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Abstract 

Using old tools to solve modern problems can be costly. This might be the case for the generation 

and transmission expansion planning problem (GEPTEP), which has been solved with sufficient 

accuracy under the paradigm of a centralised decision-making utility. In particular, most E.U. 

energy system models assume perfect competition or perfect foresight, which do not adequately 

reflect the current paradigm and, thus, may lead to flawed market regulations. Therefore, what 

happens if we keep using cost-minimization tools in modern decentralised markets, with new 

technologies, new market participants (merchant transmission investor, merchant renewable 

generators) and increasing potential to exercise market power?  

In this thesis, we try to answer this question by proposing a comprehensive proactive bi-level 

model, that considers sequential investment decisions, imperfect competition, and elastic 

demand, and comparing it with the equivalent of a centralised planning utility. To comply with 

this objective, in Paper I (summarized in Chapter 2.1), we present a comprehensive literature 

review on GEPTEP models, both for co-optimization models (vertically integrated utilities in a 

centralised environment) and co-planning models (under a market environment with competing 

generators and imperfect competition). Compared to previous works, we carry out a detailed 

classification of co-planning models and their underlying equilibrium models. We explicitly 

differentiate their hierarchical and regulatory structure with their equivalent reduced structure, 

and we classify the distinctive approaches used to represent the market. From this review, we 

identified the characteristics of our reference market model to be compared with the centralised 

industry benchmark problem. 

Paper II  (summarized in Chapter 2.2) proposes a proactive bi-level model that considers 

sequential investment decisions, with the transmission company as the leader and generators as 

followers, this structure can be applied to the current European context, where ENTSOE plays the 

role of a centralised agent that proposes future planning pathways, to which national generation 

companies react. Additionally, we consider imperfect competition via conjectural variations, and 

the introduction of specific short- and long-term storage operation and investment conditions. 

We solve this problem by converting the underlying equilibrium problem into a set of equations 

using the Karush Khun Tucker conditions and by linearizing them according to (Fortuny-Amat & 

McCarl, 1981). Among others, we found that when considering imperfect competition in the 

market, some counterintuitive results can arise, i.e., allowing trade between areas (building new 

lines) can decrease total welfare. 

Finally, in Paper III (summarized in Chapter 2.3), we extend the model in Paper II to formulate a 

merchant transmission investor. We propose a methodology that would ultimately allow us to 

answer our first question. How costly is it to use old tools for new problems? We present two case 

studies (a 3-node and a modified IEEE 24-node). Some of the main conclusions are the following 

i) Disregarding strategic market feedback can lead to a non-negligible welfare loss. In particular, 

this welfare loss could be worse when we have batteries in the mix, as it implies disregarding the 

effects that the flexibility of batteries can have on the exercise of market power. ii) Merchant 

transmission investors lead to a worse-off situation, with lower welfare and higher prices. We 

found that in some cases, a merchant investor can lead to the same welfare loss as disregarding 

strategic market feedback. Most importantly, this sub-optimal planning output also leads to a 

significant distortion of the optimal generation mix, affecting the system's robustness in terms of 

responsiveness to intermittent resource availability. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Abbreviations 

 

BESS  Battery Energy Storage Systems 

ENTSOE European Network of Transmission System Operators for Electricity 

EPEC Equilibrium Problem with Equilibrium Constraints 

EU      European Union  

GENCOs Generation Companies 

GEP Generation Expansion Planning 

GEPTEP Generation Expansion Planning & Transmission Expansion Planning 

KKT Karush–Kuhn–Tucker 

MPEC Mathematical Programming with Equilibrium Constraints 

NLP Non Linear Programming 

RE  Renewable Technology 

TEP Transmission Expansion Planning 

TSO Transmission System Operator 

US    United States of America 
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1 Introduction  
 

The decarbonization of the society is a central objective for most governments, in particular, 

the EU aims at achieving carbon neutrality by 2050, where the energy sector contributes to 75% of 

EU’s greenhouse emissions. In the power sector, it is essential to assure the phasing out of coal, 

decarbonization of gas and the penetration of renewable energy technologies in the context of a 

liberalised energy sector. 

 In most E.U. member states, power companies would adopt renewable energy technologies 

only if they contribute to their profit-maximizing objectives. Furthermore, since renewable energy 

technologies like wind and solar power are typically intermittent, uncertain, and geographically 

dispersed, their viability will depend on their proper integration into the existing transmission 

network. However, grid expansion and generation expansion decisions are taken by separate 

entities with differing and even conflicting objectives. For example,  i.e., welfare-maximizing 

regulated transmission system operators (TSOs) decide transmission expansion, while liberalised 

profit-maximizing generation companies decide generation expansion and operation. These 

contradictory objectives create some complexities that most E.U. energy system models assume 

perfect competition or perfect foresight, which do not adequately reflect the current paradigm 

and, thus, may lead to flawed market regulations.  

Therefore, under the current European liberalised market, national transmission companies 

have to decide network investment by minimizing total operation cost (or maximizing total 

welfare), while competing generation companies (GENCOs) decide their expansion by maximizing 

their profit. This process creates contradictory incentives that can result in a misalignment of 

short-term operation and long-term investment signals. Moreover, when the ideal cost-

minimizing generation capacity investment assumed by transmission companies differs from 

reality (due to strategic market interactions between GENCOs), the transmission expansion plan 

could not be the lowest option for society. For instance, if we consider that a TSO takes its 

investment decision first (proactive approach), we would expect that, in order to achieve lower 

operation costs, a TSO would build more lines compared to the case where GENCOs take 

investment decisions first (reactive approach). This decision could be explained because, in the 

long term, the total cost in transmission investment is lower than that of generation investment. 

However, GENCOs might prefer lower investments in transmission capacity and higher investment 

in generation capacity in order to benefit from short-term price increases resulting from 

transmission congestions. 

 In particular, GENCOs potential strategic behaviour is more relevant nowadays, given that 

construction times for transmission lines are consistently higher than construction times for new 

distributed generation technologies. It has been proved theoretically that a proactive approach 

leads to higher total welfare than its reactive counterpart (Sauma & Oren, 2007). However, in 

practice, most of the TSOs in the world follow a reactive approach (Spyrou et al., 2017). 

Nevertheless, some other approaches are actually close to proactive planning. For example, the 

U.S. government approved a regulation that includes the concept of anticipative (proactive) 

transmission planning in order to achieve higher social welfare (FERC, 2011). In Chile, a law that 

enforces the consideration of coordination between transmission and generation has also been 

approved (Ministerio Energía, 2016). Additionally, in the current European context, ENTSOE plays 



 

 

 

the role of a centralised agent that proposes future planning pathways, in which regional 

coordination takes place (Huppmann & Egerer, 2014), to which national generation companies 

react. Thus, under such regulatory contexts, a proactive planning approach would be suitable.  

This whole market setup is additionally affected by the high penetration of renewable energy. In 

fact, renewable energy introduces several challenges into market operation, e.g., renewable 

energy sources such as wind and solar photovoltaic are strongly intermittent, have a nearly zero 

variable cost, and their investment costs have been continuously decreasing in the last years. This 

situation would require to be counterbalanced with the increase in flexibility either by Demand 

Side Management (DSM) measures, reinforcement of the grid or the introduction of a new 

technology in the market, i.e., Battery Energy Storage Systems (BESS). Although energy storage 

technologies are already embedded in energy systems through the form of pumped hydro, this 

new player can help to reduce the intermittency in the systems and even be complementary to 

thermal generation. In 2018, the BESS worldwide deployment doubled 2017, led by Korea, China, 

the U.S., and Germany (IEA, 2020).  Therefore, in this thesis, we will study the policy implications 

in transmission expansion planning of recognizing the potential strategic behaviour in the market 

in a context of high renewable penetration and new storage technologies.  

 

 

 

 

 

 

 

 

 

 

 



 

 

 

1 Background 
 

1.1 Generation and Transmission Expansion Planning 
 

The capacity expansion problem has been of major importance in power systems, given the 

capital intensity and the variety of technologies available in the electricity sector, an optimization 

tool is necessary to try to achieve the least cost expansion solution. The traditional structure of 

power systems was a centralised environment where a vertically integrated utility was in charge 

of deciding both Transmission Expansion Planning (TEP) and Generation Expansion Planning (GEP), 

among other issues. However, computational limitations lead these problems to be solved 

separately. In this sense, these stand-alone investment optimisation problems have gathered a 

great amount of research that has recently focused on studying the consideration of bigger 

networks, more detailed operation and the consideration of renewable generation, batteries, 

distributed generation and their corresponding support schemes. For a complete review of these 

separate problems please refer to (Hemmati et al., 2013). 

 

 With the evolution of computational capability, the joint consideration of both problems 

became possible, allowing to capture the important links between generation dispatch and 

transmission supply along with their siting and sizing decisions. These models, usually known as 

Generation Expansion Planning and Transmission Expansion Planning (GEPTEP) co-optimisation 

models, represent the vertically integrated utility in a centralised environment, that aims to 

minimise total system cost. This cost minimisation framework is equivalent to maximizing the total 

welfare of the system when three assumptions are fulfilled; i) perfect competition, ii) 

simultaneous operating and investment decisions, and  iii) perfect information. As a consequence 

of considering the links between generation and transmission, this co-optimisation framework 

results in a lower system cost compared to a separate GEP / TEP optimisation approach as shown 

in (Conejo et al., 2016), (Krishnan et al., 2016),(Hu et al., 2012). 

 

 However, this co-optimisation framework, cannot answer additional questions regarding 

sequential and strategic decisions that emerge in a decentralised market environment. With 

market environment, we refer to the fact that the vast majority of power systems today are 

organised via a liberalised market in which private companies compete amongst each other (in 

generation and retail). Therefore, the investment and operation decisions under a market 

environment are quite different from centralised planning. In a liberalised electricity market 

environment, generation expansion and operation are decided in a competitive way where every 

generation company (GENCO) takes its own decisions by aiming to maximise total profits, while 

the transmission planning keeps being centralised. 

 

In this sense, the liberalisation of electricity markets has introduced new dynamics that lead 

to conflicting interests between the different decision makers in the electric power system. The 

behaviour of GENCOs can be modelled by means of game theory to represent their strategic 

interactions as a Nash equilibrium. Moreover, if we would like to consider the sequence between 

investment and operation for this strategic agents, hierarchical models (bi-level) permit us to 



 

 

 

represent such structures. Bearing this in mind, hierarchical equilibrium models represent an 

adequate tool to study how different agents in GEPTEP problems behave under such a market 

environment.  

 

In this context, we move from the term “co-optimisation” to the term “co-planning”. We 

introduce this term, given that these models are not, in essence, a single optimisation problem. 

Thus, co-planning models, help us to understand how Transmission Companies (TRANSCOs) and 

Generation Companies (GENCOs) take strategic and sequential decisions. For example, consider 

the case where transmission expansion decisions are made first, and subsequently, under a 

market framework, GENCOs make their expansion decisions (or possibly the other way around). 

In this sense, equilibrium models, in particular, bi-level or multi-level problems help us model this 

kind of interactions. It is important to note that strategic behaviour does not only occur in the 

operation but also in the investment decisions. Nowadays, this is particularly true because of the 

shorter construction times of generation units (mainly for renewable technologies) and longer 

times for transmission lines (either as a result of stricter environmental restrictions or more 

demanding communities) permit GENCOs, for instance, to site their units strategically in such a 

way that they induce congestions in the network that lead to higher operational incomes for 

GENCOs.  

 

A key issue in generation and transmission expansion planning is the choice of which 
investment decision is considered to be taken first. Does the transmission planner take its 
decisions after the generation has been sited or do the generation companies plan their 
investments after transmission assets have been decided? What comes first, the chicken or the 
egg? To solve this problem, we have to make an assumption on the sequence in which investment 
decisions are made. These choices are the proactive and reactive transmission planning 
approaches. Authors in (Sauma & Oren, 2006) propose a proactive planning approach as a 
framework in which the network planner has the ability to influence generation investment and 
spot market behaviour. In terms of the hierarchy, it means that TRANSCO is the leader and the 
GENCOs that anticipate market outputs are the followers. Respectively, under a reactive planning 
approach, the network planner assumes that generation capacities are given and then it optimises 
based only on the spot market equilibrium. Reactive planning is thus represented by a model with 
multi-leaders GENCOs and one or several TRANSCOs as followers. Authors (Sauma & Oren, 2006) 
consider an oligopoly structure and demonstrate theoretically how proactive planning leads to 
greater social welfare in comparison to reactive planning.  

 
In practice, as mentioned in (Spyrou et al., 2017) most of the TRANSCO companies in the 

world follow a reactive approach, and none of them has applied a strictly proactive approach as 

the one proposed in (Sauma & Oren, 2006). In such proactive approach, GENCOs submit their 

plans to the respective TRANSCO and they plan the reinforcements according to those generation 

plans. This planning process has been, by default, the most natural procedure to repond to the 

private decision-making of generator companies (which come along with capital intensive 

investment). 

However, as mentioned in (Pozo et al., 2017) there are some other approaches that are 

close to proactive planning. In such an approach, the TRANSCO should anticipate the possible 

investments in generation and decide its transmission reinforcements in order to maximize the 

total welfare in the system. This procedure might even more applicable in a context of several 



 

 

 

small investors (in various power systems the number of GENCOs have increased due to an easier 

access and lower capital intensity of renewables investments). Additionally, in terms of stability 

of the system, TRANSCO are starting to anticipate GENCOs investment with a longer time horizon,  

to assure the necessary conditions to achieve a reliable system operation.  

 For example, a regulation was approved in the US that includes the concept of anticipative 

(proactive) transmission planning to obtain a higher social welfare (FERC, 2011). Initially, such 

approach did not find a strong support but in 2021 several organizations supported the Advance 

Notice of Proposed Rulemaking (ANOPR) on regional transmission planning, that includes a clear 

need for proactive transmission expansion planning to achieve an efficient level of transmission 

investment to ensure just, reasonable, and equitable rates (this might imply building idle capacity 

that will serve as a signal to GENCOs and influence their investment decisions). In Chile, a 

regulation that enforces the consideration of coordination between transmission and generation 

has also been approved (Ministerio Energía, 2016). Additionally, in the current European context, 

ENTSOE plays the role of a centralised agent that proposes future planning pathways, in which 

regional coordination takes place, and then nationally generation companies can react to its 

decisions. Thus, under this regulatory context a proactive planning approach would make more 

sense.  

1.2 Equilibrium problems 
 

Going beyond the assumption of perfect competitive markets, non-cooperative game theory 

serves us to define and study the strategic interactions among rational decision makers, which 

leads initially to some equilibrium models, such as Nash Equilibrium, where each player’s decisions 

is the best reply to the other’s player strategies (Jørgen Jacobsen, 1996).  

When discussing the equilibrium structure of GEPTEP models we distinguish among several 

different cases, all of which are depicted in Figure 1. The first classification we have to make is 

whether the nature of the game is simultaneous or sequential. With simultaneous games, we refer 

to equilibrium structures where all decision variables are assumed to be taken simultaneously, 

i.e., TEP investment, GEP investment, market operating decisions are all taken at the same time. 

A sequential or hierarchical structure refer to the type of games where one set of decisions is 

taken before the other in a Stackelberg manner.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: General Mathematical Structure of Equilibrium Models 

In this thesis we focus on sequential games, which inherently model a decision-making hierarchy 
a la Stackelberg (Von Stackelberg, 2011).  

Table I: Classification of hierarchical multilevel models 

 Leaders Followers 

OLOF ONE ONE 

OLMF ONE MULTIPLE 

MLOF MULTIPLE ONE 

MLMF MULTIPLE MULTIPLE 

 

 

Stackelberg (Von Stackelberg, 2011) simulates a market where there is a leading firm and multiple 
followers. This game is defined as an equilibrium where the decisions of the leader are taken 
considering the best reaction of the followers that, at the same time, take their decisions knowing 
how the leader would react anticipating their own decisions. In this sense, bi-level programming 
generalises the Stackelberg model, by extending the number of players (and the type of decisions) 
in the game. 

 
In particular, when a bi-level problem is defined as an OLMF game its mathematical 

structure is seen as an MPEC or as a simple bi-level programming problem. As seen in Figure 2, 
the OLMF is a type of mathematical structure in which a single optimisation problem (Upper Level) 
is constrained by several simultaneous optimisation problems (Lower Level) that represent an 
equilibrium. In Figure 2,, 𝑥 and 𝑦 represent lower and upper-level decision variables respectively.  

 
 

𝑀𝑎𝑥 𝐹(𝑥, 𝑦) 
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COURNOT
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𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: 
 

𝑀𝑎𝑥 𝑓(𝑥1, 𝑦)    𝑀𝑎𝑥 𝑓(𝑥2, 𝑦)  …  𝑀𝑎𝑥 𝑓(𝑥𝑛, 𝑦) 

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜        𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜    …   𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜  
 

𝑔1(𝑥1, 𝑦) ≤ 0     𝑔2(𝑥2, 𝑦) ≤ 0 … 𝑔𝑛(𝑥𝑛 , 𝑦) ≤ 0   
𝑥1, 𝑦 ≥ 0               𝑥2, 𝑦 ≥ 0     …      𝑥𝑛, 𝑦 ≥ 0            

 

 

 

 

In some cases, this lower-level equilibrium can be converted into a single optimisation 
problem. Nevertheless, even if this is possible, the resulting complete problem cannot be solved 
directly by classical optimisation techniques because an optimisation problem is constrained by 
another optimisation problem.  Therefore, in order to solve a bi-level problem, with an OLMF 
structure, we can follow the next steps. First, the set of lower-level optimisation problems can be 
converted into a set of non-linear and non-convex constraints by applying the Karush-Kuhn-Tucker 
(KKT) (if the optimisation problem is convex) conditions. As seen in Figure 3, the resulting 
optimisation problem is constrained by the primal feasibility constraints, the dual feasibility 
constraints and the Complementarity Conditions (CC). 

 
𝑀𝑎𝑥 𝑦 𝐹(𝑥, 𝑦) 

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: 
 

𝜕𝐿/𝜕𝑥1  = 0        𝜕𝐿/𝜕𝑥2  = 0       …    𝜕𝐿/𝜕𝑥𝑛  = 0 

 

𝜆1𝑔1(𝑥1, 𝑦) = 0  𝜆2𝑔2(𝑥2, 𝑦) = 0 … 𝜆𝑛𝑔𝑛(𝑥2, 𝑦)  = 0 

 

𝑔1(𝑥1, 𝑦) ≤ 0      𝑔2(𝑥2, 𝑦) ≤ 0 … 𝑔𝑛(𝑥𝑛 , 𝑦) ≤ 0   
𝑥1, 𝑦 ≥ 0          𝑥2, 𝑦 ≥ 0      …    𝑥𝑛, 𝑦 ≥ 0         

 

 

 

The resulting set of constraints is non-linear and non-convex given the complementarity 
conditions of the problem. This lower level has the structure of a Mixed Complementarity Problem 
(MCP), and therefore the whole problem has the structure of an MPEC. Please note that bi-level 
(OLMF) problems are particular cases of MPECs. Now we list the most used techniques to solve 
these kinds of problems. As mentioned in (Pineda et al., 2018), these techniques can be divided 
into dedicated (efficient algorithms that ensure global optimality but require significant additional 
coding) and non-dedicated algorithms. Some of the non-dedicated algorithms are (that can be 
implemented directly using commercial software): NLP/ MPEC, Regularisation, Penalisation, and 
MIP KKT- DUAL. 

 
The only non-convexity in Figure 3 introduced by the complementarity conditions this problem 
solvable using an ordinary NLP solver (or specific solvers, such as PATH, can solve this problem 
more efficiently). We call this methodology the NLP/MPEC problems. Unfortunately, both 
nonlinear and MPEC solvers cannot guarantee a global optimal solution to the MPEC, given that 
all feasible points are non-regular (Pineda et al., 2018), and consequently, solution methods can 
easily get stuck in a local optimum or not even find a feasible solution. The regularisation(Pineda 
et al., 2018) relaxes the complementarity condition of the MPEC problem. Instead, the set of 
equations for 𝑔𝑛(𝑥𝑛, 𝑦) ≤ 𝑡 are solved. Then the NLP problem for small values of 𝑡 is iteratively 
solved. The solution of each iteration will be the initial point of the following iteration; this process 
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Figure 3: OLMF problem with Lower Level KKT Conditions 

Figure 2: Bi-level problem with an OLMF structure 



 

 

 

is faster but only provides a local optimum point solution for the MPEC. As an alternative we have 
the penalisation (Pineda et al., 2018) which is similar to the regularisation. Conversely, in this case, 
the complementarity conditions are penalised in the objective function by a parameter that is 
reduced along the iterations until a sufficiently small value of the parameter is reached. As before, 
the solution of each iteration will be the initial point of the following iteration. 

 
Finally, in the MIP KKT- DUAL alternative, the non-linear problem described in Figure 3 can be 
converted into a MILP (when the upper-level objective function is linear) by linearizing the 
complementarity conditions. This linearisation can be achieved by applying the methodology 
proposed by Fortuny-Amat in (Fortuny-Amat & McCarl, 1981) or by the discretisation method 
proposed in (Pereira et al., 2005). In the first case, a disjunctive formulation is applied to transform 
complementarity constraints into binary constraints. This is done by splitting the original 
constraint into two disjunctive constraints limited by a large enough parameter. This is usually 
known as the Big M constraints.  This method is, by far, the most used method to solve bi-level 
problems. However, most of the papers that use it do not explicitly mention a method to 
determine the Big-M values. In fact, as mentioned in (Pineda & Morales, 2018), if these values are 
small, suboptimal solutions can appear, and conversely, too large Big-Ms can lead to numerical 
issues (when different variable magnitudes are reflected in dual variables), such as unstable 
solutions or large execution times.  

Additionally, instead of applying the whole set of KKT conditions, the complementarity 
conditions can be replaced by the strong-duality conditions (where the objective function of the 
dual problem equals the objective function of the primal problem), which together with its primal 
and dual feasibility conditions, leads to an equivalent primal-dual formulation. In (Arroyo, 2010) a 
comparison of the KKT and the primal-dual formulation is presented and applied to a vulnerability 
analysis of the power system. The authors find that the primal-dual approach is more efficient 
because the size of the problem is highly reduced.  In this thesis we apply the MIP KKT-DUAL 
methodology, which presents some scalability concerns and has to be carefully applied 
considering the potential issues that can arise if the bounds are either too tight or too big.  
However, it is a good enough approach to run small and medium size problems.  
 

 

1.3 Objectives 
 

Given the strategic interactions between various actors in the power sector, e.g., consumers, 

GENCOs, TRANSCOs or merchant investors (MIs), and policymakers, a game-theoretic analysis will 

be developed to gain insights about market design and societal impacts. Furthermore, since 

energy policies have implications for entire sectors as well as across borders, the interaction 

between diverse types of decision-makers will be analysed. Towards that end, in this thesis, a 

state-of-the-art analysis based on optimization and game theory is proposed; it provides insights 

on market design and the uptake of renewable energy technologies. 

1.3.1 Main Objective 
 

The main objective of this thesis is to develop a long-term bi-level model to address optimal 

transmission expansion under imperfect competition. The model should consider an imperfectly 



 

 

 

competitive market framework in which generation expansion (both thermal and renewable 

energy technologies) and production decisions are taken. This main objective is achieved with 

three particular specific objectives: 

1.3.2 Specific Objectives 
 

• O1. Long-term benchmark analysis:  

Development of a long-term deterministic expansion planning model, that co-optimises 

generation and transmission expansion, representing the usual operation (generation 

dispatch, DC power flows, demand balance, etc.) and investment decision (continuous 

generation expansion and binary transmission expansion). This model assumes perfect 

competition and foresight, additionally is meant to serve as a benchmark to be compared 

with a strategic equilibrium model.  

 

• O2. Long-term technology R&D and adoption analysis:  

Development of a bilevel optimization model that analyses the task of a proactive 

transmission expansion planning problem. The proactive transmission planner is subject 

to an imperfect market equilibrium in which we have an adequate representation of RE 

operation and technology costs to determine investment strategies from the perspective 

of strategic generation companies.  

 

• O3. Policy analysis of strategic investment decisions:  

Development of a policy approach that addresses optimal transmission expansion under 

different objectives (either social welfare maximization from a social planner or profit 

maximization from a merchant perspective) and different market frameworks (perfect 

competition or strategic behaviour) in which thermal and renewable generation 

companies take expansion and operation decisions.  

 

Figure 4 shows the interrelation among the different objectives. Objectives O1 and O2 aim at 

defining and developing the existing benchmark framework applied in most power systems in the 

world (O1) and the proposed bilevel equilibrium framework that considers strategic behaviour in 

the market (O2). Finally, these two frameworks are compared to analyse the implications of 

planning the system under an overly simplistic model compared to a comprehensive long-term 

adoption model (O3). We can consider diverse market design approaches with liberalised GENCOs 

or merchant transmission investors. 

 



 

 

 

 

Figure 4: Relationship between the specific objectives 
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2 Thesis Outline 
 

This thesis consists of three published journal papers. as shown in Figure 5: the conclusions of the  

review of the state-of-the-art help defining the type of models to be tackled O1 and O2; then in 

the second paper the actual formulation of the benchmark and the bilevel model to fulfil O1 and 

O2 are presented;  finally, in the third paper a policy framework is proposed to compare and to 

evaluate the models resulting from the fulfilment of O1 and O2. 

 

Figure 5: Paper's contribution to thesis objectives 

 

2.1 Paper 1: "Review on generation and transmission expansion co-planning 

models under a market environment"  
 

In the first paper, we present a review on the state of the art of different existing models for the 

joint optimization of generation and transmission expansion planning.  

First, we describe the co-optimization problem, which refers to the power system planning by a 

vertically integrated centralised utility that simultaneously take generation and operation 

decisions on a perfectly competitive framework. This framework, which results in a single 

optimization problem, has been standard in different systems in the European context and the 

U.S. to conduct their policy analysis and recommendations and will serve as a benchmark for our 

study. This review found that, when simplifying planning models,  considering lumpy transmission 

investments might be more important than representing a complex network. Additionally, given 

that the economies of scale in generation investment are much lower than in transmission 

Paper 3: "Transmission and storage expansion planning under 
imperfect competition: Social Planner vs. Merchant Investor" 

Comparison 
Framework 

O1 vs O2

(O3)

Policy 
Implications 

O1 vs O2

(O3)

Paper 2: “Proactive transmission expansion 
planning with storage considerations”

Formulation 
O1

Formulation 
O2

Paper 1:Review on generation and transmission 
expansion co-planning models under a market 
environment

Definition O1 Definition  O2

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=o9mDVfkAAAAJ&citation_for_view=o9mDVfkAAAAJ:WF5omc3nYNoC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=o9mDVfkAAAAJ&citation_for_view=o9mDVfkAAAAJ:WF5omc3nYNoC


 

 

 

investment, considering continuous generation investments would be  enough to obtain good  

planning results.  

Second, we present the co-planning problem, which refers to power system planning under a 

decentralised market environment that considers imperfect competition and sequential decision 

making (e.g., transmission investment decisions vs generation investment decisions). We 

classified the existing models according to their equilibrium structure, regulatory approach, 

solution techniques, and the most recent developments (uncertainty and storage). We found that 

the most studied (and the one that lead to the highest welfare) framework, the proactive one, is 

still not implemented in most of power system’s regulations worldwide. This framework, that 

considers sequential investments between generation and transmission, can result in distinctive 

investment decisions (compared to a centralised cost-minimizing planning) even by considering 

perfect competition in the market. We additionally found that when considering imperfect 

competition in the market, some counterintuitive results can arise, i.e. allowing trade between 

areas (by building more lines) can decrease total welfare. This literature review served us to define 

the appropriate equilibrium model to represent the long-term analysis under strategic investment 

decisions that helps us to give insights on how to evaluate and determine the implication of sub-

optimal market structures. From this review, we propose a planning proactive approach, which 

theoretically is the one that renders the highest welfare. Even though this approach is still not 

spread around countries, it is starting to be mentioned and regulated in countries' legislation, For 

example, the US government approved a regulation that includes the concept of anticipative 

(proactive) transmission planning (FERC, 2011). Similarly, the Chilean government approved a 

regulation that enforces the consideration of coordination between transmission and generation 

planning (Ministerio de Energía Chile, 2016). In this review, we found an important gap in the joint 

representation of batteries and hydropower (and their potential strategic behaviour), which is of 

major importance, as they will serve to guarantee energy supply in low-carbon systems. 

Considering the conclusions of this paper, we propose a benchmark and a proactive planning 

model that fulfils such modelling gaps 

In summary, in this paper, we made a state-of-the-art review where we stated distinctive 

modelling and policy research gaps on generation and transmission expansion planning models. 

Then,  based on that review we define the structure of the benchmark and equilibrium models 

that are implemented to tackle objectives O1 and O2.  

 

2.2 Paper 2: “Proactive transmission expansion planning with storage 

considerations” 
In the second paper, "Proactive transmission expansion planning with storage considerations", 

we formulate the co-planning problem under a proactive approach in which a centralised TSO 

takes investment decisions first (by anticipating GENCOs behaviour), and then GENCOs react by 

taking investment and operation decisions.  

First, we present the formulation of this bi-level proactive model in which we consider either a 

perfect or imperfect competition (Cournot oligopoly) via conjectural variations. To solve the 

equilibrium model, we convert it into an optimization problem using the KKT conditions to move 

from a set of optimization problems to a group of equations, which are then linearised using the 



 

 

 

methodology proposed by (Fortuny-Amat & McCarl, 1981). In particular, as a novelty, we apply an 

enhanced representative-period framework that permits us to introduce both long-term and 

short-term operation constraints to study the yearly evolution of the energy stored. For the 

interested reader we include in the annex (Section V) an intuitive explanation of the modelling 

approach followed to represent energy storage.   

Second, we propose a case study to analyse the policy implications of considering either perfect 

competition or a Cournot oligopoly in the market. We additionally consider a Greenfield planning 

and a Brownfield planning. For the particular case study, we found that capacity transmission 

expansion is higher when there is a perfectly competitive market than when there is a Cournot 

oligopoly (which follows the classic economic theory). We found, counterintuitively, that planning 

the transmission expansion under imperfect competition in the market (and having the TSO as a 

leader) can, sometimes, lead to a higher welfare to society than when having perfect competition. 

This counter-intuitive result suggests that for sequential games, the absence of perfect 

competition can be in particular cases, be beneficial to society (even if market power increases), 

particular conditions on demand elasticity and congestions can make a system planning under 

imperfect competition lead to a higher total welfare.  We also found that under a Greenfield 

planning approach generators are less prone to exercise market power compared to a Brownfield 

planning approach where an existing sub-optimal network can help increase market power. 

In summary, in this paper, we presented the complete formulation and implementation of the 

equilibrium model, which fulfils O2, with an adequate representation of RE operation and 

technology implementation that determines investment strategies from the perspective of 

strategic generation companies (GENCOs). 

 

2.3 Paper 3: "Transmission and storage expansion planning under imperfect 

competition: Social Planner vs. Merchant Investor," 
 

In the third paper, we present the policy methodology to assess the implications of planning the 

system, from a simplistic point of view of a centralised cost-minimizing planner, compared to a 

comprehensive, proactive approach that considers possible strategic market feedback from the 

electricity market. Additionally, and due to the new challenges of the power system, we introduce 

a merchant transmission investor (that sometimes can be preferred when assessing isolated 

projects) and compare the planning results with those of the benchmark and proactive 

approaches.  

First, a summary of the formulation of the benchmark and proactive frameworks is presented 

while the complete formulation of a merchant investor is introduced. Given these three models, 

we present a methodology to compute the potential welfare loss of planning the system 

expansion with the simplified benchmark model, instead of planning with the proactive approach 

that anticipates the market feedback, we name this welfare loss as “regret”. Second, two case 

studies are presented. A 3-node case, where all the operation and investment results are studied 

in detail to understand the logic and implication of the diverse policy objectives. And then, a 24-

IEEE case is presented where the results are extended and generalised through a sensitivity 

analysis of different network and demand setups.  



 

 

 

Second, we concluded that if transmission planners disregard strategic market feedback, there is 
a high chance that they will incur a non-negligible welfare loss. We also found that in some cases, 
a merchant investor (that follows a congestion-rent maximization objective) can lead to the same 
welfare loss as disregarding strategic market feedback. Most importantly, this sub-optimal 
planning output also leads to a significant distortion of the optimal generation mix. Extending the 
findings in Paper 2, the results might suggest that a Greenfield planning with BESS penetration is 
more sensitive to different policy objectives. In particular, total generation expansion divergence 
when considering a merchant investor instead of a social planner (with penetration of BESS) is 
higher under Greenfield planning, than under Brownfield planning, where most of the electrical 
infrastructure is already in place. Additionally, the system expansion seems to be more sensitive 
to systems with imperfect competition and BESS penetration. 

In summary, in this paper, we tackle O3 by developing a policy approach that allowed us to identify 

the essential features to consider when designing  new  market  sets to push forward the energy 

transition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

  

3 Conclusions  
 

This thesis has presented some findings and regulatory recommendations on market design and 

infrastructure planning that will be relevant when facing the energy transition of economies 

worldwide, in particular, in a context of systems with high penetration of renewables and with the 

need of storage systems (i.e. batteries), this thesis studied the properties of an optimal system 

planning, which is essential to provide the proper operation and investment signals when there is 

imperfect competition in the market. Additionally, this thesis provided some insights on the role 

of merchant transmission investors in the context of isolated projects and potential imperfectly 

competitive behaviour, compared as well with the traditional cost-minimizing planning. Among 

the multiple technological and financial issues that might arise in the power system 

transformation, an important matter is the degree of imperfect competition in electricity markets, 

mostly when countries are still at early development stages, because at those stages the exercise 

of market power has a higher influence in transmission development and can therefore lead to 

highly suboptimal networks. Therefore, by ignoring the inherent decision sequences between 

transmission and generation  planners (which gives advantages to the leader) and the potential 

exercise of market power (which is the case in most markets), power system planning can lead to 

erroneous incentives. Such incentives can lead, for instance, generators to locate their units in 

certain areas where they might be able to benefit from congestions in the networks, instead of 

locating them in another location where it has a higher contribution to social welfare. These 

remarks are more relevant in modern power systems with high penetration of renewables that 

will need the presence of high shares of storage technologies. In particular, BESS are capable of 

intertemporal arbitrage and therefore in a context of imperfect competition they will be able to 

exercise a higher degree of market power, not only temporal but also spatial. Thus, this thesis 

proposes regulatory and policy recommendations to evaluate power system planning from the 

perspective of a centralised or merchant transmission planner and the implications of ignoring 

strategic market feedback from generation companies that might invest and operate strategically. 

We achieve this by developing bi-level cutting-edge models (that include both short- and long-

term storage technologies) that might help regulators, policymakers, and researchers to assess 

power system planning, considering not only a traditional centralised framework but also a 

decentralised framework (that can be captured by bilevel models, considering competition in the 

electricity market, but also in the investments) that will impose new challenges to modern 

economies.  

Conclusions and contributions   

The generation and transmission expansion planning has been, for decades, a key task in the 
electricity sector. In particular, a centralised cost-minimizing approach was sufficient to represent 



 

 

 

the needs and the underlying functioning of vertically integrated systems. However, with the 
liberalization of the electricity sector, new dynamics (such as intraday arbitrage by BESS, high 
share of intermittent technologies and lower building times that might increase the exercise of 
market power) enter into the equations and create the need for new methodologies and models 
to represent the market functioning.  
 
In this context, in Chapter 2.1, we presented a comprehensive literature review. We included the 
current state of the typical co-optimization problems, which are inelastic single optimization 
problems, and the novel co-planning equilibriums models, which include a bilevel structure that 
allows us to model sequential and strategic decisions. From this research, we found the following 
conclusions.  
 

• First, we found that the main areas of improvement for these models are spatial and temporal 
resolution, resource adequacy and the economics of energy production in long-term planning 
problems. Contribution: we contributed to the literature by updating and extending the 
extensive and growing literature on co-optimization problems.  
 

• Second, for co-planning problems, we found that they are a valuable tool to represent the 
new dynamics of the market; even when considering perfect competition, different results 
can arise if generation and transmission decisions are taken at different strategic levels. 
Additionally, considering the access to the market of merchant investors can broaden 
regulators' view on how to design policies that permit an optimal system planning, by 
anticipating the investment results when there is imperfect competition and a merchant 
investor that tries to maximise its revenues (i.e. congestions rents). Contribution: We 
contributed to the literature by identifying the current and potential applications of co-
planning models into the policy analysis for the new challenges of the power systems. 

 

• Finally, some other main potential research areas are i) regulatory studies, broader analysis 
on how different types of regulatory structures (which imply distinctive equilibrium 
structures) impact the way power systems are planned, ii) solution techniques, are an active 
field of development where more efficient methods (for MPEC and EPEC) are needed to solve 
real size cases, iii) new challenges, the correct representation of renewable uncertainty and 
storage modelling are still broad fields of research, and iv) information theory, given that 
perfect information is a strong assumption in planning models, including imperfect 
information theory in the GEPTEP problems can make these models more useful for real 
applications. Contribution: We conducted a throughout classification of co-planning 
equilibrium models in its various dimensions: regulatory and equilibrium structure, solutions 
techniques and new developments. We additionally provided the main gaps on each of those 
classifications by identifying potential areas of research. 

 
In Chapter 2.2, we presented the detailed formulation of our proactive model. We included the 
main operation and investment considerations to represent and solve the generation and 
transmission expansion problem in a reasonable time. In particular, we included the generation 
constraints of the dc power flow equations to model the network, and we introduced a 
representative period approach that allowed us to represent both long- and short-term equations 
to model storage technologies (hydro and batteries).  
 

• On the one hand, we formulated the proactive approach. Here, the transmission company 
acts as a leader by taking investment decisions in the grid first, while GENCOs take 



 

 

 

investment and operation decisions later (including storage). This study concluded that 
there is lower welfare when we run a Brownfield planning, where some inefficiencies are 
already in place, compared to a Greenfield planning where the whole system is designed 
from scratch. This situation suggests that, for this particular case, GENCOs can exercise a 
higher degree of market power when there is existing infrastructure (in particular, the 
market share of each company is similar in the perfect competition and Cournot case for 
the greenfield planning, while for the brownfield planning market shares are highly 
concentrated in a single company in the Cournot case). 

 

• On the other hand, we found that, for the particular system and demand elasticity of the 
case study, Cournot competition led to higher costs of the system but also to higher 
welfare. This counterintuitive result suggests that imperfect competition can lead to a 
better-off situation for society depending on the system topology and the different 
degrees of demand elasticity. This result might not be the general rule. Still, it confirms 
that imperfect competition in bi-level models, under some circumstances, can be 
beneficial to society as a whole, which is confirmed with similar results obtained in 
previous research.  
 

 

• Contribution: We contributed to the literature by proposing a GEPTEP co-planning model 
including for the first time both short- and long-term storage equations with an enhanced 
representative period approach. With this approach we were able to apply conjectural 
variations both for thermal and storage technologies to study the implication of imperfect 
competition in the system expansion planning 

 
Finally, in Chapter 2.3, we performed three policy analyses on the implications of different 
regulatory structures into the generation and transmission expansion planning. First, we 
compared the planning results of a proactive planner, which anticipates strategic market 
feedback, to a centralised cost-minimization planner that assumes an overly simplistic and 
optimistic framework. Second, we compared the policy implications of allowing a merchant 
transmission investor, which seeks to maximise congestions rents4, to execute the transmission 
expansion planning compared to a proactive planner (either when there is perfect or imperfect 
competition in the market). Third, we study the policy implications of planning the system with 
and without the consideration of BESS penetration.  
 

• We proposed two case studies (3-node and IEEE 24 node), from these cases (including 
several sensitivities on demand elastitcy and network congestion) we could conclude 
the following: i) Disregarding market feedback can lead to a non-negligible welfare 
loss, both in the storage and non-storage cases; moreover, we found some results that 
might suggest that disregarding market feedback could be worse when we have BESS 
in the mix, as it implies disregarding the effects that flexibility of BESS can have on the 
exercise of market power. In general, according to all cases and sentitivities 
considered,  disregarding market feedback might have a relatively small impact on 

 
4 We consider those market incomes are derived from the network congestion rents, which are computed as the price difference 

between two connected nodes times the flow through the corresponding connecting line. Please note that this is not the only way in 
which we can consider the market incomes for merchant investors. In general, we have physical rights models, financial models, or a 
mix of both, as well as point-to-point or flow-based approaches. In this paper, we consider a physical point-to-point congestion rent 
model, which is a theoretically good-enough approach to represent market incomes for merchant transmission investors. However, 
there exist more accurate approaches as those in (O’Neill et al., 2008) that take into account the AC power flows or those based on 
the Vickrey-Clarke-Groves auction theory.  



 

 

 

overall welfare loss. However, the subsequent effect on the optimal generation mix 
can be considered significant.  

 

• We found that, for the considered cases, ii) Merchant investors lead to a worse-off 
situation, with lower welfare and higher prices. Additionally, in some cases, a 
merchant investor can lead to the same welfare loss as disregarding strategic market 
feedback. Most importantly, this sub-optimal planning output also leads to a 
significant distortion of the optimal generation mix. This sub-optimal generation mix 
can affect the system's adequacy in terms of responsiveness to long term intermittent 
resource availability.  

 

• Finally, we found that iii) Greenfield planning with BESS penetration is more sensitive 
to different policy objectives. In particular, total generation expansion divergence 
when considering a merchant investor instead of a social planner (with penetration of 
BESS) is higher under Greenfield planning than Brownfield planning. Additionally, the 
system expansion seems to be more sensitive to systems with imperfect competition 
and BESS penetration. 

 

• Contribution: In this paper we contributed to the literature by proposing a 
comprehensive methodology to assess the implications of different policy objectives 
in the generation and transmission expansion problem. In terms of modelling, we 
introduced a linearised merchant transmission investor formulation (in addition to the 
proactive GEPTEP proposed in Chapter 2.3) and then we compared the welfare 
outputs with those of a social planner. Additionally, we propose a methodology to 
compute the welfare loss of not considering imperfect competition in the market, 
which is compared as well to the total welfare achieved by a merchant investor. 

 
Finally, we list the limitations derived from the assumption made in the overall modelling of this 
thesis: 
 

• Stochasticity can have a high impact in the planning results. From preliminary studies, 
where we consider stochastich bilevel model (with uncertainty in the lower level), we 
found that the consideration of uncertainty in renewable resources might have a higher 
impact in welfare than imperfect competition. However further studies need to be carried 
out to confirm these observations.  

• The no consideration of losses can have an impact in those systems with low congestion 
and similar variable costs at different nodes. Therefore, for systems with high penetration 
of renewables, considering losses might become essential to properly represent nodal 
prices and congestion rents.  

• Considering other type of representation for market incomes for merchant investors can 
lead to different equlibriums (however it must be assured beforehand that a unique 
equilibrum exists). However, for this paper considering congestions rents (which are also 
considered for the S.O problem), sets a comparable basis with the welfare maximization 
approach.  

 
In general, these results provide regulators and companies with new tools to keep in mind the 
potential consequences of the new technologies and market dynamics from generators, 
transmission companies and consumer’s point of view.  
 



 

 

 

Future Research 
 
In future research, policy analyses can be extended by including uncertainty in renewable sources, 
which become more and more important in systems with a high penetration of renewables, 
because disregarding renewable sources uncertainty can lead to non-robust investments. This 
issue is fundamental in the equilibrium model, where uncertainty can be represented with 
stochastic models and with robust multilevel models that can assess the interrelations of long and 
short-term uncertainties in the capacity expansion planning problem. Moreover, alternative 
renewable energy policy designs could be included in the transmission planner objective function 
to test how social welfare can be affected more deeply. Finally, the representation of the 
transmission network can be improved by introducing a linearised loss approximation or A.C. 
approach. This improvement can eliminate multiple solutions (in equilibrium models) and provide 
more accurate dispatch results (including BESS's charge and discharge).  
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APPENDIX 

NOTATION 

 

Sets / Indices 

𝑦 ∈ 𝑌 Year  

𝑝 ∈ 𝑃 Periods (hours in the year) 

𝑝𝑠 ∈ 𝑃𝑠 Moving window periods  

𝑟𝑝 ∈ 𝑅𝑃 Representative periods  

Γ𝑟𝑝,𝑝 Set of correspondence between 𝑟𝑝 and 𝑝 

𝑝 Final period 

𝑑, 𝑑′ ∈ 𝐷 Nodes 

𝑔 ∈ 𝐺 Generator units 

𝑡(𝑔)  ∈ 𝑇 Thermal units  

𝑤(𝑔)  ∈ 𝑊 Wind generation 

ℎ(𝑔)  ∈ 𝐻 Storage units  

ℎ𝑓(ℎ)  ∈ 𝐻𝐹 Fast short-term storage units (batteries) 

ℎ𝑠(ℎ) ∈ 𝐻𝑆 Slow long-term storage units (hydro) 

𝐺𝐴𝐷(𝑔, 𝑑) Set of all possible g located at node d 

𝐺𝐸𝐷(𝑔, 𝑑) Set of existing g located at node d 

𝐺𝐶𝐷(𝑔, 𝑑) Set of candidate g located at node d 

𝐿𝐴(𝑑, 𝑑′) Set of all possible lines from node d to d’ 

𝐿𝐸(𝑑, 𝑑′) Set of existing lines from node d to d’ 

𝐿𝐶(𝑑, 𝑑′) Set of candidate lines from node d to d’ 

𝐻𝑝𝑝′ Univocal correspondence between period p and p’ ∈ Γ𝑟𝑝,𝑝 

𝑘 ∈ 𝐾 discretization steps 

 

Parameters 

𝑝𝑀𝑎𝑥𝑃𝑟𝑜𝑑𝑔 Maximum capacity of technology 𝑔 MW 

𝑝𝑀𝑎𝑥𝐹𝑙𝑜𝑤𝑑𝑑′ Maximum flow in line dd’ MW 

𝑝𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒𝑑𝑑′ Reactance of line dd’ [p.u] 

𝑝𝐹𝐶𝑜𝑠𝑡𝑡 Fuel cost of technology 𝑡 €/MWh 

𝑝𝐹𝑖𝑥𝐶𝑜𝑠𝑡𝑡 Fix operation cost of thermal generator € 

𝑝𝐼𝑛𝑣𝐶𝑔 Annualized investment cost 𝑔  €/MW 

𝑝𝐼𝑛𝑣𝐶𝑑𝑑′ Annualized investment cost of line dd’ € 

𝑝𝐷𝑒𝑚𝑎𝑛𝑑𝑦𝑝𝑑 Demand Intercept at year y period 𝑝 at node 𝑑 MW 

𝑝𝐷𝑆𝑙𝑜𝑝𝑒 Demand Slope  €/MW 

𝑝𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦ℎ Efficiency of storage unit h  [p.u] 

𝑝𝐼𝑛𝑓𝑙𝑦𝑝ℎ𝑠𝑑  Energy inflows for year y period p storage hs at node d MWh 

𝑝𝑀𝑎𝑥𝐿𝑒𝑣𝑒𝑙ℎ Max reservoir level of storage unit h  MW 

𝑝𝑀𝑖𝑛𝐿𝑒𝑣𝑒𝑙ℎ  Min reservoir level of storage unit h MW 

𝑝𝑀𝑎𝑥𝐶𝑜𝑛𝑠ℎ Maximum consumption of storage unit MW 

𝑀 Time window h 

𝑝𝑊𝑟𝑝 Weight of each representative day [p.u] 

𝑝𝑆𝐵 Base Power  MW 

𝜃𝑔 Conjectural variation of GENCO g €/MW 

TC Total Costs  € 

LI Line Investment Costs  € 

GI Generation Investment Costs  € 

OC Operation Cost  € 

UD Utility of the Demand € 

Δ𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′ Flow step magnitude in year 𝑦 at period 𝑝  from node d to d’ MW 

 



 
 

Variables 

𝑣𝑃𝑟𝑜𝑑𝑦𝑝𝑔𝑑  Production at year 𝑦 period 𝑝 of generator 𝑔 at node d MW 

𝑣𝑊𝑖𝑛𝑑𝑦𝑤𝑔𝑑 Wind production at year y period p of wind generator w at node d MW 

𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦𝑔𝑑 Investment status at year 𝑦 of generation unit g at node d  MW 

𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦𝑑𝑑′ Investment status at year 𝑦 of line connecting node 𝑑 to 𝑑′ {0,1}/MW 

𝑣𝐹𝑙𝑜𝑤𝑦𝑝𝑑𝑑′ Flows at year 𝑦 at period 𝑝  from node d to d’  MW 

𝑣𝑇ℎ𝑒𝑡𝑎𝑦𝑝𝑑 Voltage angle at year y period p node d  p.u. 

𝑣𝐷𝑒𝑚𝑎𝑛𝑑𝑦𝑝𝑑 Demand at year y period 𝑝 at 𝑑 MW 

𝑣𝐿𝑒𝑣𝑒𝑙𝑦𝑝ℎ𝑑 Level at year 𝑦 period 𝑝 of storage unit h at node 𝑑  MW 

𝑣𝐶𝑜𝑛𝑤𝑦𝑝ℎ𝑑  Consumption at year y period 𝑝 of storage unit h at node 𝑑 MW 

𝑣𝑆𝑝𝑖𝑙𝑙𝑦𝑝ℎ𝑑 Spillage at year 𝑦 period 𝑝 of storage unit h at node 𝑑 MW 

λypd  Prices at year period p node d  €/MW 

𝑣𝐵𝑖𝑛𝐹𝑙𝑜𝑤𝑦𝑝𝑑𝑑′𝑘  Binary variable for flow in year y period p from node d to d’ and step 

k 

{0,1}/MW 

𝑣𝐹𝜆𝑦𝑝𝑑𝑑′𝑘 Flow times price at year y period p from node d to d’ and step k MW 

𝑣𝐷𝑒𝑚𝑎𝑛𝑑𝑦𝑝𝑑  Demand at year y period 𝑝 at 𝑑 MW 

 

In this Appendix, we present the formulation of the three expansion problems described and 

evaluated in the main text. We describe the formulation considering as a backbone the Bilevel 

Proactive Model (PM), as it includes most of the formulation of the rest of the problems. On the one 

hand, the Cost Minimization Model (CMM) is a special case of the PM and the Merchant Transmission 

System Investor (MI) has essentially the same structure of PM but with a different objective function. 

Therefore in sections I, II, III, we present the main structure of each problem and in section IV, 

we present the detailed formulation of each one of the blocks that constitute the bi-level 

proactive model.  

 

I. Benchmark: Cost Minimization Model (CMM) 
 

Traditionally, capacity expansion has been planned from the point of view of a centralized 

vertically integrated utility. In such a framework, the central planner decides simultaneously 

transmission and generation capacity expansion as well as the market operation by minimizing 

the total system cost.  

Minimize
𝐷𝑉

 (𝑂𝐶 + 𝐿𝐼 + 𝐺𝐼) 

 

𝐷𝑉: {𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦𝑔𝑑 , 𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦𝑑𝑑′ , 𝑣𝑃𝑟𝑜𝑑𝑦𝑝𝑔𝑑, 𝑣𝑊𝑖𝑛𝑑𝑦𝑝𝑤𝑑 , 𝑣𝐶𝑜𝑛𝑦𝑝ℎ𝑑 , 𝑣𝑆𝑝𝑖𝑙𝑙𝑦𝑝ℎ𝑑 , 𝑣𝐿𝑒𝑣𝑒𝑙𝑦𝑝ℎ𝑑   } 

(I.1) 

 

Additionally, the central planner assumes perfect competition, inelastic demand, and perfect 

information. Therefore the formulation of the central planner would be given by the following 

equations: 

 

Objective Function (I.1), (A.4)(A.2) - (A.6) 
Subject to:  



 
 

Operation Equations (B.6)-(B.18) 
Energy Balance Equation  (I.2) 

 

Energy balance equation considering inelastic demand: 

∑ 𝑣𝑃𝑟𝑜𝑑𝑦𝑝𝑔𝑑

𝑔𝜖𝐺𝐴𝐷

+ ∑ 𝑣𝑊𝑖𝑛𝑑𝑦𝑝𝑤𝑑

𝑔𝜖𝐺𝐴𝐷

+ ∑ 𝑣𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′ 

𝑑′𝜖𝐿𝐴

− ∑ 𝑣𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑′𝑑

𝑑′𝜖𝐿𝐴

: + ∑
𝑣𝐶𝑜𝑛𝑦𝑝ℎ𝑑

𝑝𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦ℎ
ℎ𝜖𝐺𝐴𝐷

= 𝑝𝐷𝑒𝑚𝑎𝑛𝑑𝑦𝑝𝑑

∶ 𝜆𝑦𝑝𝑑  ∀𝑦, 𝑝, 𝑑   

(I.2) 

 

II. Bi-level Proactive Model (PM) 
 

In this section, we present the proactive GEPTEP co-planning problem by means of a bi-

level equilibrium model. This equilibrium (which is convex, because all constraints are linear) 

is re-formulated as a Mixed Integer Program (MIP), by replacing the lower level equilibrium 

constraints with its equivalent KKT conditions, and then by linearizing the resulting non-

linearities.  

We present the proactive framework in which a social planner TSO - which can be 

understood as an entity where both TSO and regulator are considered together - (from now on 

TSO) proposes investments and GENCOs react to its decisions. Figure 5 in Section 2 shows 

the bi-level framework, where the TSO takes TEP decisions in the upper level subject to the 

lower level. Likewise, the lower level represents the market equilibrium where GENCOs take 

GEP and operating decisions, while the system operator (SO) makes sure that the power flow 

decisions are feasible and consumers decide the level of energy they demand. 

The complete problem is therefore composed of the following equations 

Objective Function (A.1)-(A.6) 

Subject to:  

Primal feasibility conditions (B.3)-(B.26) 

Dual feasibility conditions (C.4)-(C.9) 

Linearized complementary slackness conditions (D.1)-(D.15) 

III. Bi-level Problem: Merchant Transmission System Investor 

 

Finally, we consider a merchant transmission investor (contrary to a typically centralized 

regulated entity) that recovers its investment directly from the market operation. We consider 

that those market incomes are derived from the network congestion rents, which are computed 

as the price difference between two connected nodes times the flow through the corresponding 

connecting line.  

 



 
 

𝑎𝑟𝑔 Maximize
𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦𝑑𝑑′

∑ 𝑝𝑊𝑟𝑝 ∗ 𝑣𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′∈𝐿𝐴

𝑦,𝑝,𝑑

∗ ( 𝜆𝑦𝑝𝑑′ −  𝜆𝑦𝑝𝑑)  

− ∑ (𝑌 − 𝑦 + 1) ∗ 𝑝𝐼𝑛𝑣𝐶𝑑𝑑′ ∗ (𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦𝑑𝑑′ − 𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦−1,𝑑𝑑′)

𝑦𝑑𝑑′∈𝐿𝐶

 

 

(III.1)  

 

The complete formulation of this problem is similar to the PM model adding the constraints 

for linearization of the congestions rents. 

 

Objective Function (III.1) 

Subject to:  

Primal feasibility conditions (B.3)-(B.26) 

Dual feasibility conditions (C.4)-(C.9) 

Linearized complementary slackness conditions (D.1)-(D.15) 

Linearized congestion rents (F.1)-(F.6) 

 

 

IV. Formulation Blocks 

 

In this section, we develop each one of the formulation blocks that set up the generation and 

transmission expansion planning problems presented in sections I,  II, and III. 

 

A. Upper Level: TEP 
 

The social planner TSO aims at maximizing the total expected welfare, computed as the 

Utility of the Demand (UD) minus total costs. Total Costs (TC) are composed of Line 

Investment Costs (LI), Generation Investment Costs (GI), and Operation Costs (OC). 

Therefore, the actual objective function would be given by (A.1). Note that we do not allow for 

de-investment as imposed by equations (A.4) and (A.5). Equation (A.2) represents the utility of 

demand resulting from the area under the demand curve. 

Maximize
𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦𝑑𝑑′

 𝑈𝐷 − (𝑂𝐶 + 𝐿𝐼 + 𝐺𝐼)   (A.1) 

 

Subject to (A.2) - (A.6), and Lower Level equilibrium 
 

 

 

 

 

𝑈𝐷 ≔ ∑ 𝑝𝑊𝑟𝑝 ∗ (𝑝𝐷𝑒𝑚𝑎𝑛𝑑𝑦𝑝𝑑 ∗ 𝑣𝐷𝑒𝑚𝑎𝑛𝑑𝑦𝑝𝑑 −
𝑣𝐷𝑒𝑚𝑎𝑛𝑑𝑦𝑝𝑑

2

2
)

𝑦,(𝑝,𝑟𝑝)∈Γ𝑟𝑝,𝑝,𝑑

 
(A.2) 

 

𝑂𝐶: = ∑ 𝑝𝑊𝑟𝑝 ∗ 𝑝𝐹𝐶𝑜𝑠𝑡𝑡 ∗ 𝑣𝑃𝑟𝑜𝑑𝑦𝑝𝑡𝑑

𝑦,(𝑝,𝑟𝑝)∈Γ𝑟𝑝,𝑝,𝑡,𝑑

 
(A.3) 

 



 
 

𝐿𝐼 ≔ ∑ (𝑌 − 𝑦 + 1) ∗ 𝑝𝐼𝑛𝑣𝐿𝑑𝑑′ ∗ (𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦𝑑𝑑′ − 𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦−1,𝑑𝑑′)

𝑦𝑑𝑑′

 
(A.4) 

 

𝐺𝐼: = ∑(𝑌 − 𝑦 + 1) ∗ 𝑝𝐼𝑛𝑣𝐶𝑔   ∗ ( 𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦𝑔𝑑  −   𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦−1,𝑔𝑑)

𝑔𝑦𝑑

 
(A.5) 

 

𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦−1,𝑑𝑑′ ≤ 𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦𝑑𝑑′  ∀(𝑑, 𝑑′) ∈ 𝐿𝐶 ∀𝑦  (A.6) 

  

B. Lower Level: market equilibrium 
 

The lower level represents the market equilibrium where consumers maximize the utility of 

the demand, GENCOs maximize their profits (deciding generation investment and operation 

of generating assets) and a SO maximize congestions rents (deciding power flows and voltage 

angles). The consumers, GENCOs and SO’s optimization problems are linked by the market-

clearing condition (B.26). This market structure (see the market-responsive framework in 

Section 2.3.2 implies that GENCOs do not anticipate market outcomes in their expansion 

decisions.  Since we are able to adapt the degree of competition in the market in our model, 

choosing a less competitive market might “compensate” for this non-anticipation [37]. The 

previous description implies that the market is modeled as a spatial equilibrium model where 

GENCOs compete strategically and react naively to the transmission congestions as in [38]. 

Additionally, we assume that there is only one GENCO per node, but we might have several 

generation units per GENCO.  

Moreover, in the formulation of the market model we use enhanced representative days [28] 

to represent the temporal structure. The novelty of this temporal representation is that it allows 

us to capture both short- and long-term storage technologies accurately due to the intra- and 

inter-day storage constraints, which are explained in detail in [28] and upon which we comment 

briefly later on. From now on, each equation is defined for 𝑝 ∈ Γ𝑟𝑝,𝑝.(except (B.18)). Please 

note that Γ𝑟𝑝,𝑝 indicates which hours, from the whole year, belong to each representative day. 

a) Consumer: Demand Utility maximization 

 

Consumers try to maximize the utility of the demand, by deciding demand. Their 

optimization problem is given by: 

𝑀𝑎𝑥𝑣𝐷𝑒𝑚𝑎𝑛𝑑𝑦𝑝𝑑
 𝑈𝐷                (B.1) 

Subject to (A.2) and (B.2)  

𝑣𝐷𝑒𝑚𝑎𝑛𝑑𝑦,𝑝,𝑑 ≥ 0                          ∶ 𝜄𝑦,𝑝,𝑑     ∀𝑦𝑝𝑑             (B.2) 

b) GENCO: Profit Maximization Problem 

 

𝑎𝑟𝑔 Maximize
𝐺𝑉

𝑃𝑟𝑜𝑓𝑖𝑡 = 𝑂𝐼 − 𝑂𝐶 − 𝐺𝐼 (B.3) 

Subject to (A.3), (A.5), (B.4)-(B.18).  

𝐺𝑉: {𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦𝑔𝑑 , 𝑣𝑃𝑟𝑜𝑑𝑦𝑝𝑔𝑑 , 𝑣𝑊𝑖𝑛𝑑𝑦𝑝𝑤𝑑 , 𝑣𝐶𝑜𝑛𝑦𝑝ℎ𝑑 , 𝑣𝑆𝑝𝑖𝑙𝑙𝑦𝑝ℎ𝑑 , 𝑣𝐿𝑒𝑣𝑒𝑙𝑦𝑝ℎ𝑑   } (B.4) 

𝑂𝐼: = ∑ 𝑝𝑊𝑟𝑝 ∗ ( 𝜆𝑦𝑤𝑝𝑑) ∗ (𝑣𝑃𝑟𝑜𝑑𝑦𝑝𝑔𝑑∈𝐺𝐴𝐷 − 𝑣𝐶𝑜𝑛𝑦𝑝ℎ𝑑∈𝐺𝐴𝐷)

𝑦,𝑝,𝑟𝑝,𝑔,𝑑

 (B.5) 



 
 

0 ≤ 𝑣𝑃𝑟𝑜𝑑𝑦𝑝𝑔𝑑 ≤ 𝑝𝑀𝑎𝑥𝑃𝑟𝑜𝑑𝑔                                                  ∶ 𝜌̅𝑦𝑝𝑔𝑑 ,   𝜌𝑦𝑝𝑔𝑑        ∀𝑦𝑝, ∀𝑔𝑑 ∈ 𝐺𝐸𝐷 (B.6) 

0 ≤  𝑣𝑃𝑟𝑜𝑑𝑦𝑝𝑔𝑑 ≤ 𝑝𝑀𝑎𝑥𝑃𝑟𝑜𝑑𝑔 ∗ 𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦𝑤𝑑                  ∶ 𝜔̅𝑦𝑝𝑔𝑑 ,   𝜔𝑦𝑝𝑔𝑑        ∀𝑦𝑝, ∀𝑔𝑑 ∈ 𝐺𝐶𝐷 (B.7) 

0 ≤ 𝑣𝑊𝑖𝑛𝑑𝑦𝑝𝑤𝑑 ≤ 𝑝𝑀𝑎𝑥𝑊𝑖𝑛𝑑𝑝𝑤𝑑                                           ∶ 𝜌𝑤̅̅ ̅̅ 𝑦𝑝𝑤𝑑 , 𝜌𝑤𝑦𝑝𝑤𝑑     ∀𝑦𝑝, ∀𝑤𝑑 ∈ 𝐺𝐸𝐷 (B.8) 

0 ≤ 𝑣𝑊𝑖𝑛𝑑𝑦𝑝𝑤𝑑 ≤ 𝑝𝑀𝑎𝑥𝑊𝑖𝑛𝑑𝑝𝑤𝑑 ∗ 𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦𝑤𝑑            ∶ 𝜔𝑤̅̅̅̅̅𝑦𝑝𝑤𝑑 , 𝜔𝑤𝑦𝑝𝑤𝑑    ∀𝑦𝑝, ∀𝑤𝑑 ∈ 𝐺𝐶𝐷 (B.9) 

𝑝𝑀𝑖𝑛𝐿𝑒𝑣𝑒𝑙ℎ ≤ 𝑣𝐿𝑒𝑣𝑒𝑙𝑦𝑝ℎ𝑑 ≤ 𝑝𝑀𝑎𝑥𝐿𝑒𝑣𝑒𝑙ℎ                            ∶ 𝜇𝑒̅̅ ̅𝑦𝑝ℎ𝑑 , 𝜇𝑒𝑦𝑝ℎ𝑑       ∀𝑦𝑝, ∀ℎ𝑑 ∈ 𝐺𝐸𝐷  (B.10) 

0 ≤ 𝑣𝐿𝑒𝑣𝑒𝑙𝑦𝑝ℎ𝑑 ≤ 𝑝𝑀𝑎𝑥𝐿𝑒𝑣𝑒𝑙ℎ ∗ 𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦ℎ𝑑                  ∶ 𝜇𝑐̅̅ ̅𝑦𝑝ℎ𝑑 , 𝜇𝑐𝑦𝑝ℎ𝑑        ∀𝑦𝑝, ∀ℎ𝑑 ∈ 𝐺𝐶𝐷 (B.11) 

0 ≤
𝑣𝐶𝑜𝑛𝑦𝑝ℎ𝑑

𝑝𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦ℎ
≤ 𝑝𝑀𝑎𝑥𝐶𝑜𝑛𝑠ℎ                                             ∶ 𝜅𝑒̅̅ ̅𝑦𝑝ℎ𝑑 , 𝜅𝑒𝑦𝑝ℎ𝑑       ∀𝑦𝑝, ∀ℎ𝑑 ∈  𝐺𝐸𝐷 

(B.12) 

0 ≤
𝑣𝐶𝑜𝑛𝑦𝑝ℎ𝑑

𝑝𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦ℎ
≤ 𝑝𝑀𝑎𝑥𝐿𝑒𝑣𝑒𝑙ℎ ∗ 𝐸𝑇𝐷 ∗ 𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦ℎ𝑑  ∶ 𝜅𝑐̅̅ ̅𝑦𝑝ℎ𝑑 , 𝜅𝑐𝑦𝑝ℎ𝑑        ∀𝑦𝑝, ∀ℎ𝑑 ∈ 𝐺𝐶𝐷  

(B.13) 

−𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦−1,𝑔𝑑 + 𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦𝑔𝑑 ≥ 0                                  ∶ 𝛽𝐺𝑦𝑔𝑑                           ∀𝑦, ∀𝑔𝑑 ∈ 𝐺𝐶𝐷 (B.14) 

0 ≥ −𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦𝑔𝑑; 0 ≤ 𝑀𝑎𝑥𝐺𝑒𝑛𝑔 − 𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦𝑔𝑑         ∶ 𝜊̅𝑦𝑔𝑑 , 𝜊𝑦𝑔𝑑                ∀𝑦, ∀𝑔𝑑 ∈  𝐺𝐶𝐷 (B.15) 

0  ≤    𝑣𝑆𝑝𝑖𝑙𝑙𝑦𝑝ℎ𝑑                                                                            ∶ 𝜀𝑦𝑝ℎ𝑑                         ∀𝑦𝑝, ∀ℎ𝑑 ∈ 𝐺𝐴𝐷 (B.16) 

𝑣𝐿𝑒𝑣𝑒𝑙𝑦𝑝ℎ𝑓𝑑 = 𝑣𝐿𝑒𝑣𝑒𝑙𝑦,𝑝−1,ℎ𝑓,𝑑 + 𝑝𝐼𝑛𝑖𝐿𝑒𝑣𝑒𝑙𝑦=1,𝑝=1,ℎ𝑓,𝑑 −  𝑣𝑃𝑟𝑜𝑑𝑦𝑝ℎ𝑓𝑑 + 𝑣𝐶𝑜𝑛𝑦𝑝ℎ𝑓𝑑 

 ∶ 𝜓𝑦𝑝ℎ𝑑            ∀ℎ𝑓𝑑 ∈ 𝐺𝐴𝐷, ∀𝑦𝑝, 𝑝 < 𝑝𝑓   

 

(B.17) 

𝑣𝐿𝑒𝑣𝑒𝑙𝑦𝑤𝑝ℎ𝑠𝑑 = 𝑣𝐿𝑒𝑣𝑒𝑙𝑦,𝑤,𝑝−𝑀,ℎ𝑠,𝑑 + 𝑝𝐼𝑛𝑖𝐿𝑒𝑣𝑒𝑙𝑦=1,𝑝=1,ℎ𝑠,𝑑

+ ∑ ∑(𝑝𝐼𝑛𝑓𝑙𝑦𝑤𝑝′′ℎ𝑠𝑑 − 𝑣𝑆𝑝𝑖𝑙𝑙𝑦𝑤𝑝′′ℎ𝑠𝑑 − 𝑣𝑃𝑟𝑜𝑑𝑦𝑤𝑝′′ℎ𝑠𝑑 + 𝑣𝐶𝑜𝑛𝑦𝑤𝑝′′ℎ𝑠𝑑)

𝑝′′

𝑝

𝑝′
 

  ∶ 𝜓′
𝑦𝑝ℎ𝑑

       ∀ℎ𝑠, 𝑑 ∈ 𝐺𝐴𝐷, ∀𝑦𝑝, 𝑝 < 𝑝𝑓 

𝑤𝑖𝑡ℎ 𝑝` = 𝑝 − 𝑀 + 1 𝑎𝑛𝑑 𝑝 ∈ 𝑃𝑠, 𝑝′′ ∈ 𝐻(𝑝′, 𝑝′′)  𝑃𝑠 = {𝑝𝑠|
𝑝𝑠

𝑀
∈ 𝑍+} 

 

(B.18) 

 

Equation (B.5) represents operational incomes of GENCOs, equations (B.6), (B.8), (B.10), 

and (B.12) represent upper and lower bounds of the existing elements of the system. While 

equations (B.7), (B.9), (B.11), and (B.13) represent the lower and upper bounds of the 

candidate generation investments in the system. Equation (B.14) avoids de-investments and 

(B.15) defines the non-negativity of new generation and maximum investment where 

applicable. Finally, equations (B.17) and (B.18) represent the storage balance conditions as 

proposed in [28].  

On the one hand, equation (B.18) is considered for long-term storage, i.e. hydro, where only 

interday balance is considered. In this equation, reservoir management is followed up across 

the entire year, as opposed to the rest of the constraints in which only intraday operations are 

included. For the hydro vCon represents pumping decisions and vProd the production 

decisions. On the other hand, equation (B.17) is considered to represent short-term storage 

when the intraday operation is relevant, i.e. batteries. Variables vCon and vProd represent 

charging and discharging. While the detailed formulation and explanation of this representation 

of storage is presented in [28], we briefly explain it here for clarity. 

The reservoir energy balance is verified for a given time window. For instance, consider 4 

representative periods, a 168 hour (one week) window, and two weeks as shown in Figure  B.1. 

Thus, the reservoir balance equation (20) will be verified at the end of every week e.g. at M1 

and M2. Thus, the interday balance is the sum of inflows and consumption minus spillage and 

production for every “representative hour” (p’’), which represents each hour of the year (p’). 

In addition, they are summed over the window M until hour (𝑝 ∈ 𝑃𝑠). Please note that 



 
 

𝐻(𝑝′′, 𝑝′) maps each hour of the year to its corresponding hour in the appropriate representative 

day (i.e the first 24 hours of the year can be represented by hours 5545-5568 of RP4), and is 

not to be confused with Γ𝑟𝑝,𝑝 that tells us which hours of the year are the representative ones 

(i.e RP4 is made of hours 5545-5568). 

 

Figure  B.1: Intraday Energy Balance 

 

c) System Operator (SO) 

 

We assume that the SO wants to maximize congestions rents, resulting from price 

differences, by deciding power flows. 

 

𝑎𝑟𝑔 Maximize
𝑣𝐹𝑙𝑜𝑤𝑠

𝑦𝑝𝑑𝑑′ ,𝑣𝑇ℎ𝑒𝑡𝑎𝑦𝑝𝑑

𝐶𝑜𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛𝑅𝑒𝑛𝑡𝑠 = ∑ ( 𝜆𝑦𝑝𝑑 −  𝜆𝑦𝑝𝑑′)  ∗ 𝑣𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑′𝑑

𝑦,𝑝,𝑑

 

 

(B.19) 

Subject to (B.20)-(B.25), where 

𝑝𝑀𝑎𝑥𝐹𝑙𝑜𝑤𝑑𝑑′ ≥ 𝑣𝐹𝑙𝑜𝑤𝑦𝑝𝑑𝑑′ ≥ −𝑝𝑀𝑎𝑥𝐹𝑙𝑜𝑤𝑑𝑑′           ∶ 𝜙̅𝑦𝑝𝑑𝑑′  , 𝜙𝑦𝑝𝑑𝑑′∀𝑦𝑝, ∀(𝑑, 𝑑′) ∈ 𝐿𝐸 (B.20) 

𝑣𝐹𝑙𝑜𝑤𝑦𝑝𝑑𝑑′ = 𝑝𝑆𝐵 ∗
𝑣𝑇ℎ𝑒𝑡𝑎𝑦𝑝𝑑 − 𝑣𝑇ℎ𝑒𝑡ℎ𝑎𝑦𝑝𝑑′

𝑝𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒𝑑𝑑′
             ∶  𝜙𝑦𝑝𝑑𝑑′              ∀𝑦𝑝, ∀(𝑑, 𝑑′) ∈ 𝐿𝐸 

(B.21) 

     𝑣𝐹𝑙𝑜𝑤𝑦𝑝𝑑𝑑′ ≥ −𝑝𝑀𝑎𝑥𝐹𝑙𝑜𝑤𝑑𝑑′ ∗ 𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦𝑤𝑑𝑑′       ∶  𝜁𝑦𝑝𝑑𝑑′              ∀𝑦𝑝, ∀(𝑑, 𝑑′) ∈ 𝐿𝐶 (B.22) 

−𝑣𝐹𝑙𝑜𝑤𝑦𝑝𝑑𝑑′ ≥ −(𝑝𝑀𝑎𝑥𝐹𝑙𝑜𝑤𝑑𝑑′ ∗  𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦𝑑𝑑′)      ∶  𝜁𝑦̅𝑝𝑑𝑑′               ∀𝑦𝑝, ∀(𝑑, 𝑑′) ∈ 𝐿𝐶 (B.23) 

−𝑣𝐹𝑙𝑜𝑤𝑦𝑝𝑑𝑑′ ≥ −𝑝𝑆𝐵 ∗
𝑣𝑇ℎ𝑒𝑡𝑎𝑦𝑝𝑑 − 𝑣𝑇ℎ𝑒𝑡ℎ𝑎𝑦𝑝𝑑′

𝑝𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒𝑑𝑑′
− 𝑝𝑀𝑎𝑥𝐹𝑙𝑜𝑤𝑑𝑑′(1 − 𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦𝑑𝑑′) 

∶  𝜏𝑦̅𝑝𝑑𝑑′               ∀𝑦𝑝, ∀(𝑑, 𝑑′) ∈ 𝐿𝐶   

 

(B.24) 

 𝑣𝐹𝑙𝑜𝑤𝑦𝑝𝑑𝑑′ ≥ (𝑝𝑆𝐵 ∗
𝑣𝑇ℎ𝑒𝑡𝑎𝑦𝑝𝑑 − 𝑣𝑇ℎ𝑒𝑡ℎ𝑎𝑦𝑝𝑑′

𝑝𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒𝑑𝑑′
− 𝑝𝑀𝑎𝑥𝐹𝑙𝑜𝑤𝑑𝑑′(1 − 𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦𝑑𝑑′)) 

 ∶ 𝜏𝑦𝑝𝑑𝑑′                ∀𝑦𝑝, ∀(𝑑, 𝑑′)  ∈ 𝐿𝐶 

 

(B.25) 

 

Equations (B.21) and (B.22) represent the DC formulation of the network for existing lines, 

while equations (B.23) - (B.25) represent the DC power flow formulations for new lines.  

d) Market Clearing (MC) 

 



 
 

∑ 𝑣𝑃𝑟𝑜𝑑𝑦𝑝𝑔𝑑

𝑔𝜖𝐺𝐴𝐷

+ ∑ 𝑣𝑊𝑖𝑛𝑑𝑦𝑝𝑤𝑑

𝑔𝜖𝐺𝐴𝐷

+ ∑ 𝑣𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′ 

𝑑′𝜖𝐿𝐴

− ∑ 𝑣𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑′𝑑

𝑑′𝜖𝐿𝐴

: + ∑
𝑣𝐶𝑜𝑛𝑦𝑝ℎ𝑑

𝑝𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦ℎ
ℎ𝜖𝐺𝐴𝐷

= 𝑣𝐷𝑒𝑚𝑎𝑛𝑑𝑦𝑝𝑑

∶ 𝜆𝑦𝑝𝑑  ∀𝑦, 𝑝, 𝑑   

(B.26) 

 

The simultaneous consideration of the GENCOs, Consumers, SO, and the market-clearing 

condition represent the wholesale market for the case of perfect and imperfect competition 

(depending on the conjectural variation described in 2.3.2).  

 

C. Lower Level: KKT Conditions  

An equivalent formulation for the lower-level optimization problem is presented. KKT 

conditions are the following:  

• Primal feasibility conditions. GENCOs: (B.4)-(B.18)  SO: (B.19) - (B.25) MC:(B.26) 

• Dual feasibility conditions.    GENCOs/MC: (C.4)-(C.9)   SO:  (C.1)  - (C.3) 

• Complementary slackness conditions 

Dual feasibility conditions:  (Each equation is defined for 𝑝 ∈ Γ𝑟𝑝,𝑝, except for equations 

(C.1) to (C.9). 

 

𝜆𝑦𝑝𝑑′ − 𝜆𝑦𝑝𝑑 + 𝜙𝑦𝑝𝑑𝑑′∈𝐿𝐸(𝑑,𝑑′) − 𝜙̅𝑦𝑝𝑑𝑑′∈𝐿𝐸(𝑑,𝑑′) + 𝜙𝑦𝑝𝑑𝑑′∈𝐿𝐸(𝑑,𝑑′) + 𝜁𝑦𝑝𝑑𝑑′∈𝐿𝐶(𝑑,𝑑′)  −

𝜁𝑦̅𝑝𝑑𝑑′∈𝐿𝐶(𝑑,𝑑′) + 𝜏𝑦̅𝑝𝑑𝑑′∈𝐿𝐶(𝑑,𝑑′)   −  𝜏𝑦𝑝𝑑𝑑′∈𝐿𝐶(𝑑,𝑑′)     =0 

: 𝑣𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′      ∀𝑦𝑝𝑑𝑑′ 𝐿𝐴 

 

(C.1) 

∑
𝑝𝑆𝐵

𝑝𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒𝑑𝑑′
∗ 𝜙𝑦𝑝𝑑𝑑′

𝑑∈𝐿𝐸(𝑑,𝑑′)

− ∑
𝑝𝑆𝐵

𝑝𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒𝑑′𝑑

∗ 𝜙𝑦𝑝𝑑′𝑑

𝑑′∈𝐿𝐸(𝑑,𝑑′)

+ ∑
𝑝𝑆𝐵

𝑝𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒𝑑𝑑′
∗ 𝜏𝑦̅𝑝𝑑𝑑′

𝑑∈𝐿𝐶(𝑑,𝑑′)

− ∑
𝑝𝑆𝐵

𝑝𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒𝑑𝑑′
∗ 𝜏𝑦𝑝𝑑′𝑑

𝑑′∈𝐿𝐶(𝑑,𝑑′)

− ∑
𝑝𝑆𝐵

𝑝𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒𝑑′𝑑

∗ 𝜏𝑦̅𝑝𝑑′𝑑

𝑑′∈𝐿𝐶(𝑑′,𝑑)

+ ∑
𝑝𝑆𝐵

𝑝𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒𝑑′𝑑

∗ 𝜏𝑦𝑝𝑑𝑑′

𝑑∈𝐿𝐶(𝑑,𝑑′)

= 0 

∶  𝑣𝑇ℎ𝑒𝑡𝑎𝑦𝑝𝑑 ,      ∀𝑦𝑝𝑑            

 

 

(C.2) 

∑(𝑌 − 𝑦 + 1) ∗ 𝑝𝐼𝑛𝑣𝐶𝑔

𝑔𝑦𝑑

+ ∑(𝑌 − 𝑦) ∗ 𝑝𝐼𝑛𝑣𝐶𝑔

𝑔𝑦𝑑

+ 𝑝𝑀𝑎𝑥𝑃𝑟𝑜𝑑𝑔 ∗ 𝜔̅𝑦𝑝𝑔𝑑 + 𝑝𝑀𝑎𝑥𝑊𝑖𝑛𝑑
𝑝𝑔𝑑

∗ 𝜔𝑊̅̅ ̅̅
𝑦̅𝑝𝑔𝑑 + 𝑝𝑀𝑎𝑥𝐿𝑒𝑣𝑒𝑙

ℎ
∗ 𝜇𝑐̅

𝑦𝑤𝑝ℎ𝑑
+ 𝑝𝑀𝑎𝑥𝐿𝑒𝑣𝑒𝑙

ℎ
∗ 𝐸𝑇𝐷 ∗ 𝜅𝑐̅𝑦𝑝ℎ𝑑 + 𝛽𝐺𝑦𝑔𝑑

− 𝛽𝐺𝑦+1,𝑔𝑑   − 𝜊̅𝑦𝑔𝑑 + 𝜊𝑦𝑔𝑑  = 0 

: 𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦𝑔𝑑   ∀𝑦𝑔𝑑 ∈ 𝐺𝐶𝐷 

 

(C.3) 

−𝑣𝐷𝑒𝑚𝑎𝑛𝑑𝑦𝑝𝑑 + 𝑝𝐷𝑒𝑚𝑎𝑛𝑑𝑑 − 𝑝𝐷𝑆𝑙𝑜𝑝𝑒 ∗ 𝑣𝑃𝑟𝑜𝑑𝑦𝑝𝑔𝑑 + 𝜄𝑦,𝑝,𝑑 = 0 

: 𝑣𝐷𝑒𝑚𝑎𝑛𝑑𝑦𝑝𝑑   ∀𝑦𝑔𝑑 ∈ 𝐺𝐴𝐷 

(C.4) 

 

( ∑ 𝑝𝑊𝑟𝑝 ∗ (−𝐹𝑢𝑒𝑙𝐶𝑜𝑠𝑡𝑡

𝑦,(𝑝,𝑟𝑝)∈Γ𝑟𝑝,𝑝,

+ 𝑣𝑃𝑟𝑜𝑑𝑦𝑝𝑔𝑑 ∗
𝜕𝜆𝑦𝑝𝑑∈(𝐺𝐴𝐷)

𝜕𝑣𝑃𝑟𝑜𝑑𝑦𝑝𝑔𝑑

)) + 𝜆𝑦𝑝𝑑∈(𝐺𝐴𝐷)

−  𝜌̅𝑦𝑝𝑔𝑑∈(𝐺𝐸𝐷) + 𝜌𝑦𝑝𝑔𝑑∈(𝐺𝐸𝐷) − 𝜔̅𝑦𝑝𝑔𝑑∈(𝐺𝐶𝐷) + 𝜔𝑦𝑝𝑔𝑑∈(𝐺𝐸𝐷)

+ ∑ (𝜓𝑦𝑝ℎ)
𝑝′

𝑝′′
= 0   

 ∶ 𝑣𝑃𝑟𝑜𝑑𝑦𝑝𝑔𝑑     ∀𝑦, 𝑔, 𝑑 ∈  (𝐺𝐸𝐷) ∀𝑝′ ∈ 𝐻(𝑝′, 𝑝) /   𝑝 ∈ 𝑃𝑎,  𝑝′ ∈  𝑃𝑠 

 

 

 

 

 

(C.5) 



 
 

( ∑ 𝑝𝑊𝑟𝑝 ∗ (

𝑦,(𝑝,𝑟𝑝)∈Γ𝑟𝑝,𝑝

𝑣𝑊𝑖𝑛𝑑𝑦𝑝𝑤𝑑 ∗
𝜕𝜆𝑦𝑝𝑑∈(𝐺𝐴𝐷)

𝜕𝑣𝑊𝑖𝑛𝑑𝑦𝑝𝑤𝑑

)) + 𝜆𝑦𝑝𝑑∈(𝐺𝐴𝐷) −  𝜌𝑤̅̅ ̅̅ 𝑦𝑝𝑤𝑑∈(𝐺𝐸𝐷)

+  𝜌𝑤𝑦𝑝𝑤𝑑∈(𝐺𝐸𝐷) − 𝜔𝑤̅̅̅̅̅𝑦𝑝𝑤𝑑∈(𝐺𝐶𝐷) + 𝜔𝑤𝑦𝑝𝑤𝑑∈(𝐺𝐸𝐷) + ∑ (𝜓𝑦𝑝ℎ)
𝑝′

𝑝′′
= 0   

 ∶ 𝑣𝑊𝑖𝑛𝑑𝑦𝑝𝑤𝑑     ∀𝑦, 𝑔, 𝑑 ∈  (𝐺𝐸𝐷) ∀𝑝′ ∈ 𝐻(𝑝′, 𝑝) /   𝑝 ∈ 𝑃𝑎,  𝑝′ ∈  𝑃𝑠 

 

 

 

 

(C.6) 

( ∑ 𝑝𝑊𝑟𝑝 ∗ (−𝐹𝑢𝑒𝑙𝐶𝑜𝑠𝑡𝑡

𝑦,(𝑝,𝑟𝑝)∈Γ𝑟𝑝,𝑝,

+ (𝑣𝑃𝑟𝑜𝑑𝑦𝑝ℎ𝑑 − 𝑣𝐶𝑜𝑛𝑦𝑝ℎ𝑑) ∗
𝜕𝜆𝑦𝑝𝑑∈(𝐺𝐴𝐷)

𝜕𝑣𝑃𝑟𝑜𝑑𝑦𝑝𝑔𝑑

)) + 𝜅̅𝑦𝑝ℎ𝑑

− 𝜅𝑦𝑔𝑝ℎ𝑑 + 𝜓𝑦𝑝ℎ𝑓𝑑 + ∑ (𝜓′
𝑦𝑝ℎ𝑑

)
𝑝′

𝑝′′
= 0 

: 𝑣𝐶𝑜𝑛𝑦𝑝ℎ𝑑      ∀𝑝′ ∈ 𝐻(𝑝′, 𝑝), 𝑝 ∈ 𝑃𝑎,  𝑝′ ∈  𝑃𝑠, ∀𝑦, ℎ𝑑 ∈  (𝐺𝐸𝐷)          

 

 

(C.7) 

−𝜇𝑦𝑝ℎ𝑑 + 𝜇𝑦𝑝ℎ𝑑 + ∑ 𝜓𝑦𝑤𝑝ℎ𝑑

𝑝′

𝑝′′
= 0 

: 𝑣𝑆𝑝𝑖𝑙𝑙𝑦𝑝ℎ𝑑     ∀𝑝′ ∈ 𝐻(𝑝′, 𝑝)  𝑝 ∈ 𝑃𝑎,  𝑝′ ∈  𝑃𝑠, ∀𝑦, ℎ𝑑 ∈  (𝐺𝐸𝐷)        

 

 

 

(C.8) 

−𝜇𝑒̅̅ ̅𝑦𝑝ℎ𝑑 + 𝜇𝑒𝑦𝑝ℎ𝑑 − 𝜇𝑐̅
𝑦𝑝ℎ𝑑

+ 𝜇𝑐
𝑦𝑝ℎ𝑑

+ 𝜓𝑦𝑝∈𝑃𝑎,ℎ𝑓𝑑 + 𝜓𝑦,𝑝+1∈𝑃𝑎,ℎ𝑓𝑑 + 𝜓′
𝑦𝑝∈𝑃𝑠,ℎ𝑑

− 𝜓′
𝑦,𝑝+𝑀|𝑝∈𝑃𝑠 ,ℎ𝑑

= 0  

: 𝑣𝐿𝑒𝑣𝑒𝑙𝑦𝑝ℎ𝑑                                           ∀𝑝 ∈ 𝑃𝑡, ∀𝑦ℎ𝑑 ∈ 𝐺𝐸𝐷                   

(C.9) 

 

For equations (C.9) we define 𝑃𝑎 = {𝑝|𝑝 ∈ Γ𝑟𝑝,𝑝}, 𝑃𝑠 = {𝑝𝑠|
𝑝𝑠

𝑀
∈ 𝑍+} , 𝑎𝑛𝑑 𝑃𝑡 = 𝑃𝑠 ∪  𝑃𝑎 

 

D. Linearized Complementarity conditions.  
 

Each set of equations corresponds to the linearization of a complementarity condition. 

Please note that equality constraints do not need a complementarity condition. We denote 

𝑀𝑑𝑢𝑎𝑙,̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 𝑀𝑑𝑢𝑎𝑙 as the big M parameters corresponding to each dual variable for upper and 

lower bounds respectively. 𝑌𝑑𝑢𝑎𝑙̅̅ ̅̅ ̅̅ ̅̅ ,  𝑌𝑑𝑢𝑎𝑙 refer to binary variables corresponding to each dual 

variable for upper and lower bounds respectively. Additionally, we implement a regularization 

method to compute Big Ms as proposed in [30]. 

𝑣𝑃𝑟𝑜𝑑𝑦𝑝𝑔𝑑 ≤ 𝑀𝜌 ∗  𝑌𝜌𝑦𝑝𝑔𝑑   

𝜌𝑦𝑝𝑔𝑑 ≤ 𝑀𝜌 ∗ (1 − 𝑌𝜌𝑦𝑝𝑔𝑑) 

𝑣𝑃𝑟𝑜𝑑𝑦𝑝𝑔𝑑 − 𝑝𝑀𝑎𝑥𝑃𝑟𝑜𝑑𝑔 ≤  𝑀𝜌̅̅ ̅̅ ∗  𝑌𝜌̅̅̅̅
𝑦𝑝𝑔𝑑   

 0 ≤ 𝜌̅𝑦𝑝𝑔𝑑 ≤  𝑀𝜌̅̅ ̅̅ ∗  𝑌𝜌̅̅̅̅
𝑦𝑝𝑔𝑑             

 

   ∀𝑔𝑑 ∈ 𝐺𝐸𝐷, 

 ∀𝑦𝑝 

 

(D.1) 

𝑊𝑖𝑛𝑑𝑦𝑝𝑤𝑑 ≤ 𝑀𝜌𝑤 ∗  𝑌𝜌𝑤𝑦𝑝𝑤𝑑    

𝜌𝑤𝑦𝑝𝑤𝑑  ≤ 𝑀𝜌𝑤 ∗ (1 − 𝑌𝜌𝑤𝑦𝑝𝑔𝑑) 

𝜌𝑤̅̅ ̅̅ 𝑦𝑝𝑔𝑑 ≤ 𝑀𝜌𝑤̅̅ ̅̅ ̅̅ ̅ ∗  𝑌𝜌𝑤̅̅ ̅̅ ̅̅
𝑦𝑝𝑤𝑑   

𝑊𝑖𝑛𝑑𝑦𝑝𝑤𝑑 − 𝑝𝑀𝑎𝑥𝑊𝑖𝑛𝑑𝑤𝑝 ≤ 𝑀𝜌𝑤̅̅ ̅̅ ̅̅ ̅ ∗  𝑌𝜌̅̅̅̅
𝑦𝑝𝑤𝑑  

 

∀𝑤𝑑 ∈ 𝐺𝐸𝐷, 

 ∀𝑦𝑝 

 

 

(D.2) 

0 ≤  𝑣𝑃𝑟𝑜𝑑𝑦𝑝𝑔𝑑 ≤ 𝑀𝜔 ∗  𝑌𝜔𝑦𝑝𝑔𝑑 

 0 ≤  𝜔𝑦𝑝𝑔𝑑    ≤ 𝑀𝜔 ∗ (1 −  𝑌𝜔𝑦𝑝𝑔𝑑) 

 𝑣𝑃𝑟𝑜𝑑𝑦𝑝𝑔𝑑 − 𝑝𝑀𝑎𝑥𝑃𝑟𝑜𝑑𝑔 ∗ 𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦𝑔𝑑 ≤ 𝑀𝜔̅̅ ̅̅ ̅ ∗  𝑌𝜔̅̅ ̅̅
𝑦𝑝𝑔𝑑    

 𝜔̅𝑦𝑝𝑔𝑑 ≤ 𝑀𝜔̅̅ ̅̅ ̅ ∗  𝑌𝜔̅̅ ̅̅
𝑦𝑝𝑔𝑑    

 
  

  ∀𝑔𝑑 ∈ 𝐺𝐶𝐷, 
∀𝑦𝑝 

 

 

(D.3) 



 
 

𝑣𝑊𝑖𝑛𝑑𝑦𝑝𝑤𝑑 − 𝑝𝑀𝑎𝑥𝑊𝑖𝑛𝑑𝑝𝑤𝑑 ∗ 𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦𝑤𝑑 ≤ 𝑀𝜔𝑤 ∗ 𝑌𝜔𝑤
𝑦𝑝𝑤𝑑

   

𝜔𝑤𝑦𝑝𝑤𝑑   ≤ 𝑀𝜌𝑤 ∗ (1 − 𝑌𝜔𝑤𝑦𝑝𝑤𝑑) 

𝜌𝑤̅̅ ̅̅ 𝑦𝑝𝑔𝑑 ≤ 𝑀𝜌𝑤̅̅ ̅̅ ̅̅ ̅ ∗  𝑌𝜌𝑤̅̅ ̅̅ ̅̅
𝑦𝑝𝑔𝑑  

𝑊𝑖𝑛𝑑𝑦𝑝𝑤𝑑 − 𝑝𝑀𝑎𝑥𝑊𝑖𝑛𝑑𝑤𝑝 ≤ 𝑀𝜌𝑤̅̅ ̅̅ ̅̅ ̅ ∗  𝑌𝜌̅̅̅̅
𝑦𝑝𝑤𝑑  

 

∀𝑤𝑑 ∈ 𝐺𝐶𝐷 

 ∀yp 

 

(D.4) 

𝑝𝑀𝑖𝑛𝐿𝑒𝑣𝑒𝑙ℎ − 𝑣𝐿𝑒𝑣𝑒𝑙𝑦𝑝ℎ𝑑 ≤  𝑀𝜇𝑒 ∗  𝑌𝜇𝑒𝑦𝑝ℎ𝑑         

𝜇𝑒𝑦𝑝ℎ ≤  𝑀𝜇𝑒 ∗ (1 − 𝑌𝜇𝑒𝑦𝑝ℎ𝑑) 

𝑣𝐿𝑒𝑣𝑒𝑙𝑦𝑝ℎ𝑑 − 𝑝𝑀𝑎𝑥𝐿𝑒𝑣𝑒𝑙ℎ  ≤  𝑀𝜇𝑒̅̅ ̅̅ ̅̅ ̅ ∗  𝑌𝜇̅̅̅̅
𝑦𝑝ℎ𝑑  

 𝜇𝑒̅̅ ̅𝑦𝑝ℎ ≤  𝑀𝜇̅̅ ̅̅ ̅ ∗ (1 − 𝑌𝜇̅̅̅̅
𝑦𝑝ℎ𝑑 ) 

 

∀𝑔𝑑 ∈ 𝐺𝐸𝐷, 

∀𝑦𝑝 

 

 

(D.5) 

 

𝑝𝑀𝑖𝑛𝐿𝑒𝑣𝑒𝑙ℎ ≤  𝑀𝜇𝑐 ∗ 𝑌𝜇𝑐𝑦𝑝ℎ𝑑         

𝜇𝑐𝑦𝑝ℎ ≤  𝑀𝜇𝑐 ∗  (1 − 𝑌𝜇𝑐𝑦𝑝ℎ𝑑) 

𝑣𝐿𝑒𝑣𝑒𝑙𝑦𝑝ℎ𝑑 − 𝑝𝑀𝑎𝑥𝑃𝑟𝑜𝑑ℎ ∗ 𝐸𝑇𝐷 ∗ 𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦ℎ𝑑  ≤  𝑀𝜇𝑐̅̅ ̅̅ ̅̅ ∗  𝑌𝜇̅̅̅̅
𝑦𝑝ℎ𝑑  

 𝜇𝑐̅̅ ̅𝑦𝑝ℎ ≤  𝑀̅̅̅𝑐 ∗ (1 − 𝑌𝜇̅̅̅̅
𝑦𝑝ℎ𝑑 ) 

 

∀𝑔𝑑 ∈ 𝐺𝐶𝐷, 

∀𝑦𝑝 

 

 

 

(D.6) 

𝑣𝐶𝑜𝑛𝑦𝑝ℎ𝑑

𝑝𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦ℎ

≤ 𝑀𝜅𝑒 ∗  𝑌𝜅𝑒𝑦𝑝𝑔𝑑  

𝜅𝑒𝑦ℎ𝑝𝑑 ≤ 𝑀𝜅𝑒 ∗ (1 −  𝑌𝜅𝑒𝑦𝑝𝑔𝑑 )   
𝑣𝐶𝑜𝑛𝑦𝑝ℎ𝑑

𝑝𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦ℎ

− 𝑝𝑀𝑎𝑥𝐶𝑜𝑛𝑠ℎ ≤  𝑀𝜅𝑒̅̅ ̅̅ ̅̅ ∗  𝑌𝜅𝑒̅̅ ̅̅ ̅
𝑦𝑝𝑔𝑑 

𝜅̅𝑦ℎ𝑝𝑑 ≤ 𝑀𝜅̅̅ ̅̅ ∗ (1 − 𝑌𝜅̅̅̅̅
𝑦𝑝𝑔𝑑)  

 

    ∀ℎ𝑑 ∈ 𝐺𝐸𝐷,  

∀𝑦𝑝 

 

(D.7) 

𝑣𝐶𝑜𝑛𝑦𝑝ℎ𝑑

𝑝𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦ℎ

≤ 𝑀𝜅𝑐 ∗  𝑌𝜅𝑐𝑦𝑝𝑔𝑑   

𝜅𝑐𝑦ℎ𝑝𝑑 ≤ 𝑀𝜅𝑐 ∗ (1 −  𝑌𝜅𝑐𝑦𝑝𝑔𝑑  )   
𝑣𝐶𝑜𝑛𝑦𝑝ℎ𝑑

𝑝𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦ℎ
− 𝑝𝑀𝑎𝑥𝐿𝑒𝑣𝑒𝑙ℎ ∗ 𝐸𝑇𝐷 ∗ 𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦ℎ𝑑 ≤   𝑀𝜅𝑐̅̅ ̅̅ ̅̅ ∗  𝑌𝜅𝑐̅̅ ̅̅ ̅̅

𝑦𝑝𝑔𝑑 

𝜅̅𝑦ℎ𝑝𝑑 ≤ 𝑀𝜅𝑐̅̅ ̅̅ ̅̅ ∗ (1 − 𝑌𝜅𝑐̅̅ ̅̅ ̅
𝑦𝑝𝑔𝑑)  

 

∀𝑔𝑑 ∈ 𝐺𝐶𝐷, 

∀𝑦𝑝 

 

 

(D.8) 

−𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦−1,𝑔𝑑 − 𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦𝑔𝑑 ≤ 𝑀𝛽𝐺 ∗  𝑌𝛽𝐺𝑦𝑔𝑑   

𝛽𝐺𝑦𝑔𝑑 ≤  𝑀𝛽𝐺 ∗ (1 − 𝑌𝛽𝐺𝑦𝑔𝑑   ) 

∀𝑔𝑑 ∈ 𝐺𝐶𝐷, 

∀𝑦𝑝 

(D.9) 

𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦𝑔𝑑 ≤   𝑀𝜊 ∗ 𝑌𝜊𝑦𝑔𝑑    

𝜊̅𝑦𝑔𝑑 ≤   𝑀𝜊 ∗ (1 − 𝑌𝜊𝑦𝑔𝑑   ) 

𝑀𝑎𝑥𝐺𝑒𝑛𝑔 − 𝑣𝑁𝑒𝑤𝐺𝑒𝑛𝑦𝑔𝑑   ≤   𝑀𝜊 ∗ 𝑌𝜊𝑦𝑔𝑑       

𝜊̅𝑦𝑔𝑑 ≤   𝑀𝜊̅̅ ̅̅ ̅ ∗ (1 − 𝑌𝜊̅̅̅̅
𝑦𝑔𝑑  )  

∀𝑔𝑑 ∈ 𝐺𝐶𝐷, 

∀𝑦𝑝 

 

(D.10) 

−𝑣𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′ + 𝑝𝑀𝑎𝑥𝐹𝑙𝑜𝑤𝑠𝑑𝑑′ ≤  𝑀𝜙 ∗  𝑌𝜙𝑦𝑝𝑑𝑑′ 

𝜙𝑦𝑝𝑑𝑑′ ≤   𝑀𝜙 ∗ (1 −  𝑌𝜙𝑦𝑝𝑑𝑑′) 

−𝑣𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′ − 𝑝𝑀𝑎𝑥𝐹𝑙𝑜𝑤𝑠𝑑𝑑′  ≤    𝑀𝜙̅̅ ̅̅ ̅ ∗  𝑌𝜙̅̅ ̅̅
𝑦𝑝𝑑𝑑′       

−𝑣𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′ − 𝑝𝑀𝑎𝑥𝐹𝑙𝑜𝑤𝑠𝑑𝑑′  ≤    𝑀𝜙̅̅ ̅̅ ̅ ∗ (1 − 𝑌𝜙̅̅ ̅̅
𝑦𝑝𝑑𝑑′)     

 

∀(𝑑, 𝑑′) ∈ 𝐿𝐸, 

∀𝑦𝑝 

 

(D.11) 

𝑣𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′ + 𝑝𝑀𝑎𝑥𝐹𝑙𝑜𝑤𝑠𝑑𝑑′ ∗ 𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦𝑑𝑑′ ≤  𝑀𝜁 ∗  𝑌𝜁𝑦𝑝𝑑𝑑′ 

𝜁𝑦𝑝𝑑𝑑′ ≤  𝑀𝜁 ∗ (1 − 𝑌𝜁𝑦𝑝𝑑𝑑′) 

∀(𝑑, 𝑑′) ∈ 𝐿𝐶, 

∀𝑦𝑝 

(D.12) 

−𝑣𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′ + (  𝑝𝑀𝑎𝑥𝐹𝑙𝑜𝑤𝑠𝑑𝑑′ ∗  𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦𝑑𝑑′    ) ≤  𝑀𝜁̅̅ ̅̅ ̅ ∗  𝑌𝜁̅̅ ̅
𝑦𝑝𝑑𝑑′     

𝜁𝑦̅𝑝𝑑𝑑′ ≤  𝑀𝜁̅̅ ̅̅ ̅ ∗ (1 −  𝑌𝜁̅̅ ̅
𝑦𝑝𝑑𝑑′  )  

∀(𝑑, 𝑑′)  ∈ 𝐿𝐶, 

∀𝑦𝑝 

 

(D.13) 

−𝑣𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′ + (
𝑝𝑆𝐵 ∗

𝑣𝑇ℎ𝑒𝑡𝑎𝑦𝑝𝑑 − 𝑣𝑇ℎ𝑒𝑡ℎ𝑎𝑦𝑝𝑑′

𝑝𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒𝑑𝑑′

+𝑝𝑀𝑎𝑥𝐹𝑙𝑜𝑤𝑠𝑑𝑑′(−1 + 𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦𝑑𝑑′)  

)

≤   𝑀𝜏̅̅ ̅̅ ̅ ∗  𝑌𝜏̅̅ ̅
𝑦𝑝𝑑𝑑′ 

𝜏𝑦̅𝑝𝑑𝑑′ ≤   𝑀𝜏̅̅ ̅̅ ̅ ∗ (1 − 𝑌𝜏̅̅ ̅
𝑦𝑝𝑑𝑑′  )  

 

∀(𝑑, 𝑑′)  ∈ 𝐿𝐶, 

∀𝑦𝑝 

 

(D.14) 



 
 

𝑣𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′ + (
−𝑝𝑆𝐵 ∗

𝑣𝑇ℎ𝑒𝑡𝑎𝑦𝑝𝑑𝑑′ − 𝑣𝑇ℎ𝑒𝑡ℎ𝑎𝑦𝑝𝑑𝑑′

𝑝𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒𝑑𝑑′

−𝑝𝑀𝑎𝑥𝐹𝑙𝑜𝑤𝑠𝑑𝑑′(1 − 𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦𝑑𝑑′)

)

≤   𝑀𝜏 ∗  𝑌𝜏𝑦𝑝𝑑𝑑′                

𝜏𝑦𝑝𝑑𝑑′ ≤  𝑀𝜏 ∗ (1 − 𝑌𝜏𝑦𝑝𝑑𝑑′  ) 

 

∀(𝑑, 𝑑′)  ∈ 𝐿𝐶, 

∀𝑦𝑝 

 

(D.15) 

 

E. Equivalent one-level MIP 

 

After taking the KKT conditions of the lower level and linearizing the complementarity 

conditions we end up with a MIP problem that can be solved by commercial software. This 

complete problem is therefore composed of the following equations 

Objective Function (A.1) 

Subject to:  

Primal feasibility conditions (B.3)-(B.26) 

Dual feasibility conditions (C.4)-(C.9) 

Linearized complementary slackness conditions (D.1)-(D.15) 

 

F. Linearization  for congestions rents  

 

Finally, for illustration purposes, we demonstrate how to linearize the 𝑣𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′ ∗  𝜆𝑦𝑝𝑑′ term 

for the Bi-level Problem: Merchant Transmission System Investor. We start by discretizing the 

variable 𝑣𝐹𝑙𝑜𝑤𝑠, by applying a binary expansion like the one proposed in (Pereira et al., 2005). 

Equation (F.1) reconstructs 𝑣𝐹𝑙𝑜𝑤𝑠 by starting from the lower bound and adding some slices 

until the upper bound of 𝑣𝐹𝑙𝑜𝑤𝑠 is achieved. 

𝑣𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′ =  −𝑝𝑀𝑎𝑥𝐹𝑙𝑜𝑤𝑠𝑑𝑑′ + Δ𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′ ∗ ∑ 2𝑘 ∗ 𝑣𝐵𝑖𝑛𝐹𝑙𝑜𝑤𝑦𝑝𝑑𝑑′𝑘

𝑘

 (F.1) 

 

Where 𝑣𝐵𝑖𝑛𝐹𝑙𝑜𝑤𝑦𝑝𝑑𝑑′𝑘 is a binary variable and Δ𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′  is the step magnitude in which 

we divide the variable 𝑣𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′, which is given by (F.2) 

Δ𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′ = |−𝑝𝑀𝑎𝑥𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′ − 𝑝𝑀𝑎𝑥𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′|/2𝐾 (F.2) 

 

Let us define the binary expansion of 𝑣𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′ ∗ 𝜆𝑦𝑝𝑑′ in equation (F.3). 

𝑣𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′ ∗ 𝜆𝑦𝑝𝑑′

=  −𝑝𝑀𝑎𝑥𝐹𝑙𝑜𝑤𝑠𝑑𝑑′ ∗  𝜆𝑦𝑝𝑑′ + Δ𝐹𝑙𝑜𝑤𝑠𝑦𝑝𝑑𝑑′

∗ ∑ 2𝑘 ∗ 𝑣𝐵𝑖𝑛𝐹𝑙𝑜𝑤𝑦𝑝𝑑𝑑′𝑘 ∗  𝜆𝑦𝑝𝑑′.

𝑘

 

(F.3) 

Given that the nonlinear term 𝑣𝐵𝑖𝑛𝐹𝑙𝑜𝑤𝑦𝑝𝑑𝑑′𝑘 ∗  𝜆𝑦𝑝𝑑′∈(𝐺𝐴𝐷) is the product of a binary 

variable and a continuous variable, we can linearize it by renaming the product 𝑣𝐹𝜆𝑦𝑝𝑑𝑑′𝑘 =

𝑣𝐵𝑖𝑛𝐹𝑙𝑜𝑤𝑦𝑝𝑑𝑑′𝑘 ∗  𝜆𝑦𝑝𝑑′ and adding the two following equivalent equations: 

0 ≤  𝜆𝑦𝑝𝑑′∈(𝐺𝐴𝐷) − 𝑣𝐹𝜆𝑦𝑝𝑑𝑑′𝑘 ≤   𝜆 ∗ (1 − 𝑣𝐵𝑖𝑛𝐹𝑙𝑜𝑤𝑦𝑝𝑑𝑑′𝑘) 
(F.4) 



 
 

0 ≤ 𝑣𝐹𝜆𝑦𝑝𝑑𝑑′𝑘 ≤   𝜆 ∗  (𝑣𝐵𝑖𝑛𝐹𝑙𝑜𝑤𝑦𝑝𝑑𝑑′𝑘) 
(F.5) 

 

Please note that we assume that prices are non-negative and therefore 𝜆 is zero.  

 

Thus, we re-formulate the complete problem as follows: 

arg Maximize
𝑣𝐹𝜆

𝑦𝑝𝑑𝑑′𝑘

∑ 𝑝𝑊
𝑟𝑝

∗ (𝑣𝐹𝜆𝑦𝑝𝑑𝑑′𝑘 − 𝑣𝐹𝜆𝑦𝑝𝑑′𝑑𝑘)

𝑦,𝑝,𝑑,𝑘

− ∑ (𝑌 − 𝑦 + 1) ∗ 𝑝𝐼𝑛𝑣𝐶
𝑑𝑑′ ∗ (𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦𝑑𝑑′ − 𝑣𝑁𝑒𝑤𝐿𝑖𝑛𝑒𝑦−1,𝑑𝑑′)

𝑦𝑑𝑑′∈𝐿𝐶

 

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛𝑠  (F. 1) − (F. 5) 𝑎𝑛𝑑 𝐿𝑜𝑤𝑒𝑟 𝐿𝑒𝑣𝑒𝑙 𝑃𝑟𝑜𝑏𝑙𝑒𝑚   
 

(F.6) 

It is important to note that -as with every linearization technique- the result depends on the 

steps considered by the discretization. Therefore, the bigger k, the smaller is the step size, and 

hence, the closer the solution would be to the global optimum. 

V. Storage Representation 

This section will intuitively present the representative days' approach for storage modelling. Let us 

keep in mind that the main concern with storage modelling, when time granularity is simplified, is the 

tradeoff between misrepresentation of intra-day constraints and misrepresentation of inter-day 

constraints. With the representative period approach presented here, we intend to achieve a good 

enough representation of both types of constraints.  

As an example, let us consider two weeks of the year, W1 and W2, as shown in  Figure 6, and let us 

represent these weeks by choosing (employing a clustering technique) 4 representatives days, 

simplifying the actual 14 days of both weeks, that represent well-enough the two weeks considered.     

 

Figure 6: Representative Days Correspondance 



 
 

In principle, a representative day approach will characterize intra-day operation properly as it 

considers each one of the 24 hours within a day. Let us show the logic behind the method on how to 

represent storage balance as depicted in Figure 7. 

 

Figure 7: Storage Balance 

A balance equation  states that the level of a reservoir (either a dam or a battery) is equal to the level 

at the period (hour) before, plus the natural inflows and consumption (charge) in the current period 

minus the production (discharge) and the spillage in the current period. When using representative 

days, the following equation fully represents the intra-day functioning of charging and discharging of 

BESS. 

 

𝑣𝐿𝑒𝑣𝑒𝑙𝑝 = 𝑣𝐿𝑒𝑣𝑒𝑙𝑝−1 + 𝑝𝐼𝑛𝑓𝑙𝑜𝑤𝑝 − 𝑣𝑃𝑟𝑜𝑑𝑝 + 𝑣𝐶𝑜𝑛𝑝 − 𝑣𝑆𝑝𝑖𝑙𝑙𝑝∀𝑝, 
 

(V.1) 

 

However, inter-day constraints can be misrepresented. To solve this issue, we use the information 

obtained when creating the representative day, namely the correspondence of each actual day of the 

week to each representative day, as shown in Figure 6. For a hydro reservoir (whose balance is weekly 

or monthly), a complete representation of the balance equations in those weeks will include the 

inflows, consumption, production and spillage at every hour of the 7 days of each week. However, 

given that we consider only 4 representative days, we will represent the production, consumption and 

spillage only for each hour of the 4 representative days (reducing the number of variables). 

In particular, As shown in the Figure 6 we have the information on which representative day 

represents each actual day. The RP1 represents D5 of W1 and D4 and D5 of W2, and similarly for the 

rest of the representative days.   

 

 

 

 

 

 

 

 

W0 W1 W2 

w0 w1 w2 

Figure 8: Representative's Day Representation for Balance Equations 



 
 

As shown in the Figure 8, we have an approximation of the inflows, spillage, production and 

consumption in W1 by adding those variables for each one of the representative days corresponding 

to W1. 

 

 

 

As a summary, we see that with such approach, we have the information to represent the intraday 

equations because we have the hourly data of the representative days, and on the other hand, we can 

have an approximation to inter-day equations by using the correspondence between the 

representative days and the actual days of the year.  

 

 

 

 

 

𝑣𝐿𝑒𝑣𝑒𝑙𝑝 = 𝑣𝐿𝑒𝑣𝑒𝑙𝑝−𝑊 + ∑ ∑(𝑝𝐼𝑛𝑓𝑙𝑜𝑤𝑝′′ − 𝑣𝑃𝑟𝑜𝑑𝑝′′ + 𝑣𝐶𝑜𝑛𝑝′′ − 𝑣𝑆𝑝𝑖𝑙𝑙𝑝′′)

𝑝′′

𝑝

𝑝′
 


