὣ
ὟȟȟὟ ȟȟ

†
ÃÏÓ—ȟȟ —ȟȟ ὦ

ὟȟȟὟ ȟȟ

†
ÓÉÎ—ȟȟ —ȟȟ   ᶅὰɴ Ὓ ȟᶅὸɴ Ὓȟᶅώ

ᶰὛ 

ὗȟȟ ὦ
Ὗȟȟ
†

ὦ
ὟȟȟὟ ȟȟ

†
ÃÏÓ—ȟȟ —ȟȟ Ὣ

ὟȟȟὟ ȟȟ

†
ÓÉÎ—ȟȟ —ȟȟ   ᶅὰɴ Ὓ ȟᶅὸ

ᶰὛȟᶅώɴ Ὓ 

The active and reactive power flow through an existing AC branch in the to direction άᴼὯ are defined as 

follows: 

ὖȟȟ Ὣ
Ὗ ȟȟ

†
Ὣ
ὟȟȟὟ ȟȟ

†
ÃÏÓ—ȟȟ —ȟȟ ὦ

ὟȟȟὟ ȟȟ

†
ÓÉÎ—ȟȟ —ȟȟ   ᶅὰɴ Ὓ ȟᶅὸ

ᶰὛȟᶅώɴ Ὓ 

ὗȟȟ ὦ
Ὗ ȟȟ

†
ὦ
ὟȟȟὟ ȟȟ

†
ÃÏÓ—ȟȟ —ȟȟ Ὣ

ὟȟȟὟ ȟȟ

†
ÓÉÎ—ȟȟ —ȟȟ   ᶅὰɴ Ὓȟᶅὸ

ᶰὛȟᶅώɴ Ὓ 

Candidate AC branches are defined between a pair of AC nodes. For candidate branches (lines, cables, 

primary substations), the power flow equations are extended by the binary decision variable ‌ ȟȟ such that 

the power flow is zero if ‌ ȟȟ π and the Kirchhoff equations are fulfilled if ‌ ȟȟ ρ: 

ὖȟȟ Ὣ
Ὗȟȟ
†

Ὣ
ὟȟȟὟ ȟȟ

†
ÃÏÓ—ȟȟ —ȟȟ ὦ

ὟȟȟὟ ȟȟ

†
ÓÉÎ—ȟȟ —ȟȟ   ‌ ȟȟ  ᶅὰὧ

ᶰὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ 
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†
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†
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†
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ᶰὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ 
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The power flow limits for existing and candidate AC branches are defined as follows: 

ὖȟȟ ὗȟȟ  Ὓ             ᶅὰɴ Ὓ ȟᶅὸɴ ὛȟᶅώᶰὛ 

ὖȟȟ ὗȟȟ  Ὓ              ᶅὰɴ Ὓ ȟᶅὸɴ ὛȟᶅώᶰὛ 

ὖȟȟ ὗ ȟȟ  Ὓ ‌ȟȟ     ᶅὰὧɴὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

ὖȟȟ ὗ ȟȟ  Ὓ ‌ȟȟ      ᶅὰὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

Additionally, a maximum allowable voltage angle deviation along AC existing and candidate branches is 

defined, which is used as a proxy dynamic stability: 

—ȟȟ —ȟȟ ῳ—     ᶅὰɴ Ὓ ȟᶅὸɴ ὛȟᶅώᶰὛ 

—ȟȟ —ȟȟ ῳ—      ᶅὰɴ Ὓ ȟᶅὸɴ ὛȟᶅώᶰὛ 

—ȟȟ —ȟȟ ῳ—     ᶅὰὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

—ȟȟ —ȟȟ ῳ—      ᶅὰὧɴὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

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

existing transmission line as shown in Figure 4-2. 

The PST is located between the nodes Ὧ and Ὧ connected in series with a line Ὧᴼά. A PST introduces a 

voltage angle shift •ȟȟ along the PST impedance, such that the power flow through an existing PST becomes, 

ὖȟȟ Ὣ Ὗȟȟ ὫὟȟȟὟ ȟȟÃÏÓ—ȟȟ — ȟȟ •ȟȟ ὦὟȟȟὟ ȟȟÓÉÎ—ȟȟ — ȟȟ •ȟȟ   ᶅὦ

ᶰὛȟᶅὸɴ ὛȟᶅώᶰὛ 

ὗȟȟ ὦ Ὗȟȟ ὦὟȟȟὟ ȟȟÃÏÓ—ȟȟ — ȟȟ •ȟȟ

ὫὟȟȟὟ ȟȟÓÉÎ—ȟȟ — ȟȟ •ȟȟ   ᶅὦɴ Ὓȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

ὖȟȟ Ὣ Ὗ ȟȟ ὫὟȟȟὟ ȟȟÃÏÓ— ȟȟ —ȟȟ •ȟȟ

ὦὟȟȟὟ ȟȟÓÉÎ— ȟȟ —ȟȟ •ȟȟ   ᶅὦɴ Ὓȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

ὗȟȟ ὦ Ὗ ȟȟ ὦὟȟȟὟ ȟȟÃÏÓ— ȟȟ —ȟȟ •ȟȟ ὫὟȟȟὟ ȟȟÓÉÎ— ȟȟ —ȟȟ

•ȟȟ   ᶅὦɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ. 

The phase angle shift is bounded with the maximum and minimum phase angle shift of the PST, 

• •ȟȟ •     ᶅὦɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ also, the apparent power across the PST is bounded as 

follows, 

ὖȟȟ ὗȟȟ  Ὓ             ᶅὦɴ Ὓȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

ὖȟȟ ὗȟȟ  Ὓ               ᶅὦɴ Ὓȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

Figure 4-2 - PST Model 



 

 

 

Copyright 2021-2022 FlexPlan      Page 51 of 225 

 

For a candidate PST, only putting active and reactive power flows to zero if the PST is not built (as for 

candidate AC branches), is not an option, because the PST is connected in series with existing lines. As such the 

power flow equations are multiplied with the investment decision variable ‌ ȟȟ on both sides. 

‌ ȟὖ ȟȟ Ὣ Ὗȟȟ Ὣ ὟȟȟὟ ȟȟÃÏÓ—ȟȟ — ȟȟ • ȟȟ

ὦ ὟȟȟὟ ȟȟÓÉÎ—ȟȟ — ȟȟ • ȟȟ  ‌ ȟ ᶅὦὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

‌ ȟὗ ȟȟ ὦ Ὗȟȟ ὦ ὟȟȟὟ ȟȟÃÏÓ—ȟȟ — ȟȟ •ȟȟ

Ὣ ὟȟȟὟ ȟȟÓÉÎ—ȟȟ — ȟȟ • ȟȟ ‌ ȟ  ᶅὦὧɴὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

‌ ȟὖ ȟȟ Ὣ Ὗ ȟȟ Ὣ ὟȟȟὟ ȟȟÃÏÓ— ȟȟ —ȟȟ • ȟȟ

ὦ ὟȟȟὟ ȟȟÓÉÎ— ȟȟ —ȟȟ • ȟȟ ‌ ȟ  ᶅὦὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

‌ ȟὗ ȟȟ ὦ Ὗ ȟȟ ὦ ὟȟȟὟ ȟȟÃÏÓ— ȟȟ —ȟȟ • ȟȟ

Ὣ ὟȟȟὟ ȟȟÓÉÎ— ȟȟ —ȟȟ • ȟȟ ‌ ȟ  ᶅὦὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

The equations above result in the expression π π if the binary decision variable ‌ ȟ π and in the power 

flow equations as expected for ‌ ȟ ρ. In order to avoid slack in power injections, the voltage magnitudes 

and angles of the nodes Ὧ and Ὧ are set to equal values using 

ῳ— ȟ —ȟȟ  — ȟȟ ɝ— ȟ    ᶅὦὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

and 

ῳὟ ȟ Ὗȟȟ  Ὗ ȟȟ ɝὟ ȟ    ᶅὦὧɴὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓȟ 

where  ῳ— d  ῳ— und sufficiently large voltage angle differences, and ῳὟ d ῳὟ rk a sufficiently 

large voltage magnitude range for the difference in nodal voltages of nodes Ὧ and Ὧ. If the binary decision 

variable is zero, the voltages of nodes Ὧ and Ὧ are equal in magnitude and angle and are determined by the 

power flows in case ‌ ȟ ρ. In a similar way, the power flows of candidate PSTs need to be bound using, 

ῳὖ ὖ ȟȟ  ὖ ȟȟ ɝὖ ‌ ȟ    ᶅὦὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

ῳὗ ‌ ȟ ὗ ȟȟ  ὗ ȟȟ ɝὗ ‌ ȟ    ᶅὦὧɴὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

ὖ ȟȟ ὗ ȟȟ  Ὓ           ᶅὦɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ 

ὖ ȟȟ ὗ ȟȟ  Ὓ              ᶅὦɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ 

‌ ȟ• • ȟȟ • ‌ ȟ    ᶅὦὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

 

where ῳὖ , ɝὖ , ῳὗ  and ɝὗ  mark a sufficiently large ranges of active and reactive power flows 

through the PST. 

!ÃÃÏÒÄÉÎÇ ÔÏ +ÉÒÃÈÈÏÆÆȭÓ ÃÕÒÒÅÎÔ ÌÁ×ȟ ÁÌÌ ÁÃÔÉÖÅ ÁÎÄ reactive power injections in a node need to balance to 

zero, 

 

ὖȟȟ 
  ɴ 

ὖ ȟȟ

 ɴ 

ὖȟȟ
 ɴ 

ὖȟȟ
 ɴ 

ὖ ȟȟ

 ɴ 

ὖ ȟȟ

 ɴ 

ὖȟȟ
 ɴ ȟ

 ὖȟȟ
 ɴ

π ᶅάᶰὛȟὸɴ Ὓȟώɴ Ὓ  
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ὗȟȟ 
  ɴ 

ὗȟȟ
 ɴ 

ὗȟȟ
 ɴ 

ὗȟȟ
 ɴ 

ὗȟȟ
 ɴ 

ὗȟȟ
 ɴ 

ὗȟȟ
 ɴ ȟ

ὗȟȟ

 ɴ

π ᶅάᶰὛȟὸɴ Ὓȟώɴ Ὓ ȟ 

where, 

¶ ὖȟȟ and ὗȟȟ are the active and reactive power injections of generators connected to node ά,  

¶ ὖ ȟȟ and ὗ ȟȟ are the AC side active and reactive power injections of HVDC converters connected 

to node ά (both existing and candidate),  

¶ ὖ ȟȟ and ὗ ȟȟ are the active power flows leaving from node ά (both existing and candidate), 

¶ ὖ ȟȟ  and ὗ ȟȟ are the active flows and reactive power flows of PSTs leaving from node ά (both 

existing and candidate), 

¶ ὖȟȟ  and ὗȟȟ are the active and reactive power demands of flexible loads ÃÏÎÎÅÃÔÅÄ ÔÏ ÎÏÄÅ ά, 

¶ ὖȟȟ and  ὗȟȟ are the active and reactive power demands of non - flexible loads ÃÏÎÎÅÃÔÅÄ ÔÏ ÎÏÄÅ ά, 

¶ ὖȟȟ and ὖȟȟ are the active power injection and absorption of storage elements connected to node ά, 

¶  ὗȟȟ and ὗȟȟ are the reactive power injection and absorption of storage elements connected to node 

ά.  

The detailed model for the flexible demand is provided in Section 5.1 and the detailed model of storage 

elements is provided in Section 5.2. 

Both dispatchable and renewable generators are subject to operational limits, 

ὖȟȟ ὖȟȟ ὖȟȟ    ᶅὫᶰὛȟὸɴ Ὓȟώɴ Ὓ 

ὗȟȟ ὗȟȟ ὗȟȟ  ᶅὫᶰὛȟὸɴ Ὓȟώɴ Ὓ, 

where the active and reactive power limits of the renewable generators are defined by the climatic 

conditions at time instance t.  

An HVDC converter links an AC grid node άᶰὛ  with a DC grid node Ὡɴ Ὓ . 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 to line commuted 

converters (LCC), where the absorbed reactive power is dependent on the active power injection. The HVDC 

converter is represented as a pair of AC and DC grid active power injections, which are linked via the converter 

losses 

ὖȟȟ ὖȟȟ ὖȟȟ    ᶅᾀɴ Ὓȟὸɴ Ὓȟώɴ Ὓ. 

The converter losses are function of the AC side converter current Ὅȟȟ : 

ὖȟȟ ὒ ὒὍȟȟ ὒὍȟȟ    ᶅᾀɴ Ὓȟὸɴ Ὓȟώɴ Ὓ, 

where the converter current and power are linked with the following equations: 

σὍȟȟ Ὗ ȟȟ ὖȟȟ ὗȟȟ       ᶅᾀɴ Ὓȟὸɴ ὛȟώᶰὛ, 

Ὗ ȟȟ being the AC nodal voltage of node ά to which the converter ᾀ is connected to. The converter is subject 

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

  

ὖȟȟ ὗȟȟ  Ὓ ȟ    ᶅᾀɴ Ὓȟὸɴ ὛȟώᶰὛ 
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ὖ ȟ ὖȟȟ ὖ ȟ    ᶅᾀɴ Ὓ ȟὸɴ ὛȟώᶰὛ 

ὗ ȟ ὗȟȟ ὗ ȟ    ᶅᾀɴ Ὓ ȟὸɴ ὛȟώᶰὛ 

ὖ ȟ ὖȟȟ ὖ ȟ    ᶅᾀɴ Ὓ ȟὸɴ ὛȟώᶰὛ. 

The power flow equations are valid also for the candidate HVDC converters: 

ὖ ȟȟ ὖ ȟȟ ὖ ȟȟ    ᶅᾀὧɴὛȟὸɴ Ὓȟώɴ Ὓ. 

ὖ ȟȟ ὒ ὒ Ὅȟȟ ὒ Ὅȟȟ    ᶅᾀὧɴὛȟὸɴ ὛȟώᶰὛ, 

σὍȟȟ Ὗ ȟȟ ὖ ȟȟ ὗ ȟȟ       ᶅᾀὧɴὛȟὸɴ ὛȟώᶰὛ, 

 

For candidate HVDC converters ᾀὧɴὛ , the power injections can be bounded using the binary decision 

variable ‌ ȟ such that both AC and DC side power injections become zero if ‌ ȟ π and the power injections 

are set by the optimizer if ‌ ȟ ρ: 

ὖ ȟȟ ὗ ȟȟ        Ὓ ȟ ‌ ȟ   ᶅᾀὧɴὛȟὸɴ Ὓȟώɴ Ὓ 

‌ ȟὖ
ȟ ὖ ȟȟ ὖ ȟ  ‌ ȟ  ᶅᾀὧɴὛȟὸɴ ὛȟώᶰὛ 

‌ ȟὗ
ȟ ὗ ȟȟ ὗ ȟ  ‌ ȟ  ᶅᾀὧɴὛ ȟὸɴ Ὓȟώɴ Ὓ 

‌ ȟὖ
ȟ ὖ ȟȟ ὖ ȟ  ‌ ȟ  ᶅᾀὧɴὛȟὸɴ ὛȟώᶰὛ. 

Each DC branch ὨᶰὛ  connects a DC grid node Ὡɴ Ὓ  with a DC grid node ὪᶰὛ . The power flow over 

a DC branch is definÅÄ ÁÃÃÏÒÄÉÎÇ ÔÏ /ÈÍȭÓ ÌÁ× ÉÎ ÂÏÔÈ ÔÈÅ from (ὩO Ὢ and the to (Ὢ O Ὡ directions, 

respectively: 

ὖȟȟ ὴὫὟȟȟ Ὗȟȟ Ὗȟȟ    ᶅὨᶰὛ ȟὸɴ ὛȟώᶰὛ 

ὖȟȟ ὴὫὟȟȟ Ὗȟȟ Ὗȟȟ    ᶅὨᶰὛ ȟὸɴ Ὓȟώɴ Ὓ, 

where ὴ ᶰρȟς is the number of DC poles2 and Ὣ  is the series admittance of the DC branch. All DC 

branches are subject to power flow limits, 

ὖȟȟ ὖȟȟ ὖȟȟ       ᶅὨᶰὛ ȟὸɴ Ὓȟώɴ Ὓ 

ὖȟȟ ὖȟȟ ὖȟȟ       ᶅὨᶰὛ ȟὸɴ Ὓȟώɴ Ὓ. 

The power flow equations need to be valid for all candidate DC branches: 

ὖ ȟȟ ὴ Ὣ Ὗȟȟ Ὗȟȟ Ὗȟȟ    ᶅὨὧɴὛ ȟὸɴ Ὓȟώɴ Ὓ 

ὖ ȟȟ ὴ Ὣ Ὗȟȟ Ὗȟȟ Ὗȟȟ    ᶅὨὧɴὛ ȟὸɴ ὛȟώᶰὛ. 

The power flows through candidate branches can be bound using the binary decision variable ‌ ȟ which 

forces the power flows to zero if ‌ ȟ π and keeps them between operational bounds if ‌ ȟ ρȡ 

‌ ȟὖ ȟȟ ὖ ȟȟ ὖ ȟȟ‌ ȟ    ᶅὨὧɴὛ ȟὸɴ Ὓȟώɴ Ὓ 

‌ ȟὖ ȟȟ ὖ ȟȟ ὖ ȟȟ‌ ȟ      ᶅὨὧɴὛ ȟὸɴ Ὓȟώɴ Ὓ. 

Finally, all injections from DC converters and DC branches can be linked in DC nodal power balance equation 

similar to the AC nodes: 

  

 

2 ὴ ρ for monopoles and ὴ ς for symmetrical monopoles or bipolar HVDC connections. 
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ὖ ȟȟ

 ɴ 

ὖ ȟȟ

 ɴ 

π ᶅὩɴ Ὓ ȟὸɴ ὛȟώᶰὛȢ 

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 the current MINLP solvers are not capable of efficiently solving such large-scale problems. The underlying 

assumptions for the linearization are that the magnitudes of the nodal AC and DC grid voltages can be assumed 

to be equal such that Ὗ ȟȟ Ὗȟȟ Ὗ  ᶅάȟὯᶰὛ  and Ὗȟȟ Ὗȟȟ Ὗ  ᶅὩȟὪᶰὛ . Another 

assumption is that the AC grid voltage angle differences are so small such that ÓÉÎ—ȟȟ —ȟȟ —ȟȟ

—ȟȟ and ÃÏÓ—ȟȟ —ȟȟ ρ and that the resistive part of the series admittance Ὣ π is neglected, 

resulting for AC branches in: 

ὖȟȟ ὦ
Ὗ

†
 —ȟȟ —ȟȟ  ᶅὰɴ Ὓ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

ὖȟȟ ὦ
Ὗ

†
 —ȟȟ —ȟȟ ὖȟȟ  ᶅὰɴ Ὓ ȟᶅὸɴ ὛȟᶅώᶰὛ 

ὗȟȟ ὗȟȟ π  ᶅὰɴ Ὓ ȟᶅὸɴ ὛȟᶅώᶰὛ, 

which means that all reactive power related terms disappear in the used model. The power flow equations 

for candidate branches are defined as   

ὖȟȟ ὦ
Ὗ

†
 —ȟȟ —ȟȟ  ᶅὰὧɴὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

ὖȟȟ ὦ
Ὗ

†
 —ȟȟ —ȟȟ   ᶅὰὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

where —ȟȟ and —ȟȟ are auxiliary variables. Branch flows are bound by the maximum voltage angle 

differences and the thermal limits of the AC branches (lines, cables, primary substations) for existing and 

candidate branches: 

—ȟȟ —ȟȟ ῳ—     ᶅὰɴ Ὓ ȟᶅὸɴ ὛȟᶅώᶰὛ 

—ȟȟ —ȟȟ ῳ—      ᶅὰɴ Ὓ ȟᶅὸɴ ὛȟᶅώᶰὛ 

—ȟȟ —ȟȟ ῳ—     ᶅὰὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

—ȟȟ —ȟȟ ῳ—      ᶅὰὧɴὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

ὖ ὖȟȟ ὖ             ᶅὰɴ Ὓ ȟᶅὸɴ ὛȟᶅώᶰὛ 

ὖ ὖȟȟ ὖ                 ᶅὰɴ Ὓ ȟᶅὸɴ ὛȟᶅώᶰὛ 

‌ ȟὖ ὖȟȟ ὖ ‌ ȟ     ᶅὰὧɴὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

‌ ȟὖ ὖȟȟ ὖ ‌ ȟ      ᶅὰὧɴὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ. 

The following constraints need to be added to link the auxiliary voltage angle variables to the nodal voltage 

angles,  

ρ ‌ ȟ ẗὓ —ȟȟ —ȟȟ ρ ‌ ȟ ẗὓ     ᶅὰὧɴὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

ρ ‌ ȟ ẗὓ —ȟȟ —ȟȟ ρ ‌ ȟ ẗὓ     ᶅὰὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

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

built (‌ ȟ ρ) and they are freely chosen by the solver if the candidate branch is not built (‌ ȟ π), while 
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still ensuring that there is no power flow on the not built candidate branch. ὓ is a sufficiently large angle and 

can be fixed to “, such that the auxiliary voltage angles remain in a range of  “. 

The nodal voltage bounds are only enforced for the voltage angles as the voltage magnitude becomes a 

parameter: 

ʃȟȟ ʃȟȟ ʃȟȟ    ᶅÍᶰ3 ȟᶅÔɴ 3ȟᶅÙɴ 3. 

Similar to AC branches, also the linearized equations for existing PSTs can be written using Ὗȟȟ

Ὗ ȟȟ Ὗ  ᶅὯȟὯᶰὛ , 

ὖȟȟ ὦὟ  —ȟȟ — ȟȟ •ȟȟ  ᶅὦɴ Ὓȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

ὖȟȟ ὦὟ  — ȟȟ —ȟȟ •ȟȟ  ᶅὦɴ Ὓȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

ὖ ὖȟȟ ὖ             ᶅὰɴ Ὓ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

ὖ ὖȟȟ ὖ                 ᶅὰɴ Ὓ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

• •ȟȟ •     ᶅὦɴ Ὓȟᶅὸɴ ὛȟᶅώᶰὛ 

or candidate PSTs two new variables ὖ ȟȟ , ὖ ȟȟ  need to be defined, in order to avoid a non-linear 

formulation. The power flow through the PST in the from and to directions are separated in two terms as shown 

in the equation below. The first term is active if the investment decision is taken (‌ ȟ ρ). In this case   ὖ ȟȟ 

and ὖ ȟȟ become zero, using the variable bound inequality. In the case ‌ ȟ π, the variables ὖ ȟȟ and ὖ ȟȟ 

can vary between the active power limits of the PST. As in the case of the nonlinear formulation the nodal 

voltage angles of nodes Ὧ and Ὧ are made equal, to match the power flow of the in series connected branch. 

ὖȟȟ ὦ Ὗ —ȟȟ — ȟȟ • ȟȟ ὖ ȟȟ ᶅὦὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

ὖ ȟȟ ὦ Ὗ  — ȟȟ —ȟȟ • ȟȟ ὖ ȟȟ ᶅὦὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

ὖ ὖ ȟȟ ὖ                 ᶅὦὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

ὖ ὖ ȟȟ ὖ                 ᶅὦὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

‌ ȟ• • ȟȟ • ȟ    ᶅὦὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

—  ‌ ȟ —ȟȟ — ȟȟ —  ‌ ȟ      ᶅὦὧɴ Ὓͅὦὧȟᶅὸɴ ὛͅὸȟᶅώᶰὛͅώ 

ρ ‌ ȟ ὖ ὖ ȟȟ ρ ‌ ȟ ὖ  ᶅὦὧɴὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

ρ ‌ ȟ ὖ ὖ ȟȟ ρ ‌ ȟ ὖ  ᶅὦὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

In order to avoid slackness in the active power injections, following constraint is needed for the auxiliary 

active power variables ὖ ȟȟ and ὖ ȟȟ:  

ὖ ȟȟ  ὖ ȟȟ π ᶅὦὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ  

The AC nodal power balance is only written in active power: 

ὖȟȟ 
  ɴ 

ὖ ȟȟ

 ɴ 

ὖȟȟ
 ɴ 

ὖȟȟ
 ɴ 

ὖ ȟȟ

 ɴ 

ὖ ȟȟ

 ɴ 

ὖȟȟ
 ɴ

ὖȟȟ
 ɴ

π ᶅάᶰὛȟὸɴ Ὓȟώɴ Ὓ 

The lossy HVDC converter model is approximated by its linear components and the converter current is 

substituted by the AC side active power as the voltage magnitude becomes a parameter. Note that for our linear 

model neglecting reactive power both VSC and LCC type of converters can be modelled in the same way. 

ὖȟȟ ὖȟȟ ὖȟȟ    ᶅᾀɴ Ὓȟὸɴ Ὓȟώɴ Ὓ. 
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ὖȟȟ ὒ ὒὖȟȟ    ᶅᾀɴ Ὓȟὸɴ ὛȟώᶰὛ, 

ὖ ȟȟ ὖ ȟȟ ὖ ȟȟ    ᶅᾀὧɴὛȟὸɴ Ὓȟώɴ Ὓ, 

ὖ ȟȟ ὒ ὒ ὖ ȟȟ    ᶅᾀὧɴὛȟὸɴ Ὓȟώɴ Ὓ. 

Note that the converter losses need to be positive at all times, ὖȟȟ ὒ ὒὖȟȟ π, ὖ ȟȟ ὒ

ὒ ὖ ȟȟ πȢ 

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

converters: 

ὖ ȟ ὖȟȟ ὖ ȟ    ᶅᾀɴ Ὓ ȟὸɴ ὛȟώᶰὛ 

ὖ ȟ ὖȟȟ ὖ ȟ    ᶅᾀɴ Ὓ ȟὸɴ Ὓȟώɴ Ὓ 

‌ ȟὖ
ȟ ὖ ȟȟ ὖ ȟ  ‌ ȟ  ᶅᾀὧɴὛȟὸɴ ὛȟώᶰὛ 

‌ ȟὖ
ȟ ὖ ȟȟ ὖ ȟ  ‌ ȟ  ᶅᾀὧɴὛȟὸɴ ὛȟώᶰὛ. 

As Ὗȟȟ Ὗȟȟ Ὗ  ᶅὩȟὪᶰὛ  is assumed, the power flow model reduces to a network flow model for 

existing and candidate DC branches where, 

ὖȟȟ ὖȟȟ π ᶅὨᶰὛ ȟὸɴ Ὓȟώɴ Ὓ 

ὖ ȟȟ ὖ ȟȟ π ᶅὨᶰὛ ȟὸɴ ὛȟώᶰὛ. 

The power flows of the DC branches are bound by the thermal rating for existing and candidate branches: 

ὖȟȟ ὖȟȟ ὖȟȟ       ᶅὨᶰὛ ȟὸɴ Ὓȟώɴ Ὓ 

ὖȟȟ ὖȟȟ ὖȟȟ       ᶅὨᶰὛ ȟὸɴ Ὓȟώɴ Ὓ 

‌ ȟὖ ȟȟ ὖ ȟȟ ὖ ȟȟ‌ ȟ    ᶅὨὧɴὛ ȟὸɴ Ὓȟώɴ Ὓ 

‌ ȟὖ ȟȟ ὖ ȟȟ ὖ ȟȟ‌ ȟ      ᶅὨὧɴὛ ȟὸɴ Ὓȟώɴ Ὓ. 

Finally, the DC grid nodal balance equation remains unchanged: 

ὖ ȟȟ

 ɴ 

ὖ ȟȟ

 ɴ 

π ᶅὩɴ Ὓ ȟὸɴ ὛȟώᶰὛȢ 

4.1.3 Investment decision constraints 

To ensure that selected candidate lines, converters and PSTs cannot be deactivated after the investment 

decision is taken for a certain planning year, following set of constraints is required: 

‌ ȟ  ‌ ȟ     ᶅὰὧɴὛ ȟᶅώᶰὛȡώ ρ 

‌ ȟ  ‌ ȟ     ᶅὨὧɴὛ ȟᶅώᶰὛȡώ ρ 

‌ ȟ  ‌ ȟ     ᶅὰὧɴὛ ȟᶅώɴ Ὓȡώ ρ 

‌ ȟ  ‌ ȟ     ᶅᾀὧɴὛ ȟᶅώᶰὛȡώ ρ 

The described model allows to define parallel candidate AC and DC lines, HVDC converters and PSTs3, which 

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 selected investments in a certain corridor, 

corresponding to a pair of nodes in the described model, needs to be limited, e.g., due to spatial constraints, the 

 

3 Investment decisions constraints for demand flexibility and storage are described in Chapter 0. 
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following constraint can be used, where ὲȟ  maximum number of investments that can be connected to a 

specific node in each year of the planning horizon. 

 

‌ ȟ ὲ ȟ

 ɴ 

   ᶅάᶰὛ ȟᶅὩɴ Ὓ ȟώɴ Ὓ 

‌ ȟ ὲ ȟ

 ɴ 

   ᶅὩȟὪᶰὛ ȟώᶰὛ 

‌ ȟ ὲȟ

 ɴ 

   ᶅάȟὯᶰὛ ȟώɴ Ὓ 

‌ ȟ ὲ ȟ

 ɴ 

   ᶅάȟὯᶰὛ ȟώɴ Ὓ 

 

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 security-constrained 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 pre-processing phase)  

In FlexPlan we propose to primarily account for reliability of supply through the objective function of the 

optimization model, and the modelling details were described in section 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 in the previous section must be included in the constraints of the model for each contingency ὧɴ

Ὓ.  

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 contingencies, a state outage matrix ὒ 

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

ὒ
ρ π ȣ ρ
ể ể Ệ ể
ρ ρ π

Ȣ 

An element ὒȟ equals zero if branch ὰ is in an outage state in contingency ὧ. The dimensionality of ὒ is in 

general ὔ ὔ where ὔ ȿὛȿ is the number of contingencies and ὔ ȿὛ ᷾Ὓ ȿ is the number of AC 

branches (both existing branches and candidate branches can be included for the contingency set). The first 

column of ὒ corresponds to the non-contingency state ὧ π in which no components are in the outage state. 

For the example of all N-1 AC branch contingencies above, the dimensionality of ὒ is ὔ ὔ ὔ ὔ ρ. 

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 ῳὖȟȟȟ, which depends on the power flow in the contingency-state 

network model. Including these contingency constraints amount to including a copy of all constraints in section 

4.1 for each contingency ὧɴ Ὓ but with the connectivity tuples Ὕẗ appropriately modified to reflect the 

component outage states for the contingency. For instance, if AC branch contingencies are considered, the AC 

grid topology tuple Ὕ  acquires a contingency subscript and becomes Ὕ . The nodal power balance equation 

in section 4.1 is extended by a sum over variables ῳὖȟȟȟ for all demand elements όᶰὛ: 

ὖȟȟȟ 
  ɴ 

ὖ ȟȟȟ

 ɴ 

ὖȟȟȟ
 ɴ 

ὖȟȟȟ
 ɴ 

ὖ ȟȟȟ

 ɴ

ὖ ȟȟȟ

 ɴ 

ὖȟȟȟ
 ɴ ȟ

ὖȟȟ
 ɴ

ῳὖȟȟȟ
 ɴ

π ᶅάᶰὛȟὸɴ ὛȟώᶰὛȟὧɴ ὛȢ 

Note that compared to section 4.1, an additional contingency subscript ὧ is added for the power variables, 

since the power flow for each time step will in general be different for each contingency. 

When accounting for contingencies in the AC branch flow constraints in section 4.1, they take the form  

ὒȟὖ ὖȟȟȟ ὒȟὖ             ᶅὰɴ Ὓ ȟᶅὸɴ ὛȟᶅώᶰὛȟᶅὧɴ Ὓ 

ὒȟὖ ὖȟȟȟ ὒȟὖ                 ᶅὰɴ Ὓ ȟᶅὸɴ Ὓȟᶅώɴ Ὓȟᶅὧɴ Ὓ 

for existing branches and the form 

ὒȟ‌ȟὖ ὖȟȟȟ ὖ ‌ ȟὒȟ     ᶅὰὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

ὒȟ‌ ȟὖ ὖȟȟȟ ὖ ‌ ȟὒȟ      ᶅὰὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ. 

for candidate branches. ὒȟ and ὒȟ are the ὰ  (ὰὧ) line and ὧ  columns of the state outage matrix L for 

both existing and candidate lines, respectively. Analogous contingency constraints apply for AC branch voltage 

angle differences —ȟȟȟ —ȟȟȟ 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 factors. 

The line outage distribution factor ὒὕὈὊȟ  gives the overload on line l, due to contingency c. These factors can 

quickly be calculated using the inverse matrix modification lemma as presented in [4] . The advantage of this 

approach is that the susceptance matrix only has to be inverted for the non-contingency case (ὧ π). 

To represent branch power transfer ratings that are higher during contingencies (i.e., emergency operation) 

than during normal operation, one can replace the thermal ratings ὖ  in these constraints by emergency 

ratings ὖ ȟ . 

Note that these contingency constraints have similarities with the security constraints of a security-

constrained OPF (cf. approach 2a above). However, since the slack variables ῳὖȟȟȟ are included in the 

problem in our case, the model does not strictly speaking secure the system against the contingencies, and it is 

thus more appropriate to refer to the constraints as contingency 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 technical 

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 rating Ὓ  than the actual thermal rating of the branch. 
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This representation can be used also when no contingencies are included in the case (Ὓ π). However, the 

approach requires that security margins are determined in a pre-processing step.  

Apart from the contingency constraints described above, the only constraints in the model that are 

particular to the representation of security constraints are the boundaries on the slack variable ῳὖȟȟȟ that 

were implied in Section 3.1, namely 

π ῳὖȟȟȟ ὖȟȟȢ 

Note that these constraints on the slack variable have the same mathematical structure as the constraints 

on the demand flexibility presented in Section 5.1 below. Expressed in these terms, one has ὖȟȟ ὖȟȟd 

ὖȟȟ πr contingency states (i.e., contingency index ὧ π). We assume that that there are no separate 

decision variables for demand flexibility (i.e., voluntary load reduction) in contingency states (i.e. these are only 

relevant degrees of freedom for the non-contingency state ὧ π). 

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

ὖ ὖ 
 ɴ 

ÍÁØ ὖ  ᶅὸɴ Ὓȟᶅώɴ Ὓ   

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 system modelling 

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 system that is radial or radially operated. The network model for 

meshed operated networks has been presented in Section 4.1. The ambition of FlexPlan is to be able to include 

the highest voltage level of the radially operated system in 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 studies. Which 

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 kV and below. This example is 

illustrated in Figure 4-3 with a radially operated 20 kV distribution system and a meshed transmission system 

represented by voltage levels 380 kV and (a sub-transmission 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 sub-transmission network are regarded as part of 

distr ibution systems. However, 60 kV is the highest voltage level that is usually operated radially. 
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Figure 4-3 - Example of a network model including the transmission network and a distribution network.  

4.3.2 Power flow modelling of radial 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 elements as transmission networks. Lines 

and transformers can be modelled in the same way (see Figure 4-1), however the characteristics of radial grids 

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

applicable on distribution systems. 

Having considered the AC branch model reported in Figure 4-4Figure 4-1,  the phasor diagram of the 

electrical quantities can be represented as depicted in Figure 4-5Errore. L'origine riferimento non è stata 

trovata. , where Ὅ᷁‒ is assumed to be the current flowing from node Ὧ to node m through the branch resistance 

ὶ and reactance ὼ. 

In the literature  [5] , several methods for carrying out optimal power flow calculation. The most common 

practices for distribution networks are based on a non-linear (and rigorous) representation of the network 

physical behaviour. Some others [6]  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 some reasonable 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 phase-angle difference among two neighbouring buses. In this condition, the magnitude of the line 

voltage drop can be approximated as: 

Figure 4-4 Example of phasor diagram for an AC branch 
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Ὗ Ὗ ḙЍσὶὍÃÏÓ• ЍσὼὍÓÉÎ•  

where • — ‒ and —  is the phase-angle of the median voltage of the branch (see Figure 4-5). Thanks 

to this definition, the active power flowing through the branch is calculated as ὖ ЍσὟ ὍÃÏÓ• , while the 

reactive power as ὗ ЍσὟ ὍÓÉÎ• . 

For small phase-angle displacements, it can be recognized that Ὗ ḙ Ὗ Ὗ ςϳ , therefore: 

Ὗ Ὗ ḙςὶὖ ςὼὗ 

The obtained approximation can be compared with the exact formulation of the squared-voltage difference, 

which can be demonstrated to be equal to: 

Ὗ Ὗ ςὶὖ ςὼὗ ὶ ὼ
ὖ ὗ

Ὗ
 

It can be noticed that the adopted approximation consists of the linearization of the exact formula around 

the working point ὖ π and ὗ π, which is making the model neglecting power losses occurring in lines. 

According to that, the proposed formulation can be considered to be acceptable if the following assumptions 

are validated: 

¶ low voltage phase-angle deviation between consecutive buses; 

¶ low power losses in network lines. lines 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  

¶ a systematic error of about 2% within the power balance; 

¶ 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: 

Ὗȟȟ
†

Ὗ ȟȟḙςὶὖȟȟ ςὼὗȟȟ      ᶅὰɴ Ὓ ȟᶅὸɴ ὛȟᶅώᶰὛ 

where † is the voltage transformation ratio. In case the voltage transformation ratio is controllable, it can 

be noticed that the selected model results to be non-linear for a variable †. However, for a typical distribution 

network, controllable transformation ratios are experienced only for on load tap changers, which are directly 

connected to the swing 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 voltage Ὗȟȟ 

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

ʒ 
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can be assumed to be equal to the nominal voltage Ὗ , and removed from the optimization variables so 

that the consideration of † (which becomes †ȟȟ) does not jeopardize the linearity of the model: 
ρ

†ȟȟ
Ὗ Ὗ ȟȟḙςὶὖȟȟ ςὼὗȟȟ      ᶅὰɴ Ὓ ȟᶅὸɴ ὛȟᶅώᶰὛ 

Having noticed that reactive power is required for the processing of the branch model, the power balance 

needs to take it into account. . For this reason, in addition to the same active power balance adopted for 

transmission system (see Section 4.1.1) 

ὖȟȟ 
  ɴ 

ὖȟȟ
 ɴ 

ὖȟȟ
 ɴ 

ὖ ȟȟ

 ɴ 

ὖȟȟ
 ɴ

ὖȟȟ
 ɴ

πȟ

άᶅᶰὛȟὸɴ ὛȟώᶰὛȟ 

also reactive power needs to be balanced 

 

ὗȟȟ 
  ɴ 

ὗȟȟ
 ɴ 

ὗȟȟ
 ɴ 

ὗȟȟ
 ɴ 

ὗȟȟ

 ɴ ȟ

ὗȟȟ
 ɴ

πȟ

άᶅᶰὛȟὸɴ ὛȟώᶰὛȢ  

With respect to transmission network power balance, the contribution of DC lines and phase-shifter is 

excluded since they are not considered possible candidates for radial distribution networks. 

Concerning the 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: 

Ὗ ȟȟ Ὗ ȟȟ Ὗ ȟȟ      ᶅάᶰὛ ȟᶅὸɴ ὛȟᶅώᶰὛȟ 

† † †       ᶅὰɴ Ὓ ȟᶅὸɴ ὛȟᶅώᶰὛȟ 

ὖȟȟ ὗȟȟ Ὓȟȟ       ᶅὰɴ Ὓ ȟᶅὸɴ Ὓȟᶅώɴ ὛȢ 

In order to keep the model linear, the following reformulat ion are adopted: 

Ὗ ȟȟ Ὗ ȟȟ Ὗ ȟȟ       ᶅάᶰὛ ȟᶅὸɴ ὛȟᶅώᶰὛȟ 

ρ

†

ρ

†

ρ

†
      ᶅὰɴ Ὓ ȟᶅὸɴ ὛȟᶅώᶰὛȟ 

ÃÏÓὛ ὖȟȟ ÃÏÓὛ

ÃÏÓὛ ὗȟȟ ÃÏÓὛ

ЍςÃÏÓὛ ὖȟȟ ὗȟȟ ЍςÃÏÓὛ

ЍςÃÏÓὛ ὖȟȟ ὗȟȟ ЍςÃÏÓὛ ữ
ỬỬ
Ữ

ỬỬ
ử

      ᶅὰɴ Ὓ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ 
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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 candidates (having † ρ) can be modelled by 

using auxiliary variables that, for the case of distribution network, consist of the auxiliary voltage magnitude 

Ὗ ȟȟ : 

Ὗȟȟ Ὗ ȟȟ ςὶὖȟȟ ςὼὗ ȟȟ      ᶅὰὧɴὛ ȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

or, for voltage regulating transformers connected to the swing bus: 
ρ

†ȟȟ
Ὗ Ὗ ȟȟ ςὶὖȟȟ ςὼὗ ȟȟ      ᶅὰὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛ 

where, having defined a sufficiently large voltage magnitude ὓ, the related constraints can be expressed as: 

ρ ‌ ȟ Ͻὓ Ὗ ȟȟ Ὗ ȟȟ ρ ‌ ȟ Ͻὓ      ᶅὰὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛȟ 

‌ ȟÃÏÓὛ ὖȟȟ ‌ ȟÃÏÓὛ

‌ȟÃÏÓὛ ὗ ȟȟ ‌ ȟÃÏÓὛ

‌ ȟЍςÃÏÓὛ ὖȟȟ ὗ ȟȟ ‌ ȟЍςÃÏÓὛ

‌ ȟЍςÃÏÓὛ ὖȟȟ ὗ ȟȟ ‌ ȟЍςÃÏÓὛ ữ
ỬỬ
Ữ

ỬỬ
ử

      ᶅὰὧɴὛ ȟᶅὸɴ ὛȟᶅώᶰὛȢ 

4.3.3 Candidate management at distribution level  

The proposed formulation is applicable only to radial grids, conditions for which the number of equations 

balances the number of variables (voltage magnitudes and active/reactive power flows). For this reason, 

candidate branches and related decision variables need to be formulated in order to avoid the possible creation 

of meshes.  

When a generic candidate line ὰὧ is aimed at replacing an existing line ὰ, the model needs to consider their 

mutual exclusivity. Taking as reference the equations reported in the previous section, ὰὧ is included within the 

model as usual: 

Ὗȟȟ Ὗ ȟȟ ςὶὖȟȟ ςὼὗ ȟȟ       ᶅὸɴ ὛȟᶅώᶰὛȟ 

ρ ‌ ȟ Ͻὓ Ὗ ȟȟ Ὗ ȟȟ ρ ‌ ȟ Ͻὓ       ᶅὸɴ ὛȟᶅώᶰὛȟ 

‌ ȟÃÏÓὛ ὖȟȟ ‌ ȟÃÏÓὛ

‌ ȟÃÏÓὛ ὗ ȟȟ ‌ ȟÃÏÓὛ

‌ ȟЍςÃÏÓὛ ὖȟȟ ὗ ȟȟ ‌ ȟЍςÃÏÓὛ

‌ ȟЍςÃÏÓὛ ὖȟȟ ὗ ȟȟ ‌ ȟЍςÃÏÓὛ ữ
ỬỬ
Ữ

ỬỬ
ử

      ᶅὸɴ ὛȟᶅώᶰὛȢ 

In case the candidate ὰὧ is selected (‌ ȟ ρ), the existing line ὰ needs to be excluded. By using the same 

decision variable ‌ȟ, the potentially replaceable line ὰ model can be written as follows: 

Ὗȟȟ Ὗ ȟȟ ςὶὖȟȟ ςὼὗȟȟ      ᶅὸɴ ὛȟᶅώᶰὛȟ 

‌ ȟϽὓ Ὗ ȟȟ Ὗ ȟȟ ‌ ȟϽὓ       ᶅὸɴ ὛȟᶅώᶰὛȟ 
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ρ ‌ ȟ ÃÏÓὛ ὖȟȟ ρ ‌ ȟ ÃÏÓὛ

ρ ‌ ȟ ÃÏÓὛ ὗȟȟ ρ ‌ ȟ ÃÏÓὛ

ρ ‌ ȟ ЍςÃÏÓὛ ὖȟȟ ὗȟȟ ρ ‌ ȟ ЍςÃÏÓὛ

ρ ‌ ȟ ЍςÃÏÓὛ ὖȟȟ ὗȟȟ ρ ‌ ȟ ЍςÃÏÓὛ ữ
ỬỬ
Ữ

ỬỬ
ử

       ᶅὸɴ ὛȟᶅώᶰὛȢ 

The same model can be adopted for the substitution of transformers. In this case, the voltage drop equations 

of the candidate transformers ὰὧ and the existing one ὰ the can be respectively encoded as: 
ρ

†ȟȟ
Ὗ Ὗ ȟȟ ςὶὖȟȟ ςὼὗ ȟȟ       ᶅὸɴ ὛȟᶅώᶰὛȟ 

ρ

†ȟȟ
Ὗ Ὗ ȟȟ ςὶὖȟȟ ςὼὗȟȟ       ᶅὸɴ ὛȟᶅώᶰὛ 

 

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 line ὰὴ is aimed at reinforcing the existing ὰ, the creation of a physical mesh 

is unavoidable (two lines in parallel 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 branch ὰὧ having opportunely selected 

impedance (ὶ,ὼ ) and power limit Ὓ : 

ὶ
ὶὶ ὼ ὶ ὶ ὼ

ὶ ὶ ὼ ὼ
ȟ 

ὼ
ὼὶ ὼ ὼ ὶ ὼ

ὶ ὶ ὼ ὼ
ȟ 

Ὓ
ρ

ὶ ὼ
ÍÉÎὛ ὶ ὼȟὛ ὶ ὼ Ȣ 

Thanks to this definition the number of variables of the model is not increased and its consistency is 

preserved. In fact, the fictitious line ὰὧ can be managed as a line aimed at substituting the existing one ὰ, by 

simply using the model described above. The same approach 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 (re-circulating currents, higher power losses, higher short-circuit 

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

5.1 Load modelling 

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 they are 

independent of the type of the flexibility option and the used technology. The model parameters themselves 

reflect the type and technology. 

This model can be used for these flexibility options: 

¶ Electric Vehicles (EV) 

¶ Industrial Demand Response 

¶ Residential Demand Response 

¶ Thermal Loads 

¶ Hydrogen production as 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. If ὖȟȟ is the expected hourly consumption, it 

can be both reduced up to ὖȟȟd increased to ὖȟȟor any load typology, power factor angle is assumed to be a 

constant, making reactive power varying proportionally with the active power: 

ὗȟȟ ὖȟȟ ÔÁÎ•ȟȟ      ᶅόᶰὛȟᶅὸɴ Ὓȟᶅώɴ Ὓ 

Two kinds of load flexibility can be considered by the planning 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 flexibility mechanism. 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 Section 3.5.5. 

5.1.1 Load decrease 

In the first case, the flexibility resource simply reduces its consumption ὖȟȟ in hour ὸ of reference year ώ 

by an amount ɝὖȟȟ. When the flexibility is enabled by an investment, this load reduction must be positive and 

cannot be higher than a bound ῳȟȟ
ȟ  : 

π ῳὖȟȟ ‌ȟῳȟȟ
ȟ  

(18) 

To do so it will receive a remuneration proportional to the reduction of the consumption, with a 

compensation ὅȟȟ ɍΌȾ-7ÈɎ ÓÏ ÔÈÁÔ ÔÈÅ ÃÏÒÒÅÓÐÏÎÄÉÎÇ ÃÏÓÔ ÆÏÒ ÔÈÅ system is given by: 

ὅȟȟῳὖȟȟ (19) 
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Moreover, the total amount of energy not consumed over a planning year can be constrained using, 

π ɝὸϽῳὖȟȟ
ᶰ

‌ȟὉȟ
ȟ ȟ  όᶅᶰὛȟώᶰὛȢ 

5.1.2 Load shifting 

In the second case, the flexibility resource changes its load profile shifting part of its consumption ὖȟȟ, i.e. 

increasing by an amount ɝὖȟȟ
ȟ

or reducing by an amount ɝὖȟȟ
ȟ  from hour ὸ to another hour ὸ (it can be as 

well ὸ ὸ and ὸ ὸ) but maintaining the total consumption within a given period †: 

ɝὖȟȟ
ȟ

ᶰ

ɝὖȟȟ
ȟ

ᶰ

 (20) 

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

π ɝ0ȟȟ
ȟ

‌ȟɝ0ȟȟ
ȟ ȟ

  

π ɝ0ȟȟ
ȟ ‌ȟɝ0ȟȟ

ȟ ȟ  
 

Here a remuneration proportional to load shifted is considered, with a compensation  

ὅȟȟ ɍΌȾ-7ÈɎȟ ÓÏ ÔÈÁÔ ÔÈÅ ÃÏÓÔ ÆÏÒ ÔÈÅ system in each hour ὸ is given by 

ὅȟȟɝ0ȟȟ
ȟ  (21) 

As demand shifting can only be performed for a short period of time, e.g., a number of hours, the upward 

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

π ῳὖȟȟ
ȟ

ῳȟȟ
ȟ ȟ

ῳὖȟȟ 
ȟ

ᶰ ȟ
ȟ ȟ

ȟȣȟ

ȟ  όᶅᶰὛȟ ὸɴ ὛȟώᶰὛ 
 

 

π ῳὖȟȟ
ȟ ῳȟȟ

ȟ ȟ ῳὖȟȟ 
ȟ

ᶰ ȟ
ȟ ȟ ȟȣȟ

ȟ  όᶅᶰὛȟ ὸɴ Ὓȟώɴ Ὓ  

Moreover, the total amount of energy shifted over a planning year can be constrained using, 

π ɝὸϽῳὖȟȟ
ȟ

ᶰ

‌ȟὉȟ
ȟ ȟ  όᶅᶰὛȟώɴ ὛȢ 

5.1.3 Load curtailment 

Load curtailment is similar to the flexibility resources load decrease described in section 3.5.5, but it is 

ȰÁÃÔÉÖÁÔÅÄȱ ÂÙ ÔÈÅ ÓÙÓÔÅÍ ×ÈÅÎ ÆÌÅØÉÂÉÌÉÔÙ ÆÒÏÍ ÆÌÅØÉÂÉÌÉÔÙ ÒÅÓÏÕÒÃÅÓ ÈÁÓ ÂÅÅÎ ÆÕÌÌÙ ÅØÐÌÏÉÔÅÄ ÂÕÔ ÔÈÅ ÓÙÓÔÅÍ ÓÔÉÌÌ 

needs to reduce load in hour ὸ of reference year ώ. Only particular resources can be curtailed and their 

remuneration ὅȟȟ, which is much higher than the price 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 ὖȟȟcan be curtailed by an amount  ɝὖȟȟ 

such that: 
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π ɝὖȟȟ ὖȟȟȟ  όᶅᶰὛȟ ὸɴ ὛȟώᶰὛ 

 For what concerns flexibility resources, since ὅȟȟḻὅȟȟ and ὅȟȟḻὅȟȟ, we expect that load 

curtailment will be activated after those two other mechanisms are completely exploited, that is after the lower 

bound ὖȟȟ reached. Then, the cost for the system in hour ὸ is given by 

ὅȟȟɝὖȟȟ (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 above. Figure 5-1 shows the relationship between the flexible 

demand and the reference demand expected over a 24-hour period. The flexible power demand seen at grid 

nodes ὖȟȟ  is be defined as: 

 

ὖȟȟ ὖȟȟ ɝὖȟȟ ɝ0ȟȟ
ȟ

ɝ0ȟȟ
ȟ ɝὖȟȟ 

 

Figure 5-1 - Reference demand versus flexible demand 

The bounds on ὖȟȟ  can be derived from the variable bounds on load reduction (ɝȟȟ
ȟ nd load shifting 

(ɝȟȟ
ȟ ȟ

όͅȟὸȟώͮὨίȟὨέύὲȟάὥὼ) and do not need to be specified explicitly in the planning tool. The only 

additional constraint that is needed is to require that ὖȟȟ π to ensure that load curtailment or simultaneous 

activation of load reduction and load shifting do not turn the load into a net power producer. The variable 

bounds can be derived using expressions provided previously. Figure 5-2Figure 5-2 illustrates the bounds 

ὖȟȟ  considering for simplicity only the variable bounds on demand shifting. 

Figure 5-2 - Flexible demand bounds considering 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 that if an investment is made to enable 

demand flexibility at a load u in horizon y, the demand flexibility is enabled at load u for the next planning 

horizons we add the following constraint: 

‌ȟ  ‌ȟ     ᶅόᶰὛȟᶅώᶰὛȡώ ρ 

Investment costs associated with enabling demand flexibility as well as operational costs were described 

with more details in Section 3.5.5. 

5.2 Storage modelling 

We define a generic model which applies for all kind of storage. Examples of different storage technologies 

are: 

¶ Reservoir Hydro 

¶ Pumped Storage Hydro (PSH) 

¶ Battery energy storage system (BESS) 

¶ Compressed Air Energy Storage (CAES) 

¶ Liquified Air Energy Storage (LAES) 

¶ Hydrogen as an energy storage system 

¶ Thermo-electric storage 

5.2.1 Storage constraints 

The storage model is composed using following assumptions: 

¶ Impact of reactive power on storage energy efficiency is assumed to be negligible. 

¶ Minimum charging and discharging times are assumed to be zero. 

¶ 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 default Ўὸ ρ hour). Here, the benefits from 

storage devices can be seen as performinÇ ÁÎ ȰÁÒÂÉÔÒÁÇÅȱ ÂÅÔ×ÅÅÎ ÔÈÅ ÈÏÕÒÓȟ ÔÈÕÓ ÃÏÎÔÒÉÂÕÔÉÎÇ ÔÏ ÁÎ ÏÖÅÒÁÌÌ 

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 size of 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 inÖÅÓÔÍÅÎÔÓ ÁÒÅ ÃÈÏÓÅÎ ÂÙ ÔÈÅ ÏÐÔÉÍÉÓÁÔÉÏÎȟ ×Å ÁÒÅ ÏÎ ÔÈÅ ȰÓÁÆÅ ÓÉÄÅȱ ÏÆ ÔÈÁÔ ÉÎÖÅÓÔÍÅÎÔ ÄÅÃÉÓÉÏÎȟ ÁÓ 

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 analysis on the storage costs (e.g., how much do the additional benefits 

need to be (or the costs be decreased) in order to make the investment profitable at grid level). 
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We can define the dynamic storage equation using the normalized energy storage level ὼȟȟ: 

Ὁ
ȟ

ȟȟ ρ Ὠὶȟ
Ў
Ὁ
ȟ

ȟ ȟ ɝὸ–ȟὖȟȟ
ὖȟȟ

–ȟ
‚ȟȟ ȟ  Ὦᶅɴ Ὓȟὸɴ Ὓȟώ

ᶰὛ 

(23) 

where two different variables ὖȟȟ and ὖȟȟ for charging and discharging have been used as the charging 

and discharging efficiencies can be different. The parameter ‚ȟȟ accounts for the potential power demanded 

or provided by external processes (e.g., water inflow or evaporation in PSH).  

The parameter Ὠὶȟis the hourly self-discharge rate of the storage asset j in horizon y. For long-term storage 

(Pumped Hydro, CAES, etc.), self-discharge is mostly not relevant. For those storage technologies losses occur 

mainly when charging and discharging and are modelled through the absorption/injection efficiencies. The 

parameter Ὠὶȟ can then be set to 0. 

For more short-term storage technologies, self-discharge can however be non-negligible [8] , certainly over 

long periods (e.g., thermal storage, electrical batteries). A nonzero value of the parameter Ὠὶȟ then allows to 

take into account self-discharging of the storage asset (i.e., static losses). Modelling static losses as proportional 

to the energy level ensure that no losses are accounted for when the storage is empty (i.e., ὼȟȟ  π), without 

the need for additional binary variables. 

The normalized energy storage level is bound as follows: 

Ὁȟ
 Ὁȟ ȟȟ

Ὁȟ ȟ  Ὦᶅɴ Ὓȟ ὸɴ ὛȟώᶰὛȢ 

Then, the charging and discharging power is bound as follows: 

π ὖȟ
ȟ ὖȟȟ ὖȟ

ȟ ȟ  Ὦᶅɴ Ὓȟὸɴ ὛȟώᶰὛȟ 

π ὖȟ
ȟ

ὖȟȟ ὖȟ
ȟ
ȟ  Ὦᶅɴ Ὓȟὸɴ ὛȟώᶰὛ 

 

Typically, ὖȟ
ȟ π and ὖȟ

ȟ
π for all Ὦȟώ as otherwise there would be constant charging and 

discharging of the storage present, resulting in the following equations: 

π ὖȟȟ ὖȟ
ȟ ȟ  Ὦᶅɴ Ὓȟὸɴ ὛȟώᶰὛȟ 

π ὖȟȟ ὖȟ
ȟ
ȟ  Ὦᶅɴ Ὓȟὸɴ ὛȟώᶰὛȢ 

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): 

π ὖȟȟ ὖȟ
ȟ ẗίȟȟȟ  Ὦᶅɴ Ὓȟὸɴ ὛȟώᶰὛȟ 

π ὖȟȟ ὖȟ
ȟ
ẗίȟȟȟ  Ὦᶅɴ Ὓȟὸɴ ὛȟώᶰὛȢ 

For, charging or discharging exclusivity, two classical formulations exist: 

ὖȟȟϽὖȟȟ πȟ  Ὦᶅɴ Ὓȟὸɴ ὛȟώᶰὛ 

or 

ὠȟȟὖ
ȟ  ὖȟȟ ὠȟȟὖ

ȟ ȟ  Ὦᶅɴ Ὓȟὸɴ ὛȟώᶰὛȟ 

ρ ὠȟȟ ὖ
ȟ

ὖȟȟ ρ ὠȟȟ ὖ
ȟ
ȟ  Ὦᶅɴ Ὓȟὸɴ ὛȟώᶰὛȟ 

 

with ὠȟȟ being binary variables defining if the storage asset is charging (ὠȟȟ ρ or discharging (ὠȟȟ π. 
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Both formulations are either non-linear or use binary variables. Therefore, in the FlexPlan model 

charging/discharging exclusivity will be considered implicitly via the efficiency. As the general objective is the 

minimization of operational costs in combination with investments, a solution with simultaneous charging and 

discharging would indeed be sub-optimal (as both charge and discharge losses would be accounted for ɀ see 

eq. (23) ). Formally, if one sets ὖȟȟ  ὖȟȟ ὖȟȟ and both ὖȟȟ π and ὖȟȟ π (simultaneous charging and 

discharging) then, assuming that the storage charging and discharging efficiencies are not set to 1 (lossless 

storage asset): 

¶ If ὖȟȟ π, setting ὖȟȟ  ὖȟȟ and ὖȟȟ π  yields solution with a lower objective function 

¶ If ὖȟȟ π, setting ὖȟȟ  π and ὖȟȟ ὖȟȟ  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): 

ὖȟȟ ὖȟȟ ÍÁØὖȟȟ
ȟ ȟὖȟȟ

ȟ
ȟ  Ὦᶅɴ Ὓȟ ὸɴ ὛȟώᶰὛȢ 

Moreover, constraints will not eliminate the risk of having simultaneous absorption and injection but will 

limit it , in the case where –ȟ and –ȟ  would both be set to 1. Indeed, when there is overgeneration, ὖȟȟ should 

be maximized and so ὖȟȟ is pushed to zero. 

Generally, ramping constraints can be considered for storage, although for most of the storage technologies, 

the ramping rate will be less than one hour, and those constraints will be omitted: 

ὖȟȟ ὖȟ ȟ ɝὸϽὶȟ
ȟ ȟ  Ὦᶅɴ Ὓȟὸɴ ὛȟώᶰὛȟ 

ὖȟȟ ὖȟ ȟ ῳὸϽὶȟ
ȟ
ȟ  Ὦᶅɴ Ὓȟὸɴ ὛȟώᶰὛȢ 

Here, we also have to ensure it is the case only if the storage is available (status=1): 

ίȟȟẗὖȟȟ ὖȟ ȟ ɝὸϽὶȟ
ȟ ȟ  Ὦᶅɴ Ὓȟὸɴ ὛȟώᶰὛȟ 

ίȟȟẗὖȟȟ ὖȟ ȟ ῳὸϽὶȟ
ȟ
ȟ  Ὦᶅɴ Ὓȟὸɴ ὛȟώᶰὛȢ 

Initial and final conditions for the energy content are needed, e.g., to avoid storage being emptied towards 

the end of the planning year considered: 

Ὁ
ȟ

ȟȟ Ὁȟ ȟ  Ὦᶅɴ ὛȟώᶰὛȟ 

Ὁ
ȟ

ȟȟ Ὁȟ ȟ  Ὦᶅɴ ὛȟώᶰὛȢ 

Finally, we also 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 over-used during the simulated years. As for the other 

storage parameters, the value of Ὁȟ
ȟ  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. 

ɝὸẗὖȟȟ
ᶰ

Ὁȟ
ȟ ȟ Ὦᶅɴ Ὓȟώɴ ὛȢ 

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

losses and external exchanges are not accounted if the storage is not invested in: 

Ὁȟ ὼȟȟ ρ ‌ ȟὨὶȟ
Ў
Ὁ ȟὼȟ ȟ ῳὸϽ– ȟὖȟȟ

ὖȟȟ

– ȟ

‌ȟ‚ȟȟ ȟ  ὮᶅὧɴὛȟὸɴ Ὓȟώ

ᶰὛȢ 

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

investment decision variable: 
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Ὁȟ‌ȟ Ὁȟ ὼ ȟȟ Ὁȟ ‌ ȟȟ  ὮᶅὧɴὛȟὸɴ ὛȟώᶰὛȟ 

π ὖȟȟ ‌ ȟὖȟ
ȟ ȟ  ὮᶅὧɴὛȟὸɴ Ὓȟώɴ Ὓȟ 

π ὖȟȟ ‌ ȟὖȟ
ȟ
ȟ  ὮᶅὧɴὛȟὸɴ ὛȟώᶰὛȢ 

Finally, initial and final conditions for the energy contents are also updated depending on the investment 

variables: 

Ὁ
ȟ

ȟȟ ‌ ȟὉ ȟȟ  ὮᶅὧɴὛȟώᶰὛȟ 

Ὁ
ȟ

ȟȟ ‌ ȟὉ ȟȟ  ὮᶅὧɴὛȟώᶰὛȢ 

To ensure that selected candidate storage cannot be deactivated after the investment decision is taken for 

a certain planning year, following constraint is required: 

‌ ȟ  ‌ȟ     ᶅὰὧɴὛȟᶅώᶰὛȡώ ρȢ 

Reactive power is another control variable of a generic storage device and it is included within the model 

since it can be beneficial for distribution network planning. As stated above, reactive power is assumed to not 

have any impact on the energy efficiency (Joule losses due to higher currents are neglected) and a reasonable 

approximation of the storage capability can be formulated as follows: 

ὗȟ ὗȟȟ ὗȟ ȟ  Ὦᶅɴ Ὓȟὸɴ ὛȟώᶰὛȢ 

For candidates, the same constraint can be defined as: 

ὗȟ ẗ‌ ȟ ὗȟȟ ὗȟ ẗ‌ ȟȟ  ὮᶅὧɴὛȟὸɴ ὛȟώᶰὛȢ 

Finallly, fixed (investment) costs and operational costs for storage assets were described in Section 0. 

5.2.2 Modelling the flexibility of hydropower plants 

Realistic modelling of hydropower plants for the purpose of hydropower production scheduling and hydro-

thermal market analyses involves complex stochastic optimisation models [9, 10]. Among other factors, such 

models need to account for the stochastic inflow over the scheduling horizon, the value of having energy stored 

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 FlexPlan model, and compromises are made for representing hydropower plants in 

a way that is deemed sufficiently accurate for the purpose of the model. An important issue is to represent the 

availability and marginal cost of flexibility from hydropower in a reasonable way. 
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In the FlexPlan model, the models for VRES-based power plants and energy storage devices can be used as 

building blocks for several different representations 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 ‚ȟȟ, or ii) representing hydropower generation as a VRES-based generator with a 

fixed scenario-specified generation schedule  ὖȟȟ
ȟ

. The latter representation (ii) is most applicable to run-

of-river hydropower plants but are unable to capture the flexibility of regulated, dispatchable hydropower 

plants with reservoirs. The former representation (i) includes storage balance equations representing the 

"state of charge" dynamics through the year, energy capacity constraints Ὁȟ  and Ὁȟ  and power 

injection/absorption capacities ὖȟȟ
ȟ

 and ὖȟȟ
ȟ t is more applicable to dispatchable hydropower plants 

but will typically overestimate the flexibility it can provide in practice. This overestimation is due to neglecting 

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. 

 

These two alternatives represent two 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 combination of the two (i + ii) is 

proposed as a fair compromise: A non-dispatchable generator with a reference production time series ὖȟȟ
ȟ

 

(i) is combined with (ii) a generic ESS model with absorption and injection limits (power capacities) ὖȟȟ
ȟ  

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

(VRES-based) generator. 




















































