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RESUMEN 

La Planificación de la Expansión de la Transmisión (PET) es un problema complejo 

afecto a diversas incertidumbres, desde precios de combustibles hasta terremotos y 

oposición pública. A la fecha no se ha desarrollado ningún análisis sistemático de las 

diferentes incertidumbres presentes en la PET. Por otra parte, el debate sobre 

metodologías de planificación bajo incertidumbres de largo plazo, capturadas por 

escenarios estratégicos, carece de exhaustividad. En efecto, mientras que los defensores 

de la programación estocástica ignoran la indisponibilidad de probabilidades precisas en 

la práctica, los oponentes se basan en criterios alternativos como el minimax regret, sin 

verificar la eficiencia de la solución. 

En ese contexto, esta tesis intenta una contribución cuádruple a la literatura. Primero, 

desarrollar un marco conceptual para investigadores, políticos y profesionales, sobre las 

diversas incertidumbres y riesgos relevantes para PET. Segundo, cuantificar la 

importancia práctica y el impacto de la ambigüedad de las probabilidades de los 

escenarios en la PET estocástica. Tercero, presentar un nuevo criterio de decisión de 

robustez distribucional para PET bajo ambigüedad. Cuarto, comparar la solución óptima 

bajo criterios alternativos de decisión para PET como el costo esperado, el minimax regret 

y la robustez distribucional, tanto teóricamente como mediante simulación, utilizando el 

concepto de eficiencia de Pareto. 

Se aplica la metodología desarrollada al sistema IEEE RTS de 24-barras, bajo dos 

escenarios. En este caso, PET estocástica es relativamente insensible a las variaciones en 

las probabilidades de los escenarios. Sin embargo, también hace caso omiso de muchas 

soluciones eficientes en la parte cóncava de la frontera de Pareto. Aunque el minimax 

regret puede descubrir tales soluciones, se prueba que metodologías míopes de minimax 

regret (con respecto a la eficiencia Paretiana) tales como aquellas aplicadas en Reino 

Unido, PJM y Chile, pueden incurrir en pérdidas gratuitas de oportunidad de hasta el 4% 

de los costes totales. Se requiere el análisis de sistemas grandes y bajo más escenarios 

para proporcionar conclusiones sólidas que identifiquen fortalezas y debilidades de ambos 

métodos.  
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ABSTRACT 

Transmission Expansion Planning (TEP) is a complex problem faced with a myriad 

of uncertainties ranging from fuel prices to earthquakes and public opposition. To date, 

no systematic analysis has been developed for the different underlying uncertainties in 

TEP. Moreover, the debate on planning methodologies for coping with long term 

uncertainties captured by strategic scenarios lacks completeness. Indeed, whilst advocates 

of stochastic programming ignore the unavailability of precise probabilities in practice, 

opponents rely on alternative criterions such as minimax regret without verifying solution 

efficiency. 

Therefore, this thesis attempts a fourfold contribution to the literature. First, develop 

a conceptual framework for researchers, policy and practitioners to better understand and 

communicate the various uncertainties and risks relevant to TEP. Second, quantify the 

practical relevance and impact of ambiguous scenario probabilities in stochastic TEP. 

Third, present a novel distributional robust decision-making criterion for TEP under 

ambiguity. Fourth, compare the optimal solution under alternative TEP decision-making 

criterions such as expected cost, minimax regret and distributional robustness, by both 

theory and simulation based on the well-established concept of Pareto efficiency.  

The developed methodology is applied to the IEEE 24 bus RTS system under two 

scenarios. In this example, stochastic TEP is relatively insensitive to variations in scenario 

probabilities. However, it also ignores many efficient solutions in the concave Pareto 

frontier. Although minimax regret can discover such solutions, it is proved that myopic 

minimax regret methodologies (with respect to Pareto efficiency) such as those applied in 

UK, PJM and Chile can incur in gratuitous opportunity losses of as much as 4% of total 

system costs. Further analyses of large-scale systems under more scenarios are needed in 

order to provide robust insights to identify strengths and weaknesses of both methods. 

Keywords: Decision analysis, transmission planning, stochastic programming, 

uncertainty, multiobjective optimization
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1. INTRODUCTI ON 

The electric transmission system (or power grid) is the infrastructure which allows the 

transportation of large volumes of electricity from production centers (i.e. generators) to 

final consumers (e.g. large industrial customers, distribution companies which supplies 

households and others customers within their concession area).1 Adaptations to the 

transmission system are required to cope with changing conditions in the power system. 

Particularly new investments are required to deliver electricity in the face of growing 

demand, as well as investment and retirement of generators. Therefore, efficient expansion 

of the transmission system is, and will remain for the foreseeable future, vital for solving 

the energy trilemma of ensuring a reliable, sustainable and affordable supply (Newbery, 

2016; Rivier, Pérez-Arriaga, & Olmos, 2013).  

In Chile, the Electric Transmission Law enacted in 2016 allows the regulator to plan 

the expansion of the transmission system considering capacity slackness for long-term 

developments, and also to proactively develop generation hubs by means of transmission 

expansion.2 Furthermore, costs of new transmission projects will be completely allocated 

to demand by means of a postage stamp methodology (i.e. demand pays proportionally to 

its consumption), instead of the current locational cost allocation methodology which 

shares costs between generators and demand depending on their location within the power 

system.3 The transmission law was developed in a two-year timespan by the National 

Energy Commission (CNE) and the Pontifical Catholic University of Chile. The law was 

developed on the grounds of widespread public participation and building consensus 

among key stakeholders, whilst incorporating the lessons from past experiences with 

                                                 
1 The transmission system comprises overhead and underground transmission lines, power transformers, 

substations, circuit breakers, measurement and control equipment, among others. However, transformers 

and overhead transmission lines are the focus of this thesis and of most long-term transmission planning 

studies. 
2 Proactive transmission expansion attempts to guide the development of generation by means of 

transmission investments. In Chile, this proactive approach attempts to enable exploitation of remotely 

located renewable generation resources which may find it difficult or impossible to enter the market 

without coordinating transmission investments (Ferreira, Rudnick, & Barroso, 2016). 
3 Optimal transmission cost and benefit allocation is a complex and very important issue in power markets 

(Hogan, 2011; Strbac, Konstantinidis, Moreno, Konstantelos, & Papadaskalopoulos, 2015). The 

discussion on alternative methodologies for transmission cost allocation is out of the scope of this thesis. 
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transmission laws (most notably 2011ôs CADE and the failed attempt to enact a law 

considering ñElectric Highwaysò). 

The newly enacted law has raised concerns regarding the risks of overbuilding the 

transmission system on the grounds of capacity slackness and proactive generation hub 

developments. Moreover, less opposition to risky transmission expansion projects is 

expected since transmission costs are now fully allocated to demand, and demand is 

perceived to be less interested or able than generators to analyze expansion proposals and 

oppose to those proposals that affect them. Furthermore, the methodologies for 

transmission expansion under uncertainty used in Chile were heavily criticized during 

discussions of the project. 

Hence, analyzing transmission expansion planning under uncertainty is important for 

Chile today, since the planning process undertaken by the Ministry and the regulator can 

have huge impacts in future and current generations alike. The public and policy-makers 

alike seek increasing integration of renewable energy sources in the electricity sector, both 

in Chile and in the rest of the world. The 2016 Transmission Law attempts to develop a 

more sustainable and forward-looking electricity sector in Chile. However, overbuilding 

the transmission system increases electricity prices today, hoping that economic benefits 

and increased sustainability in the long-term (e.g. 20 years from now) offset todayôs 

increases in prices due to overinvestment. The risks of over and underinvestment in the 

face of long-term uncertainty should therefore be analyzed from an engineering 

perspective in order to help the regulator in successfully implementing the transmission 

law. 

This thesis attempts to contribute to the discussion on transmission expansion 

planning under uncertainty. A variety of engineering studies were possible in order to 

analyze the 2016 Transmission Law and its practical implications. For example, 

alternative cost allocation methodologies and their relation to market efficiency and 

incentives; proactive transmission expansion models; or the design of expansion processes 

which attempt to solve or ameliorate public opposition to new transmission projects; are 

some of the research subjects that emerged from the discussion of the Transmission Law. 

We chose to study uncertainty since it is an overarching and fundamental issue in the 

transmission planning process in Chile and the rest of the world. 
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The rest of this thesis is structured as follows. First, this introduction proceeds by 

explaining the basics of transmission expansion planning (section 1.1), and then stating 

the hypothesis and objectives of this thesis (section 1.2). Section 2 lays out a conceptual 

framework for TEP under uncertainty. Section 3 presents a thorough and in-depth 

literature review on optimization models for TEP under uncertainty, and identifies gaps 

in the literature. Section 4 presents the engineering methodology devised to study TEP 

under scenario uncertainty. Section 5 presents results of the methodology as applied to 

two small-scale test cases, and discusses those results. Section 0 concludes this thesis. 

1.1. Basics of Transmission Expansion Planning 

The expansion of the transmission system has been and will remain a regulated activity 

driven primarily by central planning, since the transmission business is a natural 

monopoly (Newbery, 2000).4 Central transmission expansion planning is the process 

which determines the timing and basic properties of new investments in the transmission 

system, required to provide a reliable, sustainable and affordable electricity supply. 

Transmission expansion planning is (and must be) undertaken in every power system, 

whether extensive reforms to the Electricity Supply Industry (ESI) have taken place (e.g. 

England and Wales, Norway, California), intermediate reforms have emerged (e.g. Korea, 

Ukraine, Chile, South Africa) or the supply remains monopolized by a vertically 

integrated (state, public or privately owned) utility (e.g. Nigeria).5  

The need for central planning of the transmission system expansion is based on the 

technical and economic properties of the transmission business and system, most notably:6 

                                                 
4 The development of the transmission system by means of merchant transmission projects remains limited 

in practice (Joskow, 2005). 
5 Chile was the first country to reform its electricity supply industry. Today, the Chilean electricity market 

is based on centralized transmission expansion planning, and private, decentralized generation investment 

decisions. 
6 A thorough description of the technical and economic properties of the transmission system is out of the 

scope of this thesis. The reader is referred to excellent textbooks on transmission and electricity such as 

(Kirschen & Strbac, 2005; Pérez-Arriaga, 2013; Stoft, 2002), and (Baldick & Kahn, 1993; Hirst & Kirby, 

2001; Hogan, 1999) for a discussion of key properties of the transmission system directly related to its 

expansion. 
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¶ Complex physical interactions take place in the transmission system, ruled by 

Kirchoffôs and other laws. Important consequences of these interactions are 

the network externalities which preclude a simple definition of property rights 

for transmission lines, due to (Hogan, 1999): 

o the inability to trace the origin and destiny of power flows (e.g. to 

determine whether a given consumer is being supplied by a particular 

producer), and 

o the inability to accurately control and distribute power flow among 

alternative transmission paths. 7 This inability is commonly referred to 

as loop flows, which refers to the fact that power flows through every 

possible path between two given nodes. 

¶ Extensions to the transmission system are long-lived (between 10 and 40 

years), capital-intensive infrastructure investments, with long lead-times (from 

2 and up to 10 or 20 years, mostly due to public opposition and approval 

processes) and minimal operation and maintenance costs (i.e. transmission 

costs are largely sunk).  Furthermore, large economies of scale and the 

irreversible and lumpy nature of investments8 preclude a fully competitive 

solution to develop the transmission network. 

¶ Sunk costs in new transmission investments largely surpass short-run 

opportunity costs of transmission congestion (i.e. spot prices differentials in a 

given transmission line) (Perez-Arriaga, Rubio, Puerta, Arceluz, & Marin, 

1995). Moreover, relieving congestion benefits generators and consumers 

instead of transmission owners who invest in new transmission capacity. 

The aforementioned properties of the transmission business and system are key to 

understanding both the theoretical foundations of transmission planning, as well as real 

processes undertaken in the industry and the mathematical models which assess those 

                                                 
7 It is possible to control the flow of power through the grid to some extent, albeit not remotely to the same 

extent as the flow of water through a system of pipes and valves.  
8 Transmission investments are irreversible since there is no market or alternative use for decommissioned 

elements of the transmission system. On the other hand, investments are lumpy since it is not possible to 

add an arbitrary level of additional capacity to the system. Conductors, transformers and other network 

elements available in the market follow a discrete set of standardized voltages and ratings (e.g. 100 MW 

@ 138 kV, or 200 MW @ 230 kV, but not every possible combination thereof). 
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processes. To this end, it is also worth noting that electricity is a rather particular service 

since supply and demand in the system needs to be continuously and precisely kept in 

balance in real-time by some entity (the independent / transmission system operator, or 

the vertically integrated utility). Other properties of the electricity supply such as the low 

elasticity of demand are also important to understand power systems and, therefore, 

transmission expansion planning. These and other properties will be further explained 

later as needed.9 

Practical transmission expansion planning are complex and diverse processes, 

although everywhere transmission expansions are primarily driven by engineering 

analyses in order to ensure a reliable electricity service (Joskow, 2005). TEP processes 

entail stages of technical and economic analyses, regulatory review, and stakeholder or 

open consultations.  Most transmission investments are often justified on the grounds of 

preserving high levels of reliability of the electricity supply.  

However, TEP can (and often does) simultaneously pursue a variety of objectives 

other than preserving reliability, such as (ENTSO-E, 2015): 

¶ Minimizing total costs of electricity supply, considering transmission 

investment and operation costs of the generation fleet. Such Integrated 

Resource Planning process is classic in the vertically integrated utility, and 

also common in cost-based power pools such as Chile) (Stoll, 1989). 

¶ Maximizing socio-economic welfare (equivalent to minimizing total supply 

costs under perfect competition and perfectly inelastic demand). 

¶ Reducing congestions or even achieving gold-plating standards in order to 

increase the scope and liquidity of regional markets as well as ensuring the 

integration of variable renewable energy sources (an approach adopted in 

Alberta, for example, and also as part of the planning practices in Europe and 

particularly in Germany) (Stoft, 2006; Weber et al., 2013). 

¶ Increase the sustainability of the power system, reduce CO2 emissions, 

increase the integration of renewable energy sources (e.g. EU) and comply 

                                                 
9 A more in-depth introduction to power systems and markets can be found elsewhere in textbooks such as 

(Hogan, 1998; Hunt, 2002; Pérez-Arriaga, 2013; Stoft, 2002). 
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with regulatory requirements such as Renewable Portfolio Standards (e.g. 

USA). 

¶ Increate the security of supply and the resiliency of the system (i.e. ability of 

the system to withstand and / or recover from extreme conditions such as 

earthquakes). 

Furthermore, a wider variety of benefits should be consider in assessing transmission 

expansion projects, for example, relieving reliability-must-run constraints (Chang, 

Pfeifenberger, & Hagerty, 2013). 

A static version of transmission expansion planning is often used for long-term 

studies. The static TEP determines which transmission investments to commit to today, in 

order to reduce operation costs in the future, hence solving the fundamental trade-off 

between present investments and future operation costs. However, from an economic 

perspective, transmission expansion is a dynamic problem since commitment to 

investments can be taken today or in the future and, moreover, these investments can be 

scheduled to begin operations in one of many future years. In the face of growing demand 

and due to lumpy investments, it may be better to build larger (and more expensive) lines 

today which can be further expanded in the future (for example, by allowing a second 

circuit to be added to the base transmission line), instead of building small lines which 

require more investments in the future. Moreover, in the face of uncertainty transmission 

projects acquire an option value since it may be worth to ñwait-and-seeò before 

committing ñhere-and-nowò to a particular transmission expansion project (Baldick & 

Kahn, 1993; Stoft, 2006). Furthermore, flexible alternatives to transmission expansion 

such as demand response, energy efficiency, or even transmission elements with low 

investment costs and lead-times (e.g. phase-shifters) can and are being used (mostly in US 

and EU) to defer commitments to large transmission investment projects (Konstantelos & 

Strbac, 2015; Watts & Rudnick, 2014; Wilson & Biewald, 2013). Although very 

important, the dynamic nature of the transmission expansion planning problem will be 

ignored in this thesis, following the current state of the art. 

Optimization and simulation models to assist transmission expansion planning do not 

currently fulfill the needs of real planning processes. Only since the early 2000, the growth 

in computation capacity and improvements in solution methodologies have allowed the 
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solution of middle and large-scale transmission expansion planning problems, albeit with 

rather restrictive assumptions (most notably linearized power flow equations) (Bixby, 

2015). Despite the development of a huge amount of high-quality papers, optimization 

and simulation tools for assisting decision-makers in transmission expansion planning, 

these tools do not yet fulfill the needs of planners. Instead, a reduced set of alternative 

expansion plans is assessed and constructed iteratively by the planner by repeatedly 

running electrical simulation software (e.g. DigSilent, Neplan) and production-cost 

simulations (e.g. Plexos, OSE2000). Therefore, there is still much work to do in order to 

develop workable and useful mathematical tools to support transmission expansion 

planning (Lumbreras & Ramos, 2016; Velasquez, Watts, Rudnick, & Bustos, 2016). 

Despite the complexity of the transmission expansion planning problem and the many 

challenges faced by planners today (e.g. public opposition to new infrastructure), planning 

must be undertaken under significant uncertainties regarding future conditions of the 

power system and market. Decisions must be made without knowing the conditions under 

which these decisions will perform. Moreover, alternative assessment methodologies have 

been developed and applied to real TEP processes in order to assist this complex decision-

making process. These alternative methodologies, the rationale for this thesis and its 

hypothesis and objectives are briefly stated next. 

1.2. Hypothesis and Objectives 

Scenario planning is one of the most widespread techniques to deal simultaneously 

with various uncertainties in transmission expansion planning, both in real processes and 

scientific papers (Lumbreras & Ramos, 2016; Watts & Rudnick, 2014). Stochastic 

programming and robust approaches such as minimax regret are alternative and 

fundamentally distinct methodologies to assess decision-making under scenarios. 

Stochastic programming is based on the well-founded expected utility theory (Savage, 

1954; von Neumann & Morgenstern, 1944),10 but it requires probability distributions 

                                                 
10 Expected-utility theory is a foundational theory on rational decision-making. It is well known that 

common people does not make decisions guided by the expected-utility theory (Tversky & Kahneman, 

1974). However, this thesis and most (if not all) transmission expansion planning studies focus on a 

normative  
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which are hard to precisely determine in practice (Miranda & Proenca, 1998a). On the 

other hand, approaches such as minimax regret do not require probabilities to be assigned 

to each scenario, but several issues do affect minimax regret (Bunn, 1984) (also see 

appendix B). 

A comprehensive literature review (detailed in the section 3) reveals that, to this date, 

no practical nor scientific study on transmission expansion planning has simultaneously 

addressed the advantages, disadvantages and relationships among stochastic programing 

and minimax regret (Buygi et al, 2003; Latorre et al, 2003; Lee et al, 2006; Lumbreras & 

Ramos, 2016). Particularly, critiques to one or the other approach have not addressed the 

relevance nor the impact of scenario probabilities in stochastic transmission expansion 

planning. This thesis attempts to fill this gap in the literature, as stated in the following 

hypothesis and objectives. 

The hypothesis of this thesis is that probabilities assigned to scenarios are relevant in 

stochastic TEP models, since variations in the probabilities are not negligible. Instead 

these variations can and do significantly impact the structure of the optimal expansion 

plan. 

According to the proposed hypothesis, the general objective of this thesis is to study 

the optimal transmission expansion planning under scenario uncertainty, when scenario 

probabilities are hard to determine precisely (i.e. under ambiguity). The specific 

objectives are the following: 

1) To propose a new decision criterion under uncertainty, accounting for the 

lack of precise scenario probabilities in long-term TEP studies. 

2) To develop a computationally efficient and tractable methodology for TEP 

under scenario uncertainty by using the newly proposed decision criterion. 

3) To analyze the relevance and the impact of scenario probabilities in TEP 

by studying test cases commonly used in the literature. 

4) To analyze the new decision criterion and its relation to other criterions 

established in the literature. 
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2. CONCEPTUAL FRAMEWORK FOR TRANSMISSION EXPANSION 

PLANNING UNDER UNCERTAINTY 11 

TEP research and real processes for modern electricity markets are overwhelmed by a 

myriad of different uncertainties, thus arguing in favor of a conceptual framework 

designed specifically for TEP (Figure 2-1). Relevant uncertainties in TEP range from 

hourly wind speed to socioenvironmental aspects ï for example, public opposition - 

comprising uncertainties as varied as demand growth, weather phenomenon like El Niño 

(which affects hydrology and thus water inflows to reservoirs), fuel prices, terrorism and 

the so-called Black Swans which refer to surprising, unforeseen events, such as the 

financial crisis of 2008. In the face of a wide variety of uncertainties in TEP, different 

management strategies and modeling techniques are available. Also, various properties 

may be identified.  

Hence alternative groups or more general classifications of uncertainties are possible, 

and some have already been mentioned in TEP literature, with no further elaboration. 

However, the problem of dealing with uncertainty is not exclusive to power systems. Its 

modern history dates back at least to 1921's seminal economic work by Frank Knight. 

Over the course of the century, many new concepts and typologies have emerged to try to 

understand uncertainty and deal with its impacts, either providing a more general 

framework (Apostolakis, 1990; Keynes, 1952; Knight, 1921; Rowe, 1994; van Asselt & 

Rotmans, 2002; W.E. Walker et al., 2003; Warren E. Walker, Lempert, & Kwakkel, 2013) 

or addressing specific problems (Ascough, Maier, Ravalico, & Strudley, 2008; Beck, 

1987). Today, attempts to categorize and conceptualize uncertainty stem from a variety of 

disciplines comprising economy, finance, social sciences, sustainability, policy making 

and military planning. Different typologies have also been developed to better serve the 

objectives of particular TEP papers (Chamorro, Abadie, de Neufville, & Ilic, 2012; Mejia-

Giraldo & McCalley, 2014; van der Weijde & Hobbs, 2012). This sparsity argues in favor 

of developing a comprehensive conceptual framework for TEP under uncertainty. 

Moreover, as Walker et al puts it, ña better understanding of the different dimensions of 

                                                 
11 A similar version of this chapter has been published in the July 2016 IEEE Power and Energy Magazine 

issue (Velasquez et al., 2016). 
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uncertainty and their potential impact é would help in identifying and prioritizing 

effective and efficient research and development activities for decision support.ò (2003). 

 

Figure 2-1 Wide variety of uncertainties in TEP suggests many different management strategies, modeling 

techniques, key properties and classifications. 

More precisely, a conceptual framework for planning under uncertainty is required for 

three reasons.  

¶ First, providing a common framework for effective dialogue is needed to 

improve communication between professionals of the electric industry and 

academy.  

¶ Second, focusing future research efforts could be aided by a deeper 

understanding of the varied nature of uncertainty, its key properties and 

impacts in TEP.  

¶ Third, an assessment of existing and future approaches to TEP under 

uncertainty requires further analysis of the properties of uncertainty, in order 

to identify dis/advantages and applicability of each approach.  

The conceptual framework needed to fulfill this threefold purpose should properly 

define the concepts of uncertainty and risk. It should also characterize and classify the 

myriad of uncertainties relevant to TEP in a typology simultaneously practical and based 

upon solid theoretical foundations. A framework to address previously discussed issues 
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and exploit opportunities offered by an in-depth analysis of uncertainties in TEP is 

presented. 

Clear, broad and practical definitions for the basic concepts of uncertainty and risk are 

the first and foremost component of the conceptual framework for TEP under uncertainty. 

Different definitions of uncertainty and risk are available on the literature (Nelson & 

Katzenstein, 2014). We adopt the definition that ñUncertainty is a state é where it is 

impossible to exactly describe existing state or future outcomeò, (Hubbard, 2007), cited 

by (Gu & McCalley, 2010).12 Thus, the proposed definition is broad enough to capture the 

main impact of uncertainty in planning, namely the impossibility to accurately and 

precisely predict the future. Hereinafter we refer to any uncertain quantity or proposition 

as an uncertainty.  

Because of the impossibility to accurately and precisely predict the future, planning 

under uncertainty inevitably carries risk. Risk is defined as the impact of uncertainties 

in TEP, commonly deemed as a hazard. Simply put, uncertainty is the cause while risk is 

the consequence or impact on TEP (usually negative, see Figure 2-2), and we refer to any 

uncertain quantity or proposition as an uncertainty. For planning purposes, uncertain 

outcomes are to be modelled while risk is to be quantified and managed or hedged against. 

The quantification of risk relates to some measure of performance, most commonly costs 

and economic benefits, but also reliability, sustainability or other measures in a 

multicriteria framework, as discussed later (section 2.4). 

 

                                                 
12 Hubbardôs original definition of uncertainty was purposefully modified by removing the reference to 

ñlimited knowledgeò since, as will be explained later, uncertainty does not necessarily stem from 

imperfect knowledge. 
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Figure 2-2 Definition of uncertainty as the cause and risk as the consequence. 

The typology of TEP uncertainties consists of one conceptual foundation and three 

practical dimensions (Figure 2-3). The conceptual foundation is the distinction between 

two extreme natures of uncertainty, inherent variability or aleatory on the one hand, and 

lack of knowledge or epistemic on the other. Each of the three practical dimensions relates 

to a key property of TEP uncertainties, and is useful in categorizing uncertainties but also 

in identifying similar practical considerations regarding modeling and planning processes. 

We discuss each of the four parts of the typology in subsequent sections, beginning by the 

conceptual core, followed by the structure, timescale and source of uncertainty, in order. 

The practical significance of each dimension is discussed under each section. Note that 

the present typology may not directly apply to power system problems other than 

expansion planning. For example, unit commitment may require a far more detailed 

typology focused on uncertainties which are important on operational timescale. 
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Figure 2-3 The proposed typology of TEP uncertainties consists of one conceptual foundation and three 

practical dimensions. 

2.1. Nature of uncertainty: aleatory or epistemic? 

The core of the proposed typology is the conceptual distinction between two extreme 

natures of uncertainty, aleatory or epistemic. Whereas aleatory uncertainty refers to a 

natural variability inherent to a particular process (e.g. hourly wind speed, human 

behavioral variability and earthquake incidents), which not always can be represented by 

a probability distribution; epistemic uncertainty is produced by imperfect knowledge (e.g. 

the model to describe competition in electricity markets, generation expansion and failure 

rates for new facilities) and, thus, could possibly be reduced by increased inquiry. The 

distinction between epistemic and aleatory nature has been regarded in sustainability 

literature as the more general and fundamental categorization of uncertainty. 

In order to assert the importance and extent of this distinction in TEP, consider 

generation expansion in a deregulated industry (Figure 2-4). On one extreme, TEP studies 

often assume that generation expansion is not described by probability distributions. 

Hence, generation expansion is modeled by means of alternative scenarios, using a classic 
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ñwhat-ifò analysis, minimax regret, among others. On the other extreme, proactive TEP 

models treat generation expansion by means of an equilibrium model between generation 

firms. Thus generation expansion is not uncertain due to lack of knowledge of the 

underlying investment process but rather due to operating conditions, which are in turn 

characterized by publicly known and agreed upon probabilities. Thus, proactive models 

remove epistemic uncertainties by directly modeling investment behaviour, while aleatory 

uncertainty regarding system operation is irreducible ïbut easily described by 

probabilitiesï, i.e. inherent. 

 

Figure 2-4 Fundamental nature of uncertainty ranges from aleatory to epistemic. Distinction becomes 

relevant only when innovative research enlightens understanding of some uncertainty. 

Although we stress the importance of distinguishing epistemic and aleatory 

uncertainties, we include this distinction in a higher level with respect to more practical 

dimensions because of its conceptual importance and its lack of practical relevance outside 

innovative research. While we do not attempt to argue in favor of scenarios or equilibrium 

models to represent generation expansion in TEP, it is clear that complex uncertainties 

such as generation expansion are simultaneously composed of imperfect knowledge (i.e. 

the economic equilibrium describing generation investment by competing firms) and 
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inherent variability (e.g. uncertainty in operating conditions and fuel prices, present even 

if the equilibrium model of investment is completely specified). However, this distinction 

is irrelevant from a practical perspective until innovative research enlightens our 

understanding of the underlying process that produces uncertainty. Nevertheless, 

increased research efforts may never be able to explain many important sources of 

uncertainty such as public policy or earthquakes. Thus, modeling uncertainties in practice 

has not and should not focus on the nature of uncertainty. 

2.2. Structure of uncertainty: Known, unknown and Unknowable 

The structure of uncertainty is a practical modeling distinction between Known, 

unknown, and Unknowable uncertainties (KuU , respectively, see Figure 2-5), a 

categorization of uncertainties proposed by Diebold, Doherty & Herring in 2010. Known 

uncertainties are those where a probabilistic representation is completely specified (e.g. 

hourly nodal load and yearly demand growth), and therefore structured mathematical tools 

such as stochastic programming are readily available. unknown uncertainties are those for 

which probabilities are hard or impossible to assign to some events (e.g. investment costs, 

delays in starting operation and new facilities' outage), and are often modeled by sets 

bounding outcome (e.g. intervals centered on a nominal forecast) or other less-structured 

representation (e.g. fuzzy sets). Unknowable uncertainties are situations where even the 

events cannot be clearly identified in advance (e.g. long term scenarios and earthquakes), 

thus presenting the lowest level of mathematical structure. For dealing with poorly 

structured U uncertainties, strategic scenarios depicting divergent futures or possible 

singular events are used. Given the lesser mathematical structure of scenarios, robust and 

flexible expansion plans are designed, as discussed in section "Optimization approaches 

to TEP under uncertainty". We abstract from the close relationship between the extremes 

of perfect and poor structure and the nature of uncertainty previously discussed, in order 

to serve practice rather than theory. 
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Figure 2-5 Structure of uncertainties, from known probabilistic or stochastic uncertainties to Unknowable 

or scenario uncertainty. 

KuU  extends the classical division between random and non-random uncertainties 

found in TEP literature by providing a more practical and consistent framework for 

modeling. The classical division states that random uncertainties are observable events 

that repeat frequently, so statistics may be derived from historical data for random 

uncertainties (e.g. yearly demand growth). Any other uncertainty is non-random and, 

some assert, to be treated by scenarios (Majid Oloomi Buygi, Shanechi, Balzer, 

Shahidehpour, & Pariz, 2006; M O Buygi, Balzer, Shanechi, & Shahidehpour, 2004). 

Although such division successfully identifies random uncertainties that may be modeled 

by probability distributions or stochastic processes, it fails to identify robust and fuzzy 

approaches applied to TEP under uncertainty, and also fails to acknowledge subjective 

probabilities. Therefore, we further distinguish non-random uncertainties between u and 

U, given the different modeling approaches applied in TEP research for each class (e.g. 

robust / fuzzy for nodal load and scenarios for long term state of the market, respectively). 

Also, K  extends the group of random uncertainties by considering all those described by 

probabilities, whether these are derived from historical data, a stochastic process, or 

subjective beliefs. Although subjective probabilities are not commonly used in TEP, their 

existence must be acknowledged for completeness since they are rigorous mathematical 
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objects required for rational decision making under Bayesian statistical theory. Examples 

of subjective probabilities are those assigned to future scenarios by expert elicitation. 

Some uncertainties may be categorized differently or move between categories 

depending on data availability, modeling decisions or knowledge, as we explain next with 

four examples. First, note that transmission facilitiesô failure because of weather 

conditions may be regarded as u and modeled by fuzzy techniques because accurate 

historical data is missing, even though repeatability may justify the application of 

probabilistic techniques if such data were available (i.e. a K  uncertainty). Second, even 

though demand growth and nodal load is often labeled as random and treated by 

probabilistic and mathematical forecasting methods, other approaches such as fuzzy and 

robust programming have been applied for reasons such as tractability issues of stochastic 

optimization. Therefore, load growth may be either K  or u depending on modeling 

choices. Third, although generation expansion is often modeled by scenarios, research on 

proactive models moves generation expansion from U or u to K , as discussed in the 

previous section. Fourth, increased understanding of regulatory uncertainties such as RPS 

targets will probably never be enough to move such uncertainty from U or u to K . 

Although KuU  is connected to the nature of uncertainty, KuU  is more practical and thus 

also related to practical considerations. 

Unknowable uncertainties such as long term state, earthquakes and medium term 

Black Swans are highly unpredictable. Unfortunately, these uncertainties are also 

accompanied by huge risks from which hedging is difficult or even impossible, as 

discussed next for each example. 

¶ First, the traditional approach for dealing with long term uncertainties is based 

on a reduced number of strategic scenarios with inherently high risks. 

However, these scenarios do not describe every important future. The purposes 

of strategic scenarios are to bound uncertainty and understand its impact rather 

than precisely forecasting future outcome, since accurate prediction is an 

impossible task in the long term. Because scenarios are only assumed to 

describe the future, it is not rare to miss important future scenarios not 

perceived plausible at the time the scenarios are constructed. Moreover, the 

future actually realized may well be a combination of constructed scenarios 
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with other unforeseen events and processes. Thus, the fact is that plausible 

futures are not identifiable. Furthermore, huge risks stem from the high degree 

of uncertainty in the long term, even when only considering the set of 

constructed scenarios. 

¶ Second, predicting the timing and location of earthquakes and hurricanes is 

impossible, and their occurrence has enormous impacts on electricity systems. 

Thus, scenarios seem to be the appropriate modeling tool both because of 

unpredictability and the need to hedge against massive risks. 

¶ Third, it is impossible to hedge against risks produced by completely 

unforeseeable Black Swans such as terrorist attacks, the financial crisis of 2008 

or the Chilean crisis of 2004 produced by the breach of gas supply contracts 

by Argentina. 

Although conceptual distinctions and practical considerations are involved in 

definitions of KuU , categories do not appropriately match modeling approaches when 

plausible alternative cases completely describe future outcomes. An unknown uncertainty 

by definition comprises situations when outcome can be completely bounded to multiple 

plausible cases, without probabilities for each case. Under such extensive alternative 

cases, either robust programming or scenarios together with robustness and flexibility 

analysis may be used, even though the uncertainty is not Unknowable. However, the 

proposed definitions capture the conceptual distinction among different mathematical 

structures. Also, more often than not, scenarios are used in TEP to model Unknowable 

uncertainties. Nevertheless, the fact remains that care must be taken to apply KuU to 

alternative cases that extensively describe future outcomes. 

2.3. Timescale of uncertainty: short, medium and long term 

Uncertainty may be revealed in different timescales, ranging from hours to decades 

(Figure 2-6). We distinguish between short, medium and long term uncertainties mainly 

because decisions have different scopes in each timescale. In the short term (from hours 

to months), uncertainties such as hourly demand, equipment availability, wind/solar 

production, and spot fuel prices are revealed. Thus, operation decisions related to market 

clearing, economic dispatch and unit-commitment are taken on a given system and market. 
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In the medium term (from months to years) relevant uncertainties are demand growth, 

generation and demand expansion or closure (including generation siting), supply 

contracts and evolution of existing technologies (e.g. increase of photovoltaic plants' 

efficiency). A recent and relevant uncertainty has been delays in the commercial operation 

date of the ñplannedò assets themselves, including transmission facilities, resulting from 

the complex social-environmental challenges to obtain the needed permits to allow the 

project implementation. Planning decisions in medium term involve primarily expansion 

of transmission systems, changing the systems composition and topology but not its 

structure. In some markets such as the Brazilian, generation expansion is also partially 

guided by central planning decisions. The long term spans decades in the future and so 

new disrupting technologies (e.g. new storage and PV technology) and smart grids (e.g. 

vehicles to grid, large scale residential distributed generation and demand response), 

among others, become significant uncertainties.  

In the highly uncertain long term environment, strategic decisions with less detail but 

dramatically more impact may be taken, for example, large transmission corridors, 

regional interconnections, market structure and policy making in general. The scope of 

strategic decisions in the long term is such that future scenarios may be partly normative 

in order to guide the evolution of the electric system and market towards desired goals. 

This guidance is particularly important where central planning by state agencies 

influences the development of generation systems by posing policy preferences in the 

energy auctions, as in the case of Brazil. Nevertheless, normative elements merely 

complement explorative scenarios of plausible futures, without replacing them. Although 

proactively constructing future by policy making and market structure are out of the scope 

of TEP, these actions are related in the long term, as discussed in the following section. 
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Figure 2-6 Timescale of uncertainties: short, medium and long term are related to operational, planning 

and strategic actions, respectively. While short term operation decisions require higher detail, strategic 

decisions in the long term are less detailed but have far greater scope and impact. 

2.4. Source of uncertainty: from wind speed to public opposition 

Uncertainties are produced by different processes and have different impacts on TEP. 

Similar sources of uncertainty are grouped based on impacts on TEP and to a lesser extent 

on process' similarities, thus emphasizing risks (consequences) rather than causes. Four 

primary sources of uncertainty and one aggregate category are defined next. 

Distinguishing between such sources has practical applications on identifying common 

models, relationships between different management strategies and assessment of 

expansion projects, as discussed subsequently after defining each source. 

The four primary sources of uncertainty in TEP are physical, economic, regulatory-

geopolitical and social-environmental. Physical uncertainties directly impact the physical 

infrastructure of a power system (i.e. transmission system or generation plants), cannot be 

controlled and occur or vary in small timescales ranging from seconds to a year. Examples 
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comprise outage of generation or transmission facilities, inelastic loads, wind speed, 

hydrology and natural disasters. Economic uncertainties are the result of some economic 

process such as market clearing or macroeconomic equilibrium, for example, fuel prices, 

investment costs and economic growth. Regulatory-geopolitical and social-environmental 

uncertainties result from complex political or social processes for which no quantitative 

model is available, such as public opposition to transmission projects or terrorism. Note 

that weather is not a primary source since the practical focus should be on risks and not 

causes. More precisely, different risks result whether uncertainty produces outage of 

facilities or public opposition to new transmission lines. Risks due to facilities outage are 

somewhat similar to those produced by natural disasters. Hence, weather related risks are 

grouped under physical or social-environmental sources. 

Uncertainties from the four primary sources can be modeled and then fed into some 

power system and market model (Figure 2-7). Although modeling varies for each 

uncertainty within the same source, some common modeling approaches can be identified. 

For example, physical uncertainties such as wind speed, hydrology and hourly residential 

load are often modeled by probability distributions. Instead, many economic uncertainties 

are assumed to follow some stochastic process such as Geometric Brownian Motion or 

discrete Markov chains. Finally, strategic scenarios and alternative cases are used to model 

social-environmental and regulatory-geopolitical uncertainties. 

Aggregate uncertainties in TEP are products of the interaction between different 

uncertainties. Such interactions are captured by a set of power system and market models. 

Electricity prices, power flows, reliability standards and total system costs in a regulated 

industry are clear examples of aggregate uncertainties. Complex uncertainties produced 

by electricity markets are harder to classify because of the lack of common information 

and models in a restructured environment. For example, bidding strategies, forward 

contracting and generation expansion could in principle be determined by directly 

modeling the equilibrium among profit-maximizing firms. However, generation 

expansion and bidding strategies are often modeled in TEP as exogenous economic 

uncertainties, in part because each participant of the market has different expectations and 

models. 
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Figure 2-7 Sources of uncertainty in TEP related by power system and market models. Some common models for each source of uncertainty can be 

identified. 
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Transmission expansion is directly related to management strategies focused on 

hedging against one or more sources of uncertainty, sometimes in a bidirectional fashion. 

For example, TEP is a complement or constituent part of markets integration and 

resiliency, while energy efficiency and demand response are, to some extent, supplements 

to transmission investment. Also, feedback loops exist between policies guiding TEP and 

TEP findings that advice policy-making. For example, regulatory measures aimed at 

ensuring cost recovery may be triggered by significant transmission investments needed 

to comply with public policy objectives. The close relationship among strategies suggests 

that TEP is part of a broader guidance process for the sustainable and efficient 

development of electricity markets. 

The assessment of strategies is inherently multicriteria since each strategy is affected 

by risks produced by multiple sources of uncertainty. For example, integration of regional 

markets can increase liquidity, competition, reliability and resiliency, thus addressing 

economic, physical and aggregate risks (e.g. complementary energy resource utilization, 

higher adequacy and more competitive electricity prices, respectively). Therefore, 

assessment of expansion projects and other actions must consider various performance 

metrics in a multicriteria decision framework. For example, Expected Energy Not 

Supplied and CO2 emissions should not be completely monetized and added to economic 

measures of costs and benefits, since security of service and emissions reductions are 

objectives on their own. Other public policy objectives also need to be assessed 

independently, for example increased integration of renewable energy sources. Thus, 

compromise plans instead of optimal ones are to be constructed in the face of multiple, 

potentially conflicting objectives. Since the performance of a plan varies across scenarios, 

different risk measures must be considered for each different objective and its associated 

performance metric. 

Holistic assessments of expansion projects are needed, considering relevant 

interactions to other complementary or supplementary strategies, and including different 

costs and benefits associated to different risks. A few management strategies and risk or 

performance metrics are depicted in Figure 2-8, with the purpose of illustration rather than 

comprehensiveness. 
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Figure 2-8 Depiction of the multidimensionality and complexity of TEP, when related to strategies and performance measures from varied sources of 

uncertainty. 




























































































































































