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Abstract 

The growing share of renewable generation results in higher power imbalances in the 

energy system and more situations in which transmission lines are loaded close to their 

thermal limits. Therefore, the aspect of the security of supply and grid expansions gain 

significance. This thesis presents the modeling of the impact of transmission line outages 

on the network power flows, the implementation of mixed-integer linear programming 

(MILP) transmission expansion planning (TEP), and the development of a security-

constrained line expansion method that considers critical outages in TEP (SC-TEP). 

A post-contingency critical lines (PCL) algorithm is developed based on the Line Outage 

Distribution Factors (LODF) to identify the critical lines, which cause the largest number 

of overloaded lines in the power system with their disconnection. The PCL algorithm is 

applied to the IEEE 24-bus system. The integrated method first calculates a relaxed 

version of TEP without security constraints to select the critical lines and then integrates 

the critical contingencies into the TEP. The MILP-TEP and the integrated SC-TEP 

method are applied to a modified version of the IEEE 24-bus system. The methods are 

implemented in the energy system optimization model REMix-MISO and validated with 

a reference model. 

Overall, the optimization results show the accuracy and efficiency of the PCL algorithm, 

the MILP TEP, and the security-constrained line expansion method. The consideration of 

critical lines only in TEP can result in some critical lines not being expanded. However, 

the numerical results demonstrate that the integrated SC-TEP method is much faster than 

the application of the full N-1 criterion in MILP-TEP. Therefore, the proposed method 

can be used as an accelerated approximation of a N-1-secure energy system.  
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Introduction 

 
1 Introduction 

The energy transition is creating completely new challenges for the transport of electricity 

since the structure of power generation is changing. In particular, the electricity generated 

in Germany by wind farms in the north has to be transported to the major power 

consumption regions in the west and south, which may lead to the grid capacities being 

exceeded. Furthermore, electricity is increasingly generated by decentral wind, solar, and 

biomass installations on distribution grid level, adding further challenges to the electricity 

grid [1, 2]. Therefore, both the expansion and restructuring of power grids are necessary 

to cope with increasing shares of renewable generation.  

The main purpose of transmission expansion planning (TEP) in power systems is to 

ascertain an optimal strategy to expand the existing transmission network to meet the 

demand of loads subject to a set of economic and technical constraints [3]. The TEP 

problem is a large-scale, non-linear and non-convex optimization problem, which is 

complex to solve. The real planning process involves a series of studies to decide how 

many transmission facilities are needed, where they should be installed, and when is the 

best time to install them [4]. 

A major factor in the operation and planning of a power system is the desire to 

keep system security. System security comprises practices designed to maintain the 

system operating when components fail. Security measures are important because a 

forced outage of a component might cause a system blackout. For instance, in the case of 

transmission lines, when a single line outage occurs due to an insulation failure, the power 

flow from the now-opened line is redistributed to the other lines in the power network. If 

one of the remaining lines is then too heavily loaded it may open due to relay action and, 

in the worst case, a cascading failure and system collapse could occur [5]. 

Not every single-line outage endangers other lines in the system, only some specific ones 

do. Some line power flows may be heavily affected due to the electric proximity to the 

disconnected line. To know the line outage impact on the power system, the so-called 

contingency analysis is carried out as part of the security assessment. An important tool 

for contingency analysis is the use of Line Outage Distribution Factors (LODFs), which 

estimate the power flow redistribution after a line outage [6, 7].  

Adding contingency analysis to the TEP makes it more complex and mostly unsolvable 

for large-scale power systems. Most references that discuss optimization-based 

approaches to TEP ignore contingency constraints to make this large and complex 

problem solvable [4]. The N-1 criterion states that the planned network must be able to 

operate in a way that a single outage in a system component does not interrupt supplying 

demands [8]. Various researchers use either N-1 criterion or probabilistic approaches for 

power system security evaluation creating a security-constrained TEP (SC-TEP) [4, 9]. 
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Introduction 

 
In the research field of energy system analysis, models are used for the optimization of 

power systems, which include grid expansion planning. One of these models is the energy 

system optimization model (ESOM) REMix developed at DLR, which is a modeling 

framework that allows the user to set up optimization problems written in GAMS 

addressing real-world power systems [10]. Nevertheless, REMix does neither consider 

the effects of security constraints on transmission line expansion nor contingency analysis 

on the power flow distribution. The objective of this work is therefore to better understand 

the necessity of taking these effects into account for ensuring a secure power supply in 

future power systems. The detailed objectives are explained below.  

1.1 Research objectives 

The main aim of this thesis is the analysis of the effects of transmission line outages in 

the network power flow and the adaption of the transmission capacity expansion planning 

to also consider the impact of single-line outages. To achieve this purpose, the following 

specific objectives have been formulated: 

• Implementation of a line outages algorithm in a GAMS model using data of 

generic networks 

• Setting up an instance of REMix using data of generic networks 

• Implementation of an algorithm for line outages in REMix 

• Determination of line expansion scenarios 

• Adaption of the line outage algorithm to also model line expansion 

• Validation of the new methods implemented in REMix 

• Comparison of different TEP methods with and without security constraints 

1.2 Thesis structure 

This thesis is divided into 5 chapters. The current chapter presents an overview of the 

motivation for the study and introduces the objectives of this thesis. Chapter 2 

comprehends a literature review of relevant topics including optimal power flow, 

contingency analysis, line outage distribution factors, and transmission expansion 

planning.  

In chapter 3, the methodology is detailed giving an introduction of REMix and an 

explanation of the methods used for modeling the linear optimal power flow, the post-

contingency critical lines (PCL) algorithm, TEP, and the integration of line expansion 

with the PCL algorithm.  

Chapter 4 describes the results of the previously mentioned models tested on the IEEE 

RTS 24-bus network and two modified versions of this network. The validity of the 

proposed methods is also discussed in this chapter. Finally, the research conclusions are 

presented in Chapter 5 along with the scope for future work in this field. 
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2 Theory 

This chapter presents the theoretical background of different concepts and formulations 

needed to understand the development of this thesis: Optimal Power Flow (OPF), 

contingency analysis, Line Outage Distribution Factor (LODF), and Transmission 

Expansion Planning (TEP). 

2.1 Optimal power flow 

The optimal power flow problem (OPF) is an optimization problem that has been studied 

since the 60’s due to its importance in power system operation and planning [11]. The 

OPF problem is a combination of economic dispatch  (explained by Wood et al. [5]) and 

power flow simulation. In consequence, the OPF determines the best operating point for 

electric power generators in order to meet demands given throughout transmission and 

distribution networks, subject to system constraints, usually with the objective of 

minimizing operation and maintenance costs [5, 7]. 

The OPF is used for scheduling generators for long and short-term power system 

planning. With advances in optimization tools, several new objectives and constraints are 

included in a traditional OPF problem, such as security constraints, active power loss, 

emission of generating units, number of control actions, and load shedding [7, 11].   

Due to the non-linearity of power-flow equations for alternating current (AC) networks, 

OPFs are originally formulated as non-linear, non-convex optimization problems.  Hence, 

finding a global optimum for the non-linear problem is challenging and computationally 

expensive [12]. 

For computational efficiency, the NLP problem is usually formulated with a linearized 

transmission model often referred to as the linear optimal power flow (LOPF) problem. 

Linearizing the load flow equations in transmission networks with sufficient reactive 

power compensation introduces only small errors [12, 13]. The LOPF is used in this thesis 

specifically the DC optimal power flow (DCOPF) and its detailed explanation is given in 

the following subsection. 

2.1.1 DC optimal power flow 

The DCOPF is a linear problem whose convexity guarantees that a local optimum is a 

global optimum. In consequence, it gives a good approximation to the AC optimal power 

flow (ACOPF), being much faster and easier to set up and solve [5].  

Thanks to its simplicity and linearity the DCOPF is used in many types of studies, e.g. 

contingency analysis due to the multiple calculations required for checking the 𝑁 −  1 
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criterion and techno-economic studies of power systems for assessing the influence of 

commercial energy exchanges on active power flow in the transmission network [13]. 

The linearity of the DCOPF is achieved by making some assumptions: the reactive power 

is disregarded, a flat voltage profile consideration i.e. voltages magnitudes set to 1 p.u., 

line resistance is negligible, tap settings are ignored and voltage angle differences are 

small, i.e. 𝑠𝑖𝑛(𝛿12) ≈ 𝛿12 [14].    

The DCOPF gives no data about the voltage magnitudes, reactive power flows, or 

apparent power flows. However, it allows calculating a good approximation of active 

power flows on transmission lines and transformers, with an accuracy of 5% with respect 

to the ACOPF [5, 13]. The optimization problem of the DCOPF which should be solved 

is formulated as follows [6]:  

min OF = ∑ 𝑐𝑔𝑃𝑔

𝑔∈ Ω𝐺

 
(1) 

where 𝑔 is an index over the generators and 𝑐𝑔𝑃𝑔 is the cost function for each generator 

of the system, where 𝑐𝑔 is the fuel cost and 𝑃𝑔 is the active power generated by generator 

g. This objective function is subject to:  

𝑃𝑖𝑗 =
𝛿𝑖 −  𝛿𝑗

𝑥𝑖𝑗
    ∀ 𝑖𝑗 ∈ Ω𝑙   (2) 

∑ 𝑃𝑔 − 𝐿𝑖 =  ∑ 𝑃𝑖𝑗 

𝑗 𝜖 Ω𝑙
𝑖𝑔 ∈ Ω𝐺

𝑖

 ∀ 𝑖 ∈ Ω𝐵 
(3) 

−𝑃𝑖𝑗
𝑚𝑎𝑥 ≤   𝑃𝑖𝑗 ≤  𝑃𝑖𝑗

𝑚𝑎𝑥   ∀ 𝑖𝑗 ∈ Ω𝑙     (4) 

𝑃𝑔
𝑚𝑖𝑛 ≤   𝑃𝑔 ≤  𝑃𝑔

𝑚𝑎𝑥   ∀ 𝑔 ∈ Ω𝐺     (5) 

The first constraint, equation (2), corresponds to the DC power flow linearization with 

the assumptions described above, where 𝛿𝑖  is the voltage angle in bus i and 𝑥𝑖𝑗 is the 

reactance of the branch connecting bus i to 𝑗. The equation (3) is the bus power balance 

at each bus i related to Kirchhoff’s Current Law indicating that the difference between 

generation (𝑃𝑔) and the electrical load (𝐿𝑖)  must be equal to the power current Pij 

withdrawn by each branch 𝑗 𝜖 Ω𝑙
𝑖 attached to the bus i [12].  

Furthermore, equation (4) corresponds to the active power flow limits of each branch, and 

equation (5) denotes the maximum and minimum limits of power generation for each 

generator.  
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2.2 Contingency analysis 

Contingency analysis is the study of the outage of elements such as transmission lines, 

transformers, and generators, and its effects on line power flows and bus voltages of the 

remaining system. It allows to analyze the power system security during planning and 

operation. Contingencies may cause severe violations of the operating constraints. 

Therefore, planning considering contingencies forms an important aspect of secure 

operation allowing the system to be operated defensively [15]. 

Transmission-line outages and generation-unit failures are two major types of failure 

events studied on contingency analysis. This thesis is focused on transmission-line 

outages, which affect all flows nearby the disconnected line. The outage’s result could be 

a line flow limit or bus voltage limit violation.  

The transmission system operator must know which line outages will cause flow or 

voltage limit violations. Contingency analysis techniques are used to predict the effects 

of outages, modeling single failure events or multiple failure events (i.e., two or more 

transmission lines). Some techniques simulate “all credible outages” and for each outage 

tested, the contingency analysis procedure checks all line flows and bus voltages in the 

network against their respective limits [5].  

The most difficult problems to cope with in contingency analysis are the speed of solution 

of the model used and the selection of “all credible outages.” Considering a system of 

around five thousand lines, if all possible outages were to solve in 1s, it would take more 

than 1h to obtain the report of all cases.  

Due to long processing times, some contingency analysis techniques use a selection or 

ranking to determine the outage cases that cause the worst overloading problems and to 

check the system flows just for these important cases.  

2.2.1 Contingency selection 

Electrical engineers used to use their judgment and experience for selecting and analyzing 

critical contingencies. Nevertheless, this approach may not identify all severe 

contingencies, especially in large systems. Consequently, contingency selection is carried 

out for quickly identifying those contingencies which may cause overloading of lines. 

Hence, it is reduced the number of contingencies that need to be analyzed by full load 

flow while assessing the power system’s security [3]. 

According to the state of art [16, 17], there are two main methods for contingency 

selection: ranking methods and screening methods. The advantages and disadvantages of 

these methods will be described below. 
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2.2.2 Ranking methods 

Ranking methods order contingencies based upon their relative severity. Contingencies 

are ranked based on the performance index (PI), which measures the system stress based 

on different parameters. The PIs are explicitly expressed in terms of network variables 

such as the active power flows or voltages and are directly evaluated. Several PI-based 

methods have been proposed and tested for power system security analysis; for instance, 

some of them measure the degree of line overloads [18], some determine the bus voltages 

and other ones use the line current [19].  

One of the disadvantages of the ranking methods is the masking effect that is the lack of 

discrimination because the PI value of a case with many high loadings but no violations 

is comparable with the index for a case with one huge violation [20]. Additionally, 

another important disadvantage is the misranking of contingencies, which is mainly due 

to the inaccuracies in the model used for calculating the PIs and refers to errors in the 

order of relative severity of some contingencies [16].  

In recent years, some ranking methods using new approaches were developed, such 

techniques include artificial neural networks, genetic algorithms, or pattern recognition 

[16, 21, 22]. Generally, these methods have higher accuracy for the contingencies ranking 

and faster analysis times, although they may have hardware dependence due to the 

processing requirements.  

2.2.3 Screening methods 

The power flow solution approximation is used on screening methods to eliminate non-

critical contingencies. The network parameters are first calculated for all the 

contingencies and ranking is done based on the results of the approximate solutions. 

Screening methods, though more demanding in CPU resources, permit the identification 

of limit violations and the contingency selection using a more reliable technique and, 

therefore avoid masking or misranking errors [23]. Some of the methods include 

distribution factors, DC load flow, one iteration of AC load flow, and local solution 

methods.  

A screening method using Line Outage Distribution Factors (LODF) is presented in this 

thesis and its formulation is explained in the next numeral. A summary of the contingency 

selection methods is shown in Figure 1. 
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Figure 1 Contingency selection methods 

2.3 Line Outage Distribution Factors 

Line Outage Distribution Factors (LODF) measure the linear sensitivity of active power 

flows to outages of specific lines, providing a quick calculation of possible overloads. 

LODF estimate the steady-state power flow redistribution after a line outage and are 

derived from the load flow [6, 7].   

The LODF used in this thesis are limited by the conditions of a DC power system model 

[24]: 

a. All the voltages are considered to have a 1 p.u. magnitude. 

b. The line resistance is disregarded since it is small compared to the line reactance. 

The shunt reactance is omitted. 

c. The reactive power flow is neglected. 

The advantages of the LODF are the high calculation speed, the accuracy for contingency 

selection in comparison with the ranking methods, and the obtention of approximate 

solutions for all the single line contingencies. 

2.3.1 LODF formulation 

In order to explain the mathematical definition of LODF Figure 2 shows an exemplary 

power system, on which the effect of the outage of the line 𝑛𝑚 connecting bus 𝑛 to bus 

𝑚 is studied. 

Suppose the flow of this line is initially equal to 𝑓𝑛𝑚
0 . Assuming no losses, this power 

flow is the same that is injected to bus n from the rest of the network and equal to the 

power absorption from bus m to the rest of the network when no contingency has 

happened.  
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Figure 2. Line outage modeling using virtual injections. (a) Pre-contingency network (b) Post-

contingency network. Adaption of [6]. 

After the contingency between bus 𝑛 and 𝑚,  𝑓𝑛𝑚  will be zero. However, two virtual 

injections are added to simulate the opening of the line 𝑛𝑚: +∆𝑃𝑛 at bus 𝑛 and another 

one equal to −∆𝑃𝑛 at bus 𝑚. The power flow on the line 𝑛𝑚 would change as shown in 

Figure 2b [6] [5]. 

The virtual injection ∆𝑃𝑛 to the grid will be equal to the post-contingency line flow which 

is calculated as follows:  

∆𝑃𝑛 =  𝑓𝑛𝑚
𝑝𝑜𝑠𝑡

= 𝑓𝑛𝑚
0 + ∆𝑓𝑛𝑚 (6) 

The change of flow on line 𝑛𝑚 can be calculated using the following equation:  

∆𝑓𝑛𝑚 =  
∆𝛿𝑛 −  ∆𝛿𝑚

𝑥𝑛𝑚
=

𝑋𝑛𝑛∆𝑃𝑛 + 𝑋𝑛𝑚 (−∆𝑃𝑛) − (𝑋𝑚𝑛∆𝑃𝑛 +  𝑋𝑚𝑚 (−∆𝑃𝑛))

𝑥𝑛𝑚
 (7) 

Where 𝑥𝑛𝑚 is the reactance of the line 𝑛𝑚, ∆𝛿 is the change of the bus voltage angle and 

𝑋∗∗ are values of the reactance matrix.  

The previous equation could be reduced to: 

∆𝑓𝑛𝑚 =
𝑋𝑛𝑛 + 𝑋𝑚𝑚 −2 ∗ 𝑋𝑛𝑚

𝑥𝑛𝑚
∆𝑃𝑛 (8) 

Combining the equations (6) and (8) results: 

∆𝑃𝑛 =  
𝑓𝑛𝑚

0

(1 −
𝑋𝑛𝑛 + 𝑋𝑚𝑚 −2𝑋𝑛𝑚

𝑥𝑛𝑚
)
 

(9) 

On the other hand, the change in the power flow of line 𝑖𝑗 is calculated as follows: 
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∆𝑓𝑖𝑗 =  
∆𝛿𝑖 −  ∆𝛿𝑗

𝑥𝑖𝑗
=

𝑋𝑖𝑛 − 𝑋𝑖𝑚 −𝑋𝑗𝑛 + 𝑋𝑗𝑚 

𝑥𝑖𝑗
∆𝑃𝑛 (10) 

Therefore, in this case the LODF corresponding to the impact of an outage on line 𝑛𝑚 on 

the power flow of line 𝑖𝑗 could be obtained combining equations (9) and (10): 

𝐿𝑂𝐷𝐹𝑖𝑗,𝑛𝑚 =  
∆𝑓𝑖𝑗

𝑓𝑛𝑚
0 =

𝑋𝑖𝑛 − 𝑋𝑖𝑚 −𝑋𝑗𝑛 + 𝑋𝑗𝑚 

𝑥𝑖𝑗 (1 −
𝑋𝑛𝑛 + 𝑋𝑚𝑚 −2𝑋𝑛𝑚

𝑥𝑛𝑚
)
 

(11) 

2.3.2 Calculation of approximate flows using LODF 

The flow of line 𝑖𝑗 with line 𝑛𝑚 out can be determined using LODF [6, 25]: 

𝑓𝑖𝑗
𝐶 = 𝑓𝑖𝑗

0 + 𝐿𝑂𝐷𝐹𝑖𝑗,𝑛𝑚𝑓𝑛𝑚
0  (12) 

Where: 

•  𝑓𝑖𝑗
0 , 𝑓𝑛𝑚

0  are respectively the pre-outage flows on lines 𝑖𝑗 and 𝑛𝑚. 

• 𝑓𝑖𝑗
𝐶  is the post-outage flow of line 𝑖𝑗 with line 𝑛𝑚 out. 

2.4 Transmission expansion planning 

In recent years, the massive integration of renewable energy resources has given more 

importance to the reliability and efficiency of power systems. The reliable and efficient 

operation of a power system largely depends on optimal transmission grid planning.  

Transmission expansion planning (TEP) determines the least costly strategy to expand 

the existing transmission network with the aim of facilitating energy exchange among 

producers and consumers while maintaining the reliability and security performance of 

the power system [3].  

Some of the motivations for TEP are the aging of the current infrastructure, expected load 

growth, and the new renewable generation facilities, usually located far away from 

demand centers. Therefore, it is essential to reinforce and expand the existing 

transmission network in order to guarantee energy flows from generators to consumers. 

These demands must be supplied even in the worst situations, such as a peak load or the 

failure of a generating unit [26]. 

2.4.1 Classification of TEP formulations 

In general, TEP is a complex decision-making problem because it involves a multi-

criteria objective, non-linear constraints, and a non-convex feasible region. Consequently, 
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many approaches have been proposed to solve it. Those approaches can be classified from 

different viewpoints [26, 27]. 

From the viewpoint of power system uncertainties, TEP approaches can be classified in: 

• Deterministic: For these approaches, the expansion plan is designed only for the 

worst-case scenario, for example with a load that corresponds to the maximum 

load demand expected in the planning horizon. The deterministic approaches do 

not consider the probability of occurrence of different scenarios.  

• Non-deterministic: these approaches are able to consider uncertainties associated 

with the analysis of the random and nonrandom factors in the TEP formulation. 

Some uncertainty parameters considered are loads, prices, renewable energy 

generation, availability of generating units, among others [27].  

Considering the implementation horizon, TEP approaches are classified into: 

• Static: these methods assume that system expansions are implemented instantly at 

a single point in the future. The optimal design could include grid topology, 

transmission capacities, or a set of possible reinforcements to achieve a particular 

objective [28]. 

• Dynamic: considers temporal continuity of expansion project with multi-year 

planning. The dynamic approaches make the transmission expansion decisions at 

different points in time of the planning horizon. Besides, they provide more 

economically efficient solutions since it allows the transmission planner to adapt 

to future changes in the system, although they are computationally intensive [26, 

28]. 

 

In this thesis, a deterministic and static approach to the TEP problem is used and its 

mathematical formulation is explained in numeral 3.4.1. 

2.4.2 Methods for solving TEP 

The aim in the TEP problem is to find the solution that gives the optimal objective 

function value and satisfies the constraints. Being a very complex problem, different 

methods have been developed for solving TEP, the most relevant are based on exact or 

heuristics optimization algorithms [28]. 

Exact optimization algorithms are the traditional ones, which can prove the optimality of 

the solution found. The most common exact methods comprise linear programming [29, 

30], nonlinear programming [31] , mixed-integer programming [3] [32], bilevel 

programming [33], and decomposition techniques [34]. In the development of this thesis, 

a mixed-integer linear programming algorithm is used.  
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Heuristic algorithms have been developed to cope with the complexity of the TEP 

problems, providing a feasible solution with less computational effort than exact 

algorithms. The heuristic methods correspond to experience-based techniques that are 

inspired by learning processes of nature, industry, or phenomena [3, 28, 35]. 

Moreover, the heuristic algorithms usually use a sensitivity index, define a set of rules or 

perform local searches with some logical guidelines specified to find a solution to the 

TEP. The drawbacks of the heuristic methods are the impossibility to prove that the 

feasible solution is optimal and the propensity to get stuck in local minima or even diverge 

[28, 36]. 

2.4.3 The mixed-integer linear programming model 

The classical mathematical model for TEP problems is based on a mixed-integer 

nonlinear programming (MINLP) model [3, 37]. For a DC flow model, the nonlinearity 

is due to constraints related to the power flow equations, where bus voltage angle 

variables are multiplied by line investment binary decision variables [38]. However, the 

MINLP problems are difficult, if not impossible to solve [32], which means a 

simplification is needed.  

The mixed-integer linear programming (MILP) problems are linear optimization models 

in which only some of the variables are constrained to be integers, while other variables 

are allowed to be continuous [39]. It is possible to reformulate the original non-linear  

TEP problem as a MILP problem without introducing additional approximations using 

the disjunctive method discussed in [32]. The mathematical formulation of the MILP TEP 

problem of this thesis is presented in the methodology, specifically in section 3.4.1. 
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3 Methodology 

The aim of this master thesis is to model line outages and to integrate the security effects 

of such line outages into the TEP problem which is part of an existing energy system 

optimization framework called REMix-MISO. This section will present the methodology 

used for achieving these objectives, whose schematically representation is shown in 

Figure 3.  

First, for validation purposes, a DCOPF problem of a generic electrical system is 

developed from scratch using GAMS [40]. In the following, this model is called the 

“Validation model”. The same system is parameterized for solving it using REMix-

MISO. Secondly, the method for post-contingency analysis of critical lines (PCL) using 

LODF is applied to the generic system modeled in the previous stage, this method is 

presented in section 3.3.  

The next step is the modeling of two TEP scenarios for a generic electrical network. These 

scenarios are implemented in REMix-MISO and validated with the “Validation model”. 

Finally, the line expansion model is adapted to include security constraints with the PCL 

algorithm. The REMix modeling framework used in this thesis and each of the previously 

mentioned steps will be explained in detail below. 

  

Figure 3. Project methodology 

3.1 REMix-MISO 

The modeling framework REMix-MISO is developed at the DLR and written in GAMS. 

It allows the user to set up different energy systems optimization problems and is 

programmed in a modular structure with a high geographical and technological flexibility. 

Regarding the geographical aspect, all modules can be applied to regions of all sizes, 

ranging from small cities to world regions. Thus, it allows to optimize in hourly resolution 

the operation of an energy system and to determine the least-cost future expansions [10].  

The framework REMix-MISO is designed with a feature-centric approach as presented 

in Figure 4, including blocks of conversion, transport, storage, sources, and sinks. 

Additionally, commodities and indicators are important concepts used on MISO to model 

the energy systems [41]. The previously mentioned features are explained below.  
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Figure 4. Scheme with the general features of REMix-MISO. Adapted from [41]  

3.1.1 Concepts 

REMix-MISO has the advantage of allowing modeling energy systems of different 

carriers (e.g. electricity, gas, etc.) and accounting for different indicators (e.g. costs, CO2, 

etc.). of the system. For this reason, the concept of commodities and indicators is essential 

in REMix-MISO.   

3.1.1.1 Commodities  

The commodities in REMix-MISO trace physical flows of energy carriers (e.g. fuels, 

electricity, heat, etc.). They have dedicated sources and sinks. Inside the system, they can 

be stored, transported, and converted into other commodities [41]. 

3.1.1.2 Indicators 

For accounting purposes, different indicators can be used (e.g. costs, firm capacities, land 

use, CO2, etc.). They account for non-physical or non-restricted flows and are calculated 

based on associated generator units, lines, activities, and sources. Indicators can be 

accounted for a single or multiple-year period. Likewise, they can be considered across 

single model nodes, globally, or according to custom regions [42].  

3.1.2 REMix-MISO modules 

REMix-MISO consists of several modules as represented in Figure 5. Currently, there are 

three so-called framework modules, seven core modules, and six methods modules. The 

framework modules give a general structure to the model, specifically, the 

“framework_miso” module defines the MISO model calling the model definition of each 

of the core modules and including the files of the solving methods. A brief description of 

the core modules is presented below. 
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Figure 5. Modules of REMix-MISO. Source: [43] 

3.1.2.1 Converter 

Converters are technologies that allow conversion processes from one commodity to 

another commodity. They are modeled including their technical characteristics, which are 

processed in the “core_converter” module, and their economical parameters, which are 

inputs for the “core_accounting” module. The conversion activities associated with the 

converters describe the ratios between input commodities and output commodities. A 

converter can have one or multiple conversion activities (e.g. generation of power and 

generation of heat) [41].  

Examples of the converters that are possible to consider in the REMix simulations are 

wind turbines, photovoltaic systems, conventional power plants, combined heat and 

power (CHP), among others.  

3.1.2.2 Transport  

The commodity transport among regions is implemented in REMix-MISO with corridors. 

First, the initial and final regions of each corridor are defined, these connections can be 

of any commodity. Afterward, the commodity transported through each corridor is 

specified (e.g. electricity, heat, gas, etc.) and its technical characteristics such as losses, 

rated capacity, and reactance.  
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The energy flows through the corridors are usually bidirectional, but can also be defined 

as unidirectional, which is especially of relevance for gas grids or HVDC power lines. 

For the electrical networks, REMix-MISO optimizes power transmission through a 

LOPF. There are two LOPF methods already implemented in REMix-MISO, one is a 

DCOPF that uses voltage angles and another that uses Kirchhoff cycles. Code extensions 

related to security-constrained TEP have not been available in this module yet and need 

to be implemented.  

3.1.2.3 Storage 

Storage technologies allow a commodity to be stockpiled for a period of time, which 

depends on its technical features such as the rated capacity. In MISO, the storage 

technologies are generally built using two different components: a storage reservoir to 

keep the chosen commodity and a converter for charging and discharging the storage [41]. 

3.1.2.4 Sources and sinks 

Sources and sinks represent the inputs and outputs of the physical commodities to the 

system respectively, for example, a source could be a fuel imported from a global market 

and a sink could be emissions into the environment. Moreover, it is possible to limit the 

hourly or annual availability of fuels or emissions [41]. 

3.1.2.5 Balance 

The balance module in MISO makes the energy balance for each commodity used in each 

period of time, region, or node of the system and year. This module ensures that the 

demand is met at all times and in all regions. 

3.1.2.6 Accounting 

The definition of the objective function to minimize is made in the “core_accounting” 

module, the inputs of this module are the accounting parameters for the converters, 

transport, storage, and source/sinks. The objective function is defined depending on the 

indicators specified by the user. Usually, the overall system costs are defined as objective 

function and minimized. 

3.2 DCOPF for a generic network 

In this stage, a generic electrical network is modeled and the DCOPF is calculated using 

the Validation model and REMix-MISO.  
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3.2.1 IEEE RTS 24-bus system 

The generic network chosen is the IEEE Reliability Test System (RTS) 24-bus network 

[6]. Figure 6 shows its single line diagram. The IEEE-24 system used in this thesis has 

34 branches, 12 generators, 17 loads, and 24 buses. 

 

Figure 6. IEEE RTS 24-bus network. Adapted from [6]. 

The generation data for the IEEE RTS 24-bus network is presented in Table A1 of 

Appendix A. The slack bus is bus 13 in this network. The data of generating units is 

obtained from Soroudi [6]. The total load of the system is 2850 MW. The characteristics 

of the loads are given in Table A3.  

The transmission lines are at two voltage levels, 138kV and 230kV with Sbase = 100MVA. 

The 230-kV system is the top part of Figure 6, with 230/138 kV tie stations at buses 11, 

12, and 24. Branch parameters are given in Table A2. 

3.2.2 DCOPF using the Validation model 

The Validation model is a simple model of the IEEE RTS 24-bus system created in 

GAMS that allows validating the results obtained with REMix-MISO. It uses per unit 

values to represent the reactances of the branches.  



 

 

 

 

17 

 

Methodology 

 
The DCOPF for the IEEE 24-bus system is implemented in the Validation model using 

the equations (1) to (5). It represents a simplified version of the source code example 

provided by Soroudi [6].  

3.2.3 DCOPF of the IEEE RTS 24-bus system in REMix-MISO 

To use the model framework REMix-MISO it is necessary to set up an instance with the 

technical and economical parameters. In this case, the parameters of the IEEE RTS 24-

bus network are set up using Python, the steps are shown in Figure 7 and detailed below. 

  

Figure 7. Method for DCOPF using REMix-MISO 

3.2.3.1 Definition of the model scope and objective function 

The definition of the model scope and objective function indicates the spatial and 

temporal scopes of the model. For this system, the 24 nodes are added and the 

optimization is set up to one hour. In this case, the objective is the minimization of the 

total system cost. 

3.2.3.2 Addition of demand 

The hourly load indicated in Table A3 is added, modeling one hour and using the format 

required by REMix-MISO, which includes setting the demand as negative values. 

3.2.3.3 Including converter technologies 

To add converter technologies in REMix-MISO it is necessary to specify the produced 

commodity, the technical and economical parameters, and the activities the technology 

can perform. In this case, the produced commodity is electricity. The technical and 

economical parameters are indicated in Table A1 and the activity is the power generation. 

The estimated lifetime of the generating units is 25 years.  
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3.2.3.4 Definition of network corridors 

For the network corridors definition, the link connections are set up specifying the start 

and end points of each line. Additionally, the terrain type and length of each line need to 

be specified. The terrain type is land for all lines and the length is calculated based on the 

reactance with the equation (13). To calculate the lengths of the lines, the reactance per 

distance (𝑥𝑑𝑖𝑗
) is set to 10 Ω/km. The lengths used for each line are given in Table A4 

of Appendix A.  

𝑑𝑖𝑗  [km] =
𝑥𝑖𝑗  [Ω]

𝑥𝑑𝑖𝑗
 [Ω/km]

 (13) 

 

3.2.3.5 Specifying the electricity network 

The electricity network is added specifying that the commodity is electricity, the technical 

and economical parameters shown in Table A2, and the reactance in Ohms presented in 

Table A4 and calculated with equation (14). This equation is obtained combining per unit 

equations presented by Kasikci [44].  

𝑥𝑖𝑗 =
𝑈𝑏𝑎𝑠𝑒

2 ∗ 𝑥𝑖𝑗 𝑝𝑢

𝑆𝑏𝑎𝑠𝑒  
 (14) 

Moreover, for running the DCOPF in REMix-MISO it is necessary to define the 

parameter “gridSegments”. This parameter defines a group of links for which dc-power 

flow equations should be applied. 

3.2.3.6 Running the model 

The final step before running the model is collecting the data frames created during the 

previous steps and converting them to .dat files, which are used for the modeling 

framework REMix-MISO to optimize the system. For the running of the model some 

solver settings can be defined (e.g. epgap, crossover, etc.). In this case, the default settings 

are used and the results of the optimization correspond to the DCOPF. 

3.3 Post-contingency critical lines (PCL) algorithm 

To find the critical lines after a contingency 𝑁 − 1, a post-contingency critical lines (PCL) 

algorithm is implemented for both the Validation model and REMix-MISO.  Figure 8 

shows the flowchart of this algorithm. 
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Basically, the algorithm initiates constructing the matrix of Susceptance (𝐁), which 

corresponds to the imaginary part of the nodal admittance matrix (𝐘 Matrix). The B 

matrices are usually always singular, i.e. not invertible, its reduction is therefore needed. 

𝐁𝐫𝐞𝐝𝐮𝐜𝐞𝐝 is determined by choosing an arbitrary non-zero reference node and removing 

its corresponding row and column of the B matrix [45]. 

Next, the algorithm calculates the LODF using equation (11) and the approximate post-

contingency power flows using equation (12). Next, the absolute values of the matrix of 

the estimated post-contingency flows (𝑭𝑖𝑗
𝐶 ) are subtracted from the values of the rated 

capacity matrix (𝑷𝑖𝑗
𝑚𝑎𝑥). If the difference is less than or equal to zero, the outage case will 

be part of the critical cases matrix (𝑪𝑪𝑖𝑗,𝑛𝑚), and each outage case will take a value of 

one. 

The next stage is the construction of the critical lines list (𝐶𝐿𝑛𝑚), which contains the lines 

on outage causing an overload on the network and the number of cases in which each line 

causes a limit violation. To calculate the critical lines, the critical cases are added for all 

supervised lines (𝑖𝑗) as shown in equation (15). 

𝑪𝑳𝒏𝒎 =  ∑ 𝑪𝑪𝒊𝒋,𝒏𝒎

𝒊𝒋

 
(15) 

Finally, the three top critical lines are chosen according to the number of cases in which 

each line causes an overload in the system.  
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 Figure 8 Flowchart of the post-contingency critical lines algorithm  
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3.3.1 Implementation of the PCL algorithm in REMix-MISO 

The post-contingency critical lines algorithm is applied to the IEEE RTS 24-bus system 

modeled in the previous stage using the Validation model and REMix-MISO. 

The modeling in the Validation model is simpler than in REMIx-MISO because this 

model has just one module and the per unit values are used. On the other hand, REMix-

MISO has several modules with different purposes as explained above.  

As consequence, the construction of the 𝑩𝒓𝒆𝒅𝒖𝒄𝒆𝒅 matrix, its inversion, and the LODF 

calculation are made in the “core_transport” module. The calculation of the estimated 

post-contingency flows (𝑭𝑖𝑗
𝐶 ) and subsequent steps to find the critical lines are 

implemented in a new method called “methods_LODF”. 

The validation of the PCL algorithm is made by comparing the estimated post-

contingency power flow (𝑭𝑖𝑗
𝐶 ) with the real optimal power flow after the outage of some 

lines and with the results of the literature [6]. Additionally, the critical lines results 

obtained in the Validation model and REMix-MISO are compared to each other.  

3.4 Method for modeling TEP 

The next stage of this thesis is the modeling of two scenarios of transmission expansion 

planning (TEP) by modifying the initial data of the IEEE RTS 24-bus system in order to 

obtain a system that requires a network expansion. To achieve this, both the Validation 

model and REMix-MISO are extended according to the following problem formulation.  

3.4.1 Problem formulation 

The static TEP is formulated as a mixed-integer linear problem and represents a modified 

version of the one suggested in [30] and [6]. The formulation is presented in equations 

(16) to (24). 

The main aim of TEP is to find the best scenario of transmission expansion that minimizes 

the sum of transmission investment costs (𝑐𝑖𝑗) and generation operating costs (𝑐𝑔) in a 

given network. The objective function, equation (16), assumes that only investments in 

new electricity lines are possible. In this formulation, α𝑖𝑗
𝑘  is the binary variable to model 

the investment decision regarding the line 𝑘 at the right of way 𝑖𝑗. 

min OF = ∑ 𝑐𝑔𝑃𝑔

𝑔∈ Ω𝐺

+ ∑ 𝑐𝑖𝑗α𝑖𝑗
𝑘

𝑘,𝑖𝑗

 
(16) 

The objective function is subject to the following constraints:  
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∑ 𝑃𝑔 − 𝐿𝑖 =  ∑ 𝑃𝑖𝑗 

𝑗 𝜖 Ω𝑙
𝑖𝑔 ∈ Ω𝐺

𝑖

 ∀ 𝑖 ∈ Ω𝐵 
(17) 

𝑃𝑖𝑗
𝑘 − 𝐵𝑖𝑗(𝛿𝑖 −  𝛿𝑗) ≤ (1 −  α𝑖𝑗

𝑘 )M   ∀ 𝑖𝑗 ∈ Ω𝑙 (18) 

𝑃𝑖𝑗
𝑘 − 𝐵𝑖𝑗(𝛿𝑖 −  𝛿𝑗) ≥ −(1 −  α𝑖𝑗

𝑘 )M   ∀ 𝑖𝑗 ∈ Ω𝑙 (19) 

−𝑃𝑖𝑗
𝑚𝑎𝑥α𝑖𝑗

𝑘 ≤   𝑃𝑖𝑗
𝑘 ≤  𝑃𝑖𝑗

𝑚𝑎𝑥  α𝑖𝑗
𝑘   ∀ 𝑖𝑗 ∈ Ω𝑙 (20) 

𝑃𝑔
𝑚𝑖𝑛 ≤   𝑃𝑔 ≤  𝑃𝑔

𝑚𝑎𝑥   ∀ 𝑔 ∈ Ω𝐺  (21) 

𝐵𝑖𝑗 =  
1

𝑥𝑖𝑗
 (22) 

α𝑖𝑗
𝑘  ∈  {0,1} (23) 

𝑘 ∈  {1, … , 𝑘𝑚𝑎𝑥} (24) 

The constraint (17) corresponds to the power node balance applying the first Kirchoff’s 

law. The inequalities (18) and (19) represent the second Kirchoff’s law for each candidate 

line. In these constraints, a disjunctive factor (M) is introduced to get rid of the 

nonlinearities of the flow expression caused by the product of continuous variables (𝑃𝑖𝑗
𝑘) 

and binary variables (α𝑖𝑗
𝑘 ) as proposed by [46] and [32].   

When a candidate line binary variable (α𝑖𝑗
𝑘 ) is set to one in the constraints (18) or (19), 

the DC line flow equation is forced to hold, while if it is set to zero the disjunctive 

constraints enforce that no flow will go through the circuit [32]. Consequently, M should 

be assigned with a sufficiently large value that provides enough degree of freedom to the 

voltage angle difference between every unconnected node of the network. However, it is 

important to consider that a M factor that is too large will sometimes cause numerical 

difficulties [3, 30]. As defined by Soroudi [6], in this thesis the big M is selected as 

follows: 

𝑀 = 𝑚𝑎𝑥𝑖𝑗 (𝐵𝑖𝑗(𝛿𝑖 − 𝛿𝑗)) ≈ 𝑚𝑎𝑥𝑖𝑗(𝐵𝑖𝑗 ∗ 𝜋 ∗ 4
3⁄ ) (25) 

The line flow limits including the impact of the line investment binary variable are 

depicted for the constraint in (20). The generation operating limits are shown in (21). The 

susceptance definition is given in (22). 

The constraint (23) indicates the possible values of the binary variable (α𝑖𝑗
𝑘 ), 1 if line 𝑘 is 

built, 0 if not. Finally, the constraint (24) corresponds to the number of possible candidate 

lines 𝑘 to construct per corridor and 𝑘 is an integer parameter. 
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When the DCOPF equations are used directly to make the line expansions, the non-

linearity is because the power flow influences the investment decisions of lines per 

corridor, but these investment decisions influences the reactance per corridor (𝑥𝑖𝑗), i.e. 

𝐁 matrix. However, the susceptance matrix, in turn, influences the power flows, which 

again influences investment decisions. For this reason, the DCOPF included until now in 

REMix-MISO does not consider the change of the reactance when two or more lines are 

in parallel. One of the contributions of this thesis is the inclusion of a MILP TEP method 

in REMix-MISO, which contemplates the effect of parallel reactances on the line 

expansion.  

3.4.2 Definition of TEP scenarios 

Considering the IEEE RTS 24-bus network presented in the sub-section 3.2.1 with 34 

corridors, some modifications are made to the system to turn it into a TEP problem. The 

investment costs presented in Table 1 are proportional to the reactance of every line and 

are those provided by Alguacil et al. [30]. Additionally, it is assumed that all the lines of 

the same corridor have the same characteristics. 

Table 1. Investment cost and line capacities for Scenarios A and B, based on [30]. 

Corridor 

Investment 

Cost 

[Million 

US$] 

Scenario A 

Capacity 

[MVA] 

Scenario B 

Capacity 

[MVA] 

Corridor 

Investment 

Cost 

[Million 

US $] 

Scenario A 

Capacity 

[MVA] 

Scenario B 

Capacity 

[MVA] 

1-2 7.04 175 58.33 11-13 24.10 500 166.67 

1-3 106.92 175 58.33 11-14 21.16 500 166.67 

1-5 42.78 175 58.33 12-13 24.10 500 166.67 

2-4 64.14 175 58.33 12-23 48.90 500 166.67 

2-6 97.20 175 58.33 13-23 43.79 500 166.67 

3-9 60.24 175 58.33 14-16 19.70 500 166.67 

3-24 42.47 400 133.33 15-16 8.76 500 166.67 

4-9 52.50 175 58.33 15-21 24.81 1000 333.33 

5-10 44.70 175 58.33 15-24 26.27 500 166.67 

6-10 30.63 175 58.33 16-17 13.11 500 166.67 

7-8 31.08 175 58.33 16-19 11.70 500 166.67 

8-9 83.58 175 58.33 17-18 7.29 500 166.67 

8-10 83.58 175 58.33 17-22 53.31 500 166.67 

9-11 42.47 400 133.33 18-21 13.11 1000 333.33 

9-12 42.47 400 133.33 19-20 20.05 1000 333.33 

10-11 42.47 400 133.33 20-23 10.93 1000 333.33 

10-12 42.47 400 133.33 21-22 34.32 500 166.67 

Two scenarios for the TEP are considered, namely, scenario A and scenario B. In scenario 

A, the initial system has no preinstalled lines, the rated capacities are the same that for 

the base case system and it is possible to build two lines per corridor (𝑘𝑚𝑎𝑥 = 2). The 

number of binary variables in this scenario is 68. 
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In scenario B, the initial network topology is the one shown in Figure 6, and a maximum 

of four lines (𝑘𝑚𝑎𝑥 = 4) per corridor is admitted. To allow investment decisions, the 

maximum capacity of each line is reduced to one-third of the base case capacity as shown 

in Table 1. The number of binary variables is 136, four times the number of corridors. A 

constraint is included that sets α𝑖𝑗
𝑘=1 = 1 in this scenario. 

3.4.3 Modeling TEP scenarios in the Validation model 

For the Validation model, two different GAMS files are created based on the initial IEEE 

RTS 24-bus system, one for each scenario. The branch parameters are modified and the 

investment costs are added using the information in Table 1. Moreover, the equations (16) 

to (25) are included for each file. 

3.4.4  Modeling TEP scenarios in REMix-MISO 

For each scenario the parameters detailed in Table 1 are set up using one Python script, 

using the same method detailed in sub-section 3.2.3.  

Initially, the line expansion method included in REMix-MISO is used to compare the 

results of the Validation model. However, it is necessary to implement a mixed-integer 

linear TEP method to obtain comparable results. 

The “core_transport”, “core_balance” and “core_accounting” modules are modified to 

implement the MILP TEP method in MISO. A new “opfmethod” called “angle_mip” is 

included in the “core_transport” module considering the equations (18) to (25) and using 

the previous parameters and variables of REMix-MISO. For the “angle_mip” method the 

“core_balance” module is modified so that the line power flow depends on whether the 

line is built or not in case 𝑘. The “core_accounting” module is extended for the 

“angle_mip” method using the equation (16). 

Finally, the comparison between the results of the Validation model and REMix-MISO 

is made for scenarios A and B.  

3.5 Method for integration of line expansion and PCL algorithm 

The last methodological step of this thesis is the integration of the TEP with the post-

contingency critical lines (PCL) algorithm, creating a security-constrained TEP (SC-

TEP). Typically, the SC-TEP evaluates all the possible single outages to comply with the 

𝑁 − 1 criterion [3, 47]. However, the addition of all contingencies into MIP has 

significant impacts on computational effort and simulation time [4]. The mathematical 

formulation of the proposed SC-TEP is presented in the first sub-section, followed by the 

description of the integrated method workflow. Finally, the modeling differences for 

REMix-MISO and the Validation model are explained.  
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3.5.1 Mathematical formulation of SC-TEP 

A security-constrained mixed-integer linear formulation for the static TEP is presented in 

equations (26) to (33). This formulation is a modified version of the one suggested in [3] 

and [4]. The objective function, equation (26), is the same that for the TEP without 

considering contingencies. 

min OF = ∑ 𝑐𝑔𝑃𝑔

𝑔∈ Ω𝐺

+ ∑ 𝑐𝑖𝑗α𝑖𝑗
𝑘

𝑘,𝑖𝑗

 
(26) 

Subject to:  

∑ 𝑃𝑔 − 𝐿𝑖 =  ∑ 𝑃𝑖𝑗𝑐 

𝑗 𝜖 Ω𝑙
𝑖𝑔 ∈ Ω𝐺

𝑖

 ∀ 𝑖 ∈ Ω𝐵 
(27) 

𝑃𝑖𝑗𝑐
𝑘 − 𝐵𝑖𝑗(𝛿𝑖𝑐 −  𝛿𝑗𝑐) ≤ (1 −  𝑧𝑖𝑗

𝑘 )M   ∀ 𝑖𝑗 ∈ Ω𝑙 (28) 

𝑃𝑖𝑗𝑐
𝑘 − 𝐵𝑖𝑗(𝛿𝑖𝑐 −  𝛿𝑗𝑐) ≥ −(1 − 𝑧𝑖𝑗

𝑘 )M   ∀ 𝑖𝑗 ∈ Ω𝑙 (29) 

−𝑃𝑖𝑗
𝑚𝑎𝑥𝑧𝑖𝑗

𝑘 ≤   𝑃𝑖𝑗𝑐
𝑘 ≤  𝑃𝑖𝑗

𝑚𝑎𝑥  𝑧𝑖𝑗
𝑘   ∀ 𝑖𝑗 ∈ Ω𝑙 (30) 

𝑃𝑔
𝑚𝑖𝑛 ≤   𝑃𝑔 ≤  𝑃𝑔

𝑚𝑎𝑥   ∀ 𝑔 ∈ Ω𝐺  (31) 

𝑧𝑖𝑗
𝑘 = {

𝑳𝟏     for existing lines

 α𝑖𝑗
𝑘 𝑳𝟏  for new lines       

 (32) 

𝑘 ∈  {1, … , 𝑘𝑚𝑎𝑥} (33) 

In this SC-TEP problem, constraint (27) guarantees the power balance at every bus, 

considering the contingency cases for the power flow of the line. The disjunctive factor 

M explained in the sub-section 3.4.1 is included in constraints (28) and (29). In this 

problem the variables i.e. 𝑃𝑖𝑗𝑐
𝑘 , 𝛿𝑖𝑐 , and 𝛿𝑗𝑐  have to be calculated for every contingency 

case.  

The line flow limits including the impact of the line investment binary variable and the 

matrix of contingencies are provided in constraint (30). The limit on generation dispatch 

is shown in constraint (31).  

The constraint (32) indicates that the problem includes normal and under single 

contingency states of the system. In this formulation, 𝑳𝟏 represents a contingency 

scanning matrix to model the considered contingencies. A 0 in this binary matrix means 

the line is on outage and 1 means that the lines are in normal service [3].  

The columns of the contingency matrix are called states (𝑐). The first column of 𝑳𝟏 in 

equation (34) represents the normal operating condition with all lines in service, and one 
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line is on outage in each next column of the matrix. For the proposed method the lines on 

outage will be the ones indicated by the top critical lines list 𝐶𝐿𝑇.   

𝑳𝟏 = [
1
⋮
1

|
0 ⋯ 1
⋮ ⋱ ⋮
1 ⋯ 0

] (34) 

3.5.2 Workflow of the integrated method 

Considering that the single outages of some lines will not cause limit violation on other 

lines, the proposed SC-TEP method includes only the critical contingencies into TEP. 

The flowchart in Figure 9 shows a summary of the following steps of the proposed SC-

TEP:  

• Step 1: The input data of loads, generation units, current, and candidate 

transmission lines is loaded to create the base case system. The base case system 

that contains existing lines, loads, buses, and generators is referred to as 𝑆0. 

• Step 2:  A relaxed version of the TEP problem is solved ignoring all constraints 

related to the contingency analysis, according to the formulation described in sub-

section 3.4.1. The selected candidate lines together with the existing network (𝑁0) 

form the updated network (𝑁1). The updated system is named 𝑆1. 

• Step 3: Using the information of the updated network (𝑁1) the top critical lines 

list (𝐶𝐿𝑇) is created with the post-contingency critical lines (PCL) algorithm 

detailed in sub-section 3.2. If 𝐶𝐿𝑇 is empty, it means the current network 

configuration satisfies the N-1 criterion and corresponds to the final solution. 

Otherwise, contingency matrix 𝑳𝟏 will be created based on 𝐶𝐿𝑇. 

• Step 4: For solving the SC-TEP optimization problem, the initial system 𝑆0 is 

considered and the TEP problem is modified to include the contingency matrix 

𝑳𝟏. The detailed mathematical formulation will be explained in the previous sub-

section.  
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Figure 9. Flowchart of the method with the integration of line expansion and PCL algorithm 
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3.5.3 SC-TEP modeling  

The proposed SC-TEP method is applied to scenario B of the IEEE RTS 24-bus system 

modeled in the previous stage (sub-section 3.4) using the Validation model and REMix-

MISO. 

For the Validation model, the GAMS file includes the equations (26) to (34) and two 

GAMS models are defined, one for the relaxed TEP problem and another for the SC-TEP 

problem.  

For REMix-MISO, the “framework_miso” is modified to include a GAMS model for the 

SC-TEP problem, whose equations are mainly defined in “core_transport”. Furthermore, 

the “methods_LODF” is integrated into a new module called “method_SC_TEP”. In this 

method, the models for TEP problems defined in “framework_miso” are called. 
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4 Results and discussion 

The results obtained in this project and its discussion will be presented in this chapter.  

The first section describes the linear optimal power flow results for the IEEE RTS 24-bus 

network to know the initial status of the network before outages, followed by the results 

of the post-contingency critical lines (PCL) algorithm showing the estimated post-

contingency power flows and the critical lines, and the analysis of the TEP solution for 

the proposed scenarios. Finally, the outcome of the integrated line expansion algorithm 

with PCL is discussed considering the implications in supply security.   

4.1 DCOPF for IEEE RTS 24-bus network  

The results of the DCOPF with REMix-MISO are validated against the Validation model. 

For the validation of the generation at each node, the optimal cost, and the power flow on 

each line are compared.  

The DCOPF cost for the IEEE RTS-24 bus system is 29574.27 Million US $. This total 

cost result is the same using the Validation Model and REMix-MISO. The detailed 

generation costs and power per node are given in Figure 10. As expected, generator 12 at 

node 22 is selected at its maximum capacity of 300MW due to its zero cost (parameters 

presented in Table A1). These generation results are the same as those already provided 

by Soroudi [6], confirming that the solution of the DCOPF is correct.  

 

Figure 10. Generation solution for IEEE RTS 24-bus network 

The results for the power flows of the transmission lines are given in Table 2, including 

the percentage of the maximum load for each line. The highest loads are at lines 7-8, 14-
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16, and 16-17. These line power flows are equal for the Validation Model and REMix-

MISO. 

 

Table 2. Power flows for IEEE RTS 24-bus network 

Line 𝑷𝒊𝒋 [MW] 
Load 

[%] 
Line 

𝑷𝒊𝒋 

[MW] 

Load 

[%] 

1-2 12.3 7% 11-13 92.7 19% 

1-3 17.5 10% 11-14 169 34% 

1-5 49.2 28% 12-13 65.8 13% 

2-4 26.5 15% 12-23 226.5 45% 

2-6 40.8 23% 13-23 216.7 43% 

3-9 19.3 11% 14-16 363 73% 

3-24 216.8 54% 15-16 80 16% 

4-9 47.5 27% 15-21 446.8 45% 

5-10 21.8 12% 15-24 216.8 43% 

6-10 95.2 54% 16-17 320.2 64% 

7-8 132.2 76% 16-19 92.2 18% 

8-9 30.4 17% 17-18 179.4 36% 

8-10 8.4 5% 17-22 140.8 28% 

9-11 124.5 31% 18-21 112.4 11% 

9-12 109.2 27% 19-20 88.8 9% 

10-11 152.6 38% 20-23 216.8 22% 

10-12 167.8 42% 21-22 159.2 32% 

The principal difference between the results for DCOPF using the Validation model and 

REMix-MISO is the processing time, which is 0.063s for the first one and 2s for the 

second one. The longer computation time for REMix-MISO is mainly due to the modeling 

framework checks for some inputs that are not part of this IEEE-24 bus system such as 

storage, losses, and source/sinks parameters.  

4.2 Post-contingency critical lines (PCL) algorithm 

Using the method proposed in section 3.2 the matrices LODF and 𝑭𝒊𝒋
𝑪  are obtained, each 

one with 1089 (33x33) entries. The estimated flow (fij
C) of each single-line outage is 

divided by the corresponding thermal limit to obtain the percentage of load shown in 

Figure 11. 
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Figure 11. Post-contingency power flows for the IEEE RTS 24-bus system 

Most of the single-line contingencies do not cause an overload of the lines as depicted in 

Figure 11, corresponding to a line load up to 40% of the thermal limit. Nevertheless, 

monitored lines 17-16 and 16-14 are highly loaded after many of the single-line outages. 

The detailed post-contingency power flows on lines 17-16 and 16-14 for all possible 

single-line outages are shown in Figure 12 and Figure 14 respectively.  

For many of the outages, the post-contingency power flow on line 17-16 is at a similar 

level as the flow before the outage, i.e. 320MW as shown in Figure 12. However, the 

highest power flow of 767MW after the outage of line 21-15 exceeds the thermal limit 

and is represented in Figure 13. 
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Figure 12. Post-contingency power flow on line 17-16 

 

 

Figure 13. Representation of outage of line 21-15 for IEEE RTS 24-bus system 

In Figure 14 the high variation of post-contingency power flow on line 16-14 is shown 

indicating the susceptibility of this line to the outages. For some outages, there is a 

significant increase in the power flow. The highest flow of 480MW occurs after the 

outages of the lines 24-15 or 3-24, corresponding to 96% of the load. 
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Figure 14. Post-contingency power flow on line 16-14 

The critical cases matrix (𝑪𝑪𝒊𝒋,𝒏𝒎) is given in Table 3. For this IEEE RTS 24-bus systems, 

there are just two critical outages cases, which exceed the thermal limits. The most loaded 

line after a single-line outage is 17-16 with 153%, and the second-most loaded line is 18-

17 with 113%.  The PCL algorithm indicates that there is one critical line 21-15, whose 

outage causes an overload of the two lines described previously.  

Table 3. Critical cases for IEEE RTS 2-bus network 

Monitored 

line 𝒊𝒋 

Line 𝒏𝒎 

on outage 

Estimated Post-contingency 

flow 𝒇𝒊𝒋  
𝑪  [MW] 

Thermal Limit [MW] Load [%] 

17-16 21-15 767 500 153% 

18-17 21-15 565.2 500 113% 

The LODFs and post-contingency estimated flows (fij
C) obtained with the PCL algorithm 

implemented in REMix-MISO and the Validation model based on [6] are highly similar, 

the highest relative error is 0.01%. This difference is due to some rounding 

approximations in REMix-MISO during the OPF calculation. The critical cases for both 

models are exactly the same.  

4.3 TEP scenarios 

The results of the two TEP scenarios are described and analyzed below. 

4.3.1 Scenario A 

Scenario A assumes that the initial network has no preinstalled lines. Table 4 illustrates 

the optimization results provided by both REMix-MISO and the Validation Model in 
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terms of the number of lines built, investment cost, and power flows for the branches. The 

graphical representation of this scenario solution is given in Figure 15. 

The total lines built are 22, which corresponds to 12 fewer lines than the original IEEE 

RTS 24-bus system. Nonetheless, these 22 lines have a higher load than the original 

system with a maximum of 87% for the lines 9-11 and 15-16. The solution of scenario A 

does not consider the interconnection of three buses (12, 13, 17) with the main grid as 

shown in Figure 15. Buses12 and 17 correspond to substations without generation or load, 

hence for a scenario without preinstalled transmission network, this would mean savings 

in the installation of new substations. This optimal solution excluding some nodes is 

similar to the solution presented by Alguacil [30]. 

On the other hand, the optimal solution for the bus 13 implies the isolation of its 

generation and load with the drawbacks associated such as management of energy 

reserves, security risks, and energy forecasting [48]. 

Table 4. TEP Solution for Scenario A – Lines 

Corridor 
# of new lines 

built 

Investment cost 

[Million US $] 

Absolute Power 

flow per line [MW] 

Load 

[%] 

1-2 1 7.04 55 31% 

1-5 1 42.78 99 57% 

3-24 1 42.47 180 45% 

4-9 1 52.5 74 42% 

5-10 1 44.7 28 16% 

6-10 1 30.63 136 78% 

7-8 1 31.08 74 42% 

8-10 1 83.58 97 55% 

9-11 1 42.47 346 87% 

10-11 1 42.47 303 76% 

11-14 2 42.32 325 65% 

14-16 2 39.4 422 84% 

15-16 1 8.76 437 87% 

15-21 1 24.81 767 77% 

15-24 1 26.27 180 36% 

16-19 1 11.7 351 70% 

18-21 1 13.11 67 7% 

19-20 1 20.05 532 53% 

20-23 1 10.93 660 66% 

21-22 1 34.32 300 60% 

Total 22 651.39   
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Figure 15. IEEE RTS 24-bus network solution for Scenario A 

The total costs of scenario A are 30239 Million US $, of which 651.4 Million US $ 

correspond to transmission system investment costs as detailed in Table 4 and 29587.6 

Million US $ are the operation costs for power generation detailed in Table 5.  

Scenario A generation solution presented in Table 5 is the same as for the original IEEE 

24-bus system except for nodes 7 and 13. The optimal generation at node 13 increases to 

produce exactly the load of this isolated node. As a consequence, the node 7 generation 

decreased to compensate for the increase in node 13.  

Table 5. TEP Solution for Scenario A – Generation 

Node 
Generation 

[MW] 

Operation cost 

[Million US $] 

1 152 2024.6 

2 152 2024.6 

7 199 4119.3 

13 265 5546.5 

15 167 2793.3 

16 155 1630.6 

18 400 2188.0 

21 400 2188.0 

22 300 0.0 

23 660 7072.7 
 Total 29587.6 

The TEP solution for scenario A is equal for the Validation model and REMix-MISO, 

and the processing times are 3.18s for the first one and 2.43s for the second one. 
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4.3.2 Scenario B 

The rated capacity of each line of the IEEE RTS 24-system is reduced to one-third for  

scenario B. Table 6 shows the optimized solution from REMIx-MISO in terms of the 

number of new lines built, investment costs, and power flows for the lines. The graphical 

representation of the optimal solution for scenario B is given in Figure 16. 

Table 6. TEP Solution for Scenario B – Lines 

Corridor 
# of new 

lines built 

Investment 

cost [Million 

US $] 

Absolute Power 

flow per line 

[MW] 

Line  
Load [%] 

3-24 1 42.47 120 90% 

6-10 1 30.63 54 92% 

7-8 1 31.08 58 100% 

10-12 1 42.47 116 87% 

12-23 1 48.9 145 87% 

14-16 2 39.4 119 71% 

15-21 1 24.81 236 71% 

15-24 1 26.27 120 72% 

16-17 1 13.11 147 88% 

Total 10 299.14   

 

Figure 16. IEEE RTS 24-bus network solution for Scenario B 

 

The number of new lines built is 10, including new lines for the corridors previously 

highly loaded according to the DCOPF presented in Table 2, i.e. 7-8, 14-16, 16-17. 
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However, the average load for these new lines is 84%, and the maximum load of 100% 

is fo line 7-8.  

The total costs of scenario B are 29876.9 Million US $, of which 299.1 Million US $ 

correspond to lines expansion investment costs as detailed in Table 6 and 29577.8 Million 

US $ are the operation costs for power generation detailed in Table 7. 

As in scenario A, the generation solution for scenario B is the same as for the original 

IEEE 24-bus system represented in Figure 10, except for nodes 7 and 13. As shown in 

Table 7, the optimal generation of node 13 increases by 15.5MW, whereas power 

generation of node 7 decreases by 15.5MW, which represents a small increment in the 

operation costs compared to the DCOPF presented in sub-section 4.1. 

Table 7. TEP Solution for Scenario B – Generation 

Node 
Generation 

[MW] 

Operation cost 

[Million US $] 

1 152 2024.6 

2 152 2024.6 

7 241.7 5002.5 

13 222.3 4653.4 

15 167 2793.3 

16 155 1630.6 

18 400 2188.0 

21 400 2188.0 

22 300 0.0 

23 660 7072.7 

 Total 29577.8 

The TEP solution for scenario B is very similar for REMix-MISO and the Validation 

model, with a maximum relative error in the power flow of 0.5% due to rounding 

approximations in REMix-MISO during the flow calculation.  

The calculation time is 2.8s for the Validation Model and 7.5s for REMix-MISO. The 

longer processing time for REMix-MISO is mainly due to the additional checking of 

MISO for some inputs that are not included in the IEEE-24 bus system such as storage, 

losses, and source/sinks parameters. 

4.3.3 TEP solution comparison with expansion planning of MISO 

The line expansion method already included in REMix-MISO is called “angle method”. 

This method is based on the TEP linear programming method proposed by Villasana [29]. 

It is a deterministic and static method and with continuous variables only. Nevertheless, 
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the optimal solution of this method differs significantly from the solution of the 

Validation model.  

For this reason, the method “angle_MIP” is implemented using the formulation detailed 

in sub-section 3.4.1, obtaining results equals or very similar to the optimal solution of the 

Validation model.  

The comparison of the optimal solution obtained with the “angle” and “angle_MIP” 

methods for the two scenarios is illustrated in Figure 17. For scenario A, the solution of 

“angle_MIP” lowers the cost by 655 Million US $ compared to the “angle” method. The 

“angle” method solution suggests the construction of 33 lines, whereas the “angle_MIP” 

method solution expands 22 lines.  

For scenario B, the solution of “angle_MIP” decreases the cost by 115 Million US $ with 

respect to the “angle” method. The “angle” method solution suggests the construction of 

14 new lines, whereas the “angle_MIP” method solution proposes 10 new lines.  

 

Figure 17. Comparison TEP solutions using Angle method and Angle_MIP method 

The main reason for this difference is that for the corridors with more than one line the 

“angle” method does not consider the decrease of the reactance, which is applied to lines 

in parallel according to Ohm’s law. On the other hand, the “angle_MIP” method considers 

the reactance of the lines in parallel, when it calculates the second Kirchoff’s law for each 

candidate line (𝑘) in the equations (18) and (19) in sub-section 3.4.1. 
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4.4 Integration of line expansion and PCL algorithm 

The system of scenario B is used to analyze the results of the security-constrained 

proposed method, which integrates MILP-TEP and the post-contingency critical lines 

algorithm.  

To show how the method works, the steps explained in section 3.5.2 are summarized for 

this system. Step 1: input data is loaded and 𝑆0 is created; Step 2: the mixed-integer TEP 

problem is solved as detailed in sub-section 4.3.2. The selected lines are shown in the 

second column of Table 8, and 𝑆1 is created; Step 3: the top critical lines list (𝐶𝐿𝑇) is 

created, its values are given in Table 9. As 𝐶𝐿𝑇 is not empty, the contingency matrix 𝑳𝟏 

is constructed; Step 4: the SC-TEP optimization problem is solved with REMIx-MISO 

and the results are shown in the third column of Table 8. 

Table 8. TEP with and without security constraints PCL, Scenario B of IEEE 24-bus system   

 Without security 

constraints 

With security 

constraints of PCL 

Selected Lines 

3-24 3-9 

6-10 3-9 

7-8 6-10 

10-12 6-10 

12-23 7-8 

14-16 7-8 

14-16 9-11 

15-21 10-12 

15-24 11-14 

16-17 12-23 

- 14-16 

- 14-16 

- 15-16 

- 16-17 

- 16-17 

- 16-17 

- 17-18 

- 17-18 

- 17-18 

- 18-21 

Total new lines 10 20 

Total Cost [Million US $] 29877.13 31616.56 

Investment Cost [Million US $] 299.14 521.37 

Operation Cost [Million US $] 29577.99 31095.19 
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Table 9. Top critical lines for Scenario B 

Critical Line on outage # Overloaded lines 

3-24 7 

15-24 7 

15-21 6 

First, the impact of considering security constraints obtained with the PCL on the TEP 

compared to ignoring it is evaluated. As shown in Table 8, in the case with security 

constraints ten extra lines are needed and the additional investment costs compared to the 

TEP without security constraints are 222.23 Million US $. The graphical representation 

of the optimal solution for the SC-TEP of scenario B is given in Figure 18. The top critical 

lines are 10% of the total critical lines, in this case, corresponding to 3 critical lines as 

shown in Table 9. The number of overloaded lines caused by the outage of each of the 

top critical lines is presented in Table 9. An overload of a transmission line brings about 

the tripping of its overcurrent protection, leading to load shedding with its associated 

costs. Therefore, the additional investment costs for security are justified by the operation 

cost savings related to the overloaded lines, one example calculation is given by Majidi-

Qadikolai [4]. 

 

Figure 18. IEEE RTS 24-bus network solution for Security-Constrained Scenario B 
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Moreover, the SC-TEP considering all possible single-line contingencies (𝑁 − 1 

criterion) is also solved to compare its result and processing time with the proposed 

method. The final results are given in Table 10. The proposed SC-TEP using the top 

critical lines selected 20 new lines and the SC-TEP with all contingencies selected 44 

lines.   

The last row of Table 10 shows the total optimization time. The proposed security-

constrained method with critical lines is around 146 times faster than the SC-TEP 

considering all possible outages.  

Table 10. TEP with security constraints of PCL vs full N-1 criterion for Scenario B  

 With security 

constraints of PCL 
With full 𝑵 − 𝟏 criterion in TEP  

Selected Lines 

3-9 14-16 1-2 5-10 10-11 14-16 17-22 

3-9 14-16 1-5 6-10 10-12 15-16 18-21 

6-10 15-16 2-4 6-10 10-12 15-21 20-23 

6-10 16-17 2-6 8-9 11-13 15-24 21-22 

7-8 16-17 2-6 8-9 11-14 16-17  

7-8 16-17 3-9 8-10 12-13 16-17  

9-11 17-18 3-9 8-10 12-23 16-17  

10-12 17-18 3-24 9-11 12-23 16-19  

11-14 17-18 3-24 9-12 13-23 17-18  

12-23 18-21 4-9 10-11 14-16 17-18  

Total new lines 20 44 

Total Cost [Million US $] 31616.6 32904.7 

Investment Cost [Million US $] 521.4 1748.9 

Operation Cost [Million US $] 31095.2 31155.8 

Calculation time [min] 4.6 676.9 

Considering the selected lines and cost difference between the solution with three critical 

lines and the application of the full 𝑁 − 1 criterion, the proposed method is tested using 

different percentages of the critical lines as the top lines for security constraints. The 

results are given in Table 11. As expected, the total cost and processing time increase 

with more top critical lines, but the total cost difference compared to the full 𝑁 − 1 

criterion decreases.  

If all the critical lines are considered, 28 lines, in this case, the power system will be 

secured from all single-line contingencies that might overload the network. However, the 

proposed method gives a solution that is not completely secure for all possible single-line 

contingencies. The total cost difference decreases to 1.5% and the calculation time is 

around 5 times faster than the SC-TEP considering the full 𝑁 − 1 criterion.  

Even non-critical line outages have an influence on the optimized line expansion. 

However, considering them in the optimization increases the calculation time 
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significantly. Depending on the level of supply security that should be achieved the SC-

TEP method only considering the top critical lines could be used as an accelerated 

approximation of a N-1 secure energy system. 

The rate of critical lines to consider in the SC-TEP depends on the desired level of supply 

security, which is affected by the associated costs. Nevertheless, as mentioned by the 

Federal Ministry for Economic Affairs and Energy: “Identifying the optimum level of 

supply security for the economy is a challenging undertaking” [49]. 

Table 11. Integrated SC-TEP method for different rates of critical lines for Scenario B 

% of critical lines 

Number 

of critical 

lines 

Time 

[min] 

Total Cost 

[Million  
US $] 

Investment 

Cost [Million 

US $] 

Total new 

lines 

Total cost  

difference 

10%  3 4.6 31617 521 20 3.9% 

20%  6 30.5 31828 712 26 1.8% 

100%  28 138.0 32412 1297 39 1.5% 

Full N-1 criterion 

(34 lines) 
 676.9 32904 1749 44  
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5 Conclusion 

This thesis analizes the effects of transmission line outages in the system power flow 

using the Line Outage Distribution Factors (LODF) and integrates these effects in the 

transmission expansion planning (TEP) with a method that includes a security-

constrained TEP model (SC-TEP) using the critical lines. 

The post-contingency critical lines (PCL) algorithm is implemented using LODF to find 

the critical lines of a power system after a single-line contingency. The estimated post-

contingency power flows (𝑭𝑖𝑗
𝐶 ) are calculated with the LODF. The critical cases matrix 

(𝑪𝑪𝑖𝑗,𝑛𝑚) is created considering all the 𝑭𝑖𝑗
𝐶   that exceed the thermal limits of line 𝑖𝑗.  Next, 

the critical lines list (𝐶𝐿𝑛𝑚) is constructed with the lines on outage causing an overload 

on the network. 

The algorithm is applied on the IEEE RTS 24-bus system with 34 lines using the REMix-

MISO framework model. The PCL results show that most of the single-line contingencies 

do not cause an overload of the lines of this network under normal operation conditions. 

The LODF and 𝑭𝑖𝑗
𝐶  obtained in REMix-MISO are validated with the Validation model 

implemented in GAMS, with very similar results with 0.01% as the highest relative error.  

To create a SC-TEP, two scenarios of a static mixed-integer linear formulation of TEP 

are modeled by modifying the initial data of the IEEE RTS 24-bus system in order to 

obtain a system that requires a network expansion. 

Scenario A assumes that the initial IEEE RTS 24-bus network has no preinstalled lines 

and it is possible to build two lines per corridor. The solution comprises the building of 

22 transmission lines, which corresponds to 12 fewer lines than the original power 

system. The TEP solution for scenario A in REMix-MISO is the same as the result 

obtained with the Validation model. 

Scenario B supposes that the rated capacity of each line of the IEEE RTS 24-system is 

reduced to one-third and a maximum of four lines (𝑘𝑚𝑎𝑥 = 4) per corridor can be built. 

The number of new lines built is 10 and the average load for these new lines is 84% of 

their thermal limit. The TEP solution for scenario B is very similar for both REMix-MISO 

and the Validation model, with a maximum relative difference of 0.5%.  

A systematic method to integrate critical contingencies into TEP is proposed considering 

that in most cases of contingency analysis, it is not necessary to evaluate all lines because 

the single outage of some lines will not cause overload on other lines. The proposed 

method solves the relaxed MILP-TEP problem, applies the PCL algorithm to the 

expanded power system identifying critical lines, and solves a SC-TEP adding constraints 

based on these critical lines. 
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The proposed security-constrained line expansion has been tested on scenario B of the 

IEEE RTS 24-bus system. The results using 10% of the top critical lines show that 10 

extra lines are required in comparison with the TEP solution without security constraints. 

Ignoring security analysis in TEP may cause load shedding and huge extra operation costs 

when a critical line outage occurs.  

The proposed method is tested using different percentages of the critical lines for security 

constraints, this percentage corresponds to the top critical lines. The results show that the 

total cost, the selected lines, and processing time increase with more top critical lines, but 

the cost difference compared to the full 𝑁 − 1 criterion decreases, by a minimum of 1.5% 

when all critical lines are considered. This difference shows that the proposed method 

gives a solution that is not completely secure for all possible single-line contingencies  

The use of the proposed method makes it possible to include contingency analysis into 

TEP and significantly reduces processing time compared to the application of the full 

𝑁 − 1 criterion in TEP, i.e. more than 146 times faster for 10% of the critical lines and 5 

times faster for 100% of the critical lines. Depending on the desired level of supply 

security the SC-TEP method only considering the top critical lines could be used as an 

accelerated approximation of a N-1 secure energy system. 

In this thesis, the modeling framework REMix-MISO is improved with the addition of 

the MILP-TEP method called “angle_MIP” which considers the reactance of lines in 

parallel, and the security-constrained TEP method called “method_SC_TEP” which 

integrates the critical contingencies of the power system.  

In future research, the integrated security-constrained method could be tested with bigger 

networks, a real network, or for longer time horizons. Further economical constraints 

related to the supply security as the value of loss load should be added to the TEP to 

obtain more conclusive economic results. Moreover, a probability factor could be 

included in the proposed SC-TEP method to consider the unscheduled outage probability 

in the grid expansion.  
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6 Appendix A – Parameters for IEEE RTS 24-bus network 

Table A1. Generating units parameters for IEEE RTS 24-bus network [6]. 

Gen Bus Pmax 

[MW] 

Pmin 

[MW] 

𝒄𝒈 [Million US 

$/MW] 

g1 18 400 100 5.47 

g2 21 400 100 5.47 

g3 1 152 30.4 13.32 

g4 2 152 30.4 13.32 

g5 15 155 54.25 16 

g6 16 155 54.25 10.52 

g7 23 310 108.5 10.52 

g8 23 350 140 10.89 

g9 7 350 75 20.7 

g10 13 591 206.85 20.93 

g11 15 60 12 26.11 

g12 22 300 0 0 

 

Table A2. Branch parameters for IEEE RTS 24-bus network (Source: [6]) 

From 

Bus 

To 

Bus 

Reactance 

[p.u.] 

Capacity 

[MVA] 

From 

Bus 

To 

Bus 

Reactance 

[p.u.] 

Capacity 

[MVA] 

1 2 0.0139 175 11 13 0.0476 500 

1 3 0.2112 175 11 14 0.0418 500 

1 5 0.0845 175 12 13 0.0476 500 

2 4 0.1267 175 12 23 0.0966 500 

2 6 0.192 175 13 23 0.0865 500 

3 9 0.119 175 14 16 0.0389 500 

3 24 0.0839 400 15 16 0.0173 500 

4 9 0.1037 175 15 21 0.0245 1000 

5 10 0.0883 175 15 24 0.0519 500 

6 10 0.0605 175 16 17 0.0259 500 

7 8 0.0614 175 16 19 0.0231 500 

8 9 0.1651 175 17 18 0.0144 500 

8 10 0.1651 175 17 22 0.1053 500 

9 11 0.0839 400 18 21 0.013 1000 

9 12 0.0839 400 19 20 0.0198 1000 

10 11 0.0839 400 20 23 0.0108 1000 

10 12 0.0839 400 21 22 0.0678 500 
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Table A3. Load parameters for IEEE RTS 24-bus network [6]. 

Bus 
Load 

[MW] 
Bus 

Load 

[MW] 

1 108 10 195 

2 97 13 265 

3 180 14 194 

4 74 15 317 

5 71 16 100 

6 136 18 333 

7 125 19 181 

8 171 20 128 

9 175   

 

Table A4. Reactances and lengths values used for REMix-MISO 

From 

Bus 

To 

Bus 

Reactance 

[p.u.] 

Reactance 

[Ω] 

Length 

[km] 

From 

Bus 

To 

Bus 

Reactance 

[p.u.] 

Reactance 

[Ω] 

Length 

[km] 

1 2 0.01 2.65 0.26 11 13 0.05 9.06 0.91 

1 3 0.21 40.22 4.02 11 14 0.04 7.96 0.80 

1 5 0.08 16.09 1.61 12 13 0.05 9.06 0.91 

2 4 0.13 24.13 2.41 12 23 0.10 18.40 1.84 

2 6 0.19 36.56 3.66 13 23 0.09 16.47 1.65 

3 9 0.12 22.66 2.27 14 16 0.04 7.41 0.74 

3 24 0.08 15.98 1.60 15 16 0.02 3.29 0.33 

4 9 0.10 19.75 1.97 15 21 0.02 4.67 0.47 

5 10 0.09 16.82 1.68 15 24 0.05 9.88 0.99 

6 10 0.06 11.52 1.15 16 17 0.03 4.93 0.49 

7 8 0.06 11.69 1.17 16 19 0.02 4.40 0.44 

8 9 0.17 31.44 3.14 17 18 0.01 2.74 0.27 

8 10 0.17 31.44 3.14 17 22 0.11 20.05 2.01 

9 11 0.08 15.98 1.60 18 21 0.01 2.47 0.25 

9 12 0.08 15.98 1.60 19 20 0.02 3.77 0.38 

10 11 0.08 15.98 1.60 20 23 0.01 2.06 0.21 

10 12 0.08 15.98 1.60 21 22 0.07 12.91 1.29 
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