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1 Introduction: Conditions of Integration of Renewables
in Modern Power Markets

The world needs renewables, and renewables need transmission. Renewable elec-
tricity generation is a key element for the much-needed transition to low-carbon
economies of the future. According to the IPCC, renewables are projected to supply
70–85% (interquartile range) of electricity in 2050 across the future pathways for
limiting the hazards of climate change (IPCC 2018). Cleaner power generation
enables effective climate change abatement through electrification of other fossil
fuel reliant sectors, such as heating and transportation. Electrification would lead
to more carbon emissions if the power sector remains heavily reliant on fossil fuel
generation.

Theworld haswitnessed a tremendousgrowthof variable renewable energy (VRE)
generation over the past decade. Indeed, renewable energy generation accounted for
9.3% of global power generation in 2018, up from only 3% a decade ago (BP 2019).
Initially driven by support mechanisms and subsidies, pure economics and evolving
market-based regulations are now driving the growth of VREs around the world,
partly due to the plunge in investment costs over recent years (IEA 2018; Kavlak
et al. 2018). For the near future, the IEA expects a 46% growth of renewable power
capacity between 2018 and 2023 in its main case forecast. This expansion would
be mostly in VRE resources, with more than half coming from solar PV generation,
and wind remaining the second-largest contributor (IEA 2018). Partly due to the
recent growth of renewables, the power sector is often depicted as a success for
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decarbonization of energy and sometimes as the only energy sector for which the
future path seems clear (compared to heat and transportation).

Despite the incredible growth of VREs over the past decade, a challenging path
lies ahead for the power sector. The world is still highly reliant on fossil fuels for
power generation. As of 2018, coal remains the dominant worldwide fuel for power
generation with 38%, the same share as 20 years ago (BP 2019). Increased and
sustained efforts are thus clearly needed to accelerate and deepen the integration of
VREs, to quickly lower carbon emissions of the electricity sector.

The disruption of renewable generation poses new challenges and opportunities
for the transmission system, both from the system and the investor perspective.

• Variable and uncertain generation profiles of VRE require flexibility in opera-
tions, planning and regulation of the power sector. New transmission capacity
is a primary source of flexibility for the power system. Adequate transmission
capacity and flexible operation procedures (such as transmission line switching)
allow for sharing of the most economic and flexible resources across the power
system, key for a secure operation under varying flow patterns.

• Unlike coal and gas, wind and sun cannot be transported to more convenient
locations. Renewable power plants need to be located in resource-rich regions.
Regions with high-quality renewable resources are often far away from load
centers. Therefore, transmission infrastructure is needed to transport the electricity
from renewable power plants to the main grid and to final customers.

• Smaller power plants require flexible expansion and smooth coordination of
investments across the generation, transmission and distribution segments.
Renewable power plants are oftenmuch smaller than fossil-fueled andhydro-dams
power plants. Moreover, large VRE projects (more than 300 MW) can be devel-
oped quickly and flexibly in small incremental stages, given the modular nature
of wind turbines and solar PV panels. Smaller power plants require lower direct
investments, shorter construction times and are often widely dispersed geograph-
ically. Therefore, common transmission infrastructure might be beneficial to
economically harness the potentials of renewable generation hubs. Moreover,
coordination is needed between transmission and distribution investments and
operations, given the increasing role of distributed generation and other flexible
resources such as storage.

Therefore, rapidly achieving high shares of renewable energy in the electricity
generationmix requires timely and efficient development of the transmission system.
Such development includes transmission investment in both the main grid and in
locations with high renewable generation potential. New challenges for planning,
pricing and regulation of the transmission system are arising due to the disruption of
VRE generation, which is rapidly re-shaping power systems.

This chapter highlights someof these challenges associated to transmission invest-
ments needed for integration of renewable generation, as well as the approaches to
deal with these issues. Some of the issues and lessons analyzed in the chapter draw on
the Chilean experience (Velásquez 2017; Watts and Rudnick 2014). Chile has seen
record growth of VREs in recent years, increasing the share of electricity generation
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from wind and solar renewables from 0% in 2006 to 5% in 2015 and 12% in 2018
(8.7 TWh). Renewables were initially driven by quota mechanisms which aimed at
10% of renewable generation participation by 2024. Although a later law increased
the target renewable share, it is now clear that these targets will be vastly surpassed
and far in advance, due to the explosive economic-driven growth of renewables.

The explosive growthof renewables required significant transmission investments,
andmassive newprojectswill also be needed in the future.Chile is a long countrywith
widely dispersed renewable resources. Indeed, the renewable potential considered for
theMinistry’s strategic long-term planning highlights the availability of high-quality
solar generation potential concentrated in the north, in contrast with hydro- and wind
generation potential in the south (see Fig. 1a). Given high concentration of demand
in the center zone where the capital is located, transmission investments to harness
the renewable potential widespread across Chile will be significant in the medium-
and long-term (see Fig. 1b, c). This trend will intensify given the recently announced
plan to decommission all coal-fired power plants by 2040. Coal generation accounted
for 38% of total power generation in Chile during 2018, and 872 MW of coal-fired
capacity are located in the center zone. The first decommissioning stage comprises
1,047 MW of generation capacity (322 MW of which are located in the center) by
2025, which will be replaced by renewable projects located in the far-north (mostly
solar PV) and the south (wind farms).

Recent experiences in Chile highlight the complexities of the planning, permit-
ting and siting process for new transmission systems. Commissioning of a major
500 kV line between the center and the north suffered a 17-month delay (further
discussed below). This experience raises concerns regarding the timely development
of future expansion, such as the plannedHVDC line between the north and the center,
much needed for harnessing the solar generation potential. Complexities may result
in delays and a development time between 10 and 15 years for such a large HVDC
transmission project. Moreover, uncertainty in the expected location of future renew-
able generation may result in excess transmission toward the north and insufficient
transmission toward the south.

Renewable investors in Chile have already suffered the impacts of inadequate
transmission capacity and delays of important transmission projects. Figure 2 depicts
the evolution since 2017 of hourly locational spot prices in selected nodes of the
northern and center zones. Before November 2017, the Chilean power market was
composed of two independent power grids: the SING in the north, mainly composed
by large mining companies and coal-fired generation, and the SIC in the center and
south zones, with amix of industrial, commercial and household customers as well as
thermal and hydro-generation. Over the past decade, renewable generation projects
in the northern SIC zone were built far more quickly than the required transmission
infrastructure. Price decoupling reveals that transmission congestions between the
northern and center SICprovoked curtailment ofwind and solar PVgeneration during
daylight hours. The lack of timely transmission capacity meant significant foregone
revenues for renewable generators due to both curtailed electricity production and
lower spot prices.1

1The lack of operational flexibility is also a significant contributor to renewable generation curtail-
ment, given the high shares of inflexible coal-fired capacity in the north, as well as gas-fired plants
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Fig. 1 Location of renewable energy potential across Chile (a) main transmission system (b) and
geographical distribution of demand (c). The chart presents a simplified depiction of the main
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for 2018, for illustration purposes only. Several substationswere grouped or omitted for presentation
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and data published by National Electric Coordinator (CEN)

Curtailment fell drastically following the commissioning of the transmission inter-
connection project between the SIC and the SING in late November 2017, leading to

with inflexible LNG supply agreements which are given priority dispatch. However, the single most
relevant contributing factor to renewable curtailment in Chile is the lack of adequate transmission
capacity.
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increased price coupling between the SING and the northern SIC. However, decou-
pling persisted between these northern zones and the center SIC. Although such
decoupling would have been solved from February 2018 onwards due to the planned
commissioning of a 500 kV link between the north and the center (connected only
through 220 kV lines), the last tranche of the 500 kV link was delayed for 17 months,
partly due to the complicated right-of-way negotiation process and intense public
opposition. Commissioning of the full 500 kV link occurred in May 2019, leading to
price coupling across the north and center zones of the interconnected grid in recent
months. The prolonged delay of this project meant sustained foregone revenues
for renewable generators, mostly due to lower-than-expected prices, rather than
curtailment.

To tackle the challenges brought about by the disruption of renewables, as well as
wider weaknesses in transmission regulation, the Chilean regulator conducted over
the course of two years (2014–2016) a widely participatory process to develop a new
legal framework for transmission expansion and operation. The new transmission
law was enacted in June 2016, introducing deep reforms to expansion and operation
of transmission systems. The key elements of the Chilean transmission law related
to the accommodation of renewables can be summarized as follows (Ferreira et al.
2016):

• Governance of power system operations and interconnection procedures was
strengthened through increased independence of the ISO. Moreover, the two
previously independent ISOs were merged in a single ISO for the interconnected
national grid.
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• Beyond reliability and least-cost production, a wider set of benefits must be
explored to justify transmission expansion plans, including competitive and
resiliency benefits.

• Transmission planning must address long-term uncertainty through scenario
analysis, incorporating a variety of long-termvisions of the evolution of the energy
sector to guide transmission planning.

• The planner is explicitly granted the ability to consider spare transmission capacity
for possible future developments of supply and demand fundamentals.

• Transmission for renewable hubs can now be proactively developed through
centrally planned investment in the required transmission infrastructure. Renew-
able hubs are conceived as zones with high potential of renewable generation
and relatively far from the existing transmission networks, for which proactive
transmission expansion may be required to harness the full renewable potential.

• The cost allocation method, based on locational signals and cost sharing between
generators and demand, was simplified by transferring costs of the main grid
to demand through a simple postage stamp method (with no locational signal),
through a 15-year transition period for transferring these costs.

• Some responsibilities of the siting process were transferred from transmission
concessionaire companies to the state.While routing of new transmission projects
was previously the responsibility of the concessionaire, for complex transmission
projects, the authoritymust nowconduct a strip study to determine the spatial route
in which the project must be developed, considering a variety of environmental
and societal criteria. The resulting strip will be subject to a strategic assessment
process and the approval of the Council of Ministries.

The foundation of these reforms ranges from theoretically sound arguments to
primarily practical considerations. These theoretical and practical foundations, as
well implementation issues that have already emerged, will be further discussed in
this chapter.

The rest of the chapter is structured as follows. Section 2 overviews planning and
expansion of the main transmission grid to accommodate high levels of renewable
generation, from scenario generation to planning studies and the difficulties with
approval and siting of new projects. Section 3 analyzes the alternatives for efficiently
harnessing renewable generation hubs, discussing the economics of transmission and
generation coordination. Section 4 concludes this chapter.

2 The Backbone for Low-Carbon Power Systems:
Developing Transmission Grids for High Levels
of Renewable Generation

Developing the transmission grid that renewables require is no easy task. At the
system level, planning the optimal transmission network is a highly complex engi-
neering and regulatory challenge, which requires dealing with uncertainty and
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Fig. 3 Generic transmission expansion planning process in practice. Source Watts and Rudnick
(2014)

multiple objectives (as previously discussed). Moreover, once transmission expan-
sions are defined, their cost must be allocated among market participants, and
the works must be financed and successfully completed within reasonable times.
However, the development of new transmission lines has become more challenging
due to growing environmental and social concerns, yielding longer and more uncer-
tain lead times for new transmission projects due to siting and permitting difficulties.
This section will discuss some of the issues related to planning, allocating costs and
executing much-needed transmission expansions for the renewable scale-up.

Transmission planning in practice is developed in three stages: assumptions,
technical–economic studies and approval process, as depicted in Fig. 3 (Watts and
Rudnick 2014). Each of these stages has its own set of challenges, for which a variety
of possible solutions have emerged worldwide, as further discussed below.

2.1 Scenario Generation for Transmission Planning

In the first stage of the transmission planning process, key assumptions andmultiples
scenarios are developed and agreed upon by the planner and the stakeholders. The
precise definition of assumptions and scenarios shapes the results of the planning
process. Therefore, this is a key early participation tool for stakeholders, which
they can use to express their interests and expectations of the process, whether it is
profit maximization (for generation companies) or sustainability (for communities).
Therefore, this process often entails extensive stakeholder participation and public
consultation.

Scenarios can be broadly classified under three categories: predictive, explorative
and normative (Börjeson et al. 2006). Each scenario type attempts to answer a
different kind of question about the future, and thus, different examples exist for
transmission planning (see Table 1). The motivation and generation techniques for
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Table 1 Scenario typology

Scenario type Question about the future Transmission planning example

Predictive What will happen? • Short-term baseline scenario based on
relatively certain supply and demand
evolution

• What-if analysis and sensitivities of
projects delays, load and renewable
resource pattern, among others

Explorative What can happen? • Diverse and plausible scenarios,
generated by quantitative models
based on various economic,
environmental and technological
assumptions

• Higher and lower estimates of
renewable generation integration,
demand growth and other key
uncertainties

Normative How can a specific target be reached? • Goals for renewable generation and
fuel diversification

• Envisioned energy mix in the
long-term

Source Own, based on Börjeson et al. (2006)

each of these three scenario types are outlined below, given the diversity of trans-
mission planning approaches and scenario techniques employed across different
countries.

Predictive scenarioswhich attempt to forecast future conditions have historically
been the basis for transmission planning, specially under vertically integrated util-
ities. These scenarios can simplify the representation of uncertainties of relatively
low complexity, such as known and unknown uncertainties (Diebold et al. 2010;
Gomory 1995; Velasquez et al. 2016). Predictive or case-driven scenarios are often
sensitivities or limited deviations from base case assumptions. Case-driven scenarios
describe many possible combinations of outcomes of some set of uncertainties such
as winter/ summer peak, generation expansion or load growth rates (Bustamante-
Cedeño and Arora 2008; Buygi et al. 2006; Gorenstin et al. 1993; Mejia-Giraldo and
McCalley 2014; PJM 2015a).

As previously mentioned, power system operations and planning in the vertically
integrated regime have been historically driven by least-cost engineering analyses
and computer simulation models (Stoll 1989). Industry restructuring and the intro-
duction of competition make economics and value-based transmission become more
important (Buygi et al. 2004; Kirschen and Strbac 2005; Oliveira et al. 2007). This
trend has led many countries to devise transmission planning processes primarily
around theoretically sound quantitative models for generating and analyzing predic-
tive scenarios. For example, this has been historically the case of PJM’s reliability
and market efficiency studies for transmission planning.
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As the uncertainty and complexity of the power market increase with more
competitors and new renewable technologies, explorative and normative scenarios
become more important for the medium- and long-term. As PJM puts it, for the first
ten years of its transmission planning process, uncertainties were limited, and a
single set of assumptions was enough for reliability and market efficiency planning.
However, market and policy developments in more recent years required PJM to
undertake scenario planning (PJM 2017).

Explorative scenarios can be used to represent a broad spectrumof plausible future
evolutions of the power system, such as different levels of policy-driven renewable
generation. These scenarios ensure internal consistency by analyzing interactions
among several uncertainties, and selecting between three and six scenarios to broadly
represent plausible uncertainty realizations (Gu and McCalley 2010; Linares 2002;
Munoz et al. 2014; National Grid 2015a, b; PJM 2015b; Sanchis et al. 2015; van der
Weijde and Hobbs 2012).

In turn, normative scenarios can be used to guide the planning process toward a
strategic long-term vision (often the government’s vision), such as resource adequacy
levels or fuel diversification goals (e.g., for heavily hydro-reliant countries such as
Colombia and Peru). These normative scenarios often portray the authority’s vision
for the future of the power sector. While normative scenarios can be part of the
planning process, the set of considered scenarios should also be diverse to represent
a wide range of possible futures (Schoemaker 1993).

Contrasting with the quantitative approach for generating predictive scenarios,
explorative and normative scenarios are often built by the intuitive or qualitative
approach (van Notten et al. 2003). The intuitive approach conceives scenarios as
a mean to bound, understand and communicate uncertainty, rather than accurately
predicting or forecasting future outcome (Bradfield et al. 2005; Myers and Kitsuse
2000; van der Weijde and Hobbs 2012; Watts and Rudnick 2014). Each scenario
should present a trajectory to some future state in a narrative and compelling fashion,
outlining the interaction between the most important uncertainties in an internally
consistent manner.

The process for strategic scenario definition should be designed for building stake-
holder consensuswhile promotingvariety of outcomes and incorporating policy guid-
ance.Various qualitative techniques for intuitive scenario generation have been devel-
oped, including surveys, workshops, the think-tank model—back-office scenario
development by team of experts—and the Delphi method—based onmultiple rounds
of expert panel questionnaires (Börjeson et al. 2006). These and other techniques,
integrated in a strategic scenario generation process with participation from different
individuals (whether experts or not), can achieve a richer variety of future possi-
bilities and help overcome psychological biases (Schoemaker 1993; Tversky and
Kahneman 1974).

Transmission planning should draw techniques from both the intuitive and formal
approaches to generate scenarios. Quantitative models for developing scenarios are
a must for detailed modeling of the power market and transmission expansion plans.
However, purely quantitative scenarios can result in future possibilities that are too
narrow or lack internal consistency. Qualitative processes allow for more diverse
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scenarios which are also easier to communicate and discuss among both expert and
non-expert stakeholders. A mixed approach is probably best for long-term transmis-
sion planning under complex uncertainties. Such an approach was developed by the
IPCC to generate its 2000 emissions scenarios, based on amix of expert consultation,
results across different models and elaboration of storylines (IPCC 2000). A similar
approach is employed by the European Network of TSOs, whose scenario generation
process combines storylines, rounds of stakeholders’ participation and quantitative
modeling (ENTSO 2018).

It is worth noting that these mixed approaches for scenario generating process
go beyond the combination of multiple isolated uncertainties (or qualitative case-
driven scenarios). Such a process would qualitatively assess the range of plau-
sible values for each of the individual uncertainties. Then, extreme scenarios are
generated based on all the possible combinations of these individual uncertain-
ties. The resulting scenarios should be assessed for internal consistency and plau-
sibility, to eliminate impossible scenarios. Nonetheless, these scenarios would lack
the compelling narrative and storyline of the intuitive approach described above.
Therefore, scenario generation by combination of uncertainties could be insufficient
for long-term strategic transmission planning.

This combinatorial scenario generation process was employed in Chile for the
first Long-Term Energy Planning Process (Energy Ministry 2017). The scenario
planning process was introduced in 2016 by the new transmission law, to generate
long-term energy and electricity scenarios that are later used for transmission plan-
ning. The new process was a major success in introducing strategic visions, quali-
tative techniques and expert panels to scenario generation. Resulting scenarios span
a rich set of future possibilities which should yield more robust transmission plans,
compared to the relatively simpler scenarios historically used for transmission plan-
ning (which only considered supply uncertainties). However, the process fell short of
producing compelling and credible storylines for a reduced set of long-termscenarios.
These storylines are a core component of participative scenario generation processes
developed in USA and Europe.

2.2 Assessing Expansion Projects and Elaborating
the Transmission Plan

Once scenarios and assumptions are completed, the second stage of transmission
planning proceeds with technical and economic planning studies. These studies are
often conducted in an iterative fashion between technical–economic optimization
and detailed electrical simulations, given the computational complexity of the trans-
mission expansion problem. This stage involves both the identification of expansion
needs (e.g., identifying reliability violations) and the assessment of alternative solu-
tions to these needs, primarily through quantitative modeling. The outcome of this
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stage is a set of recommended transmission system expansion works and their devel-
opment schedule,with a general outline of the technical, economic and environmental
specifications of the project.

Modeling and optimization techniques for transmission planning are increas-
ingly complex in modern power markets. Rapidly growing renewable generation
and other technological disruptions (such as distributed resources) impose the need
for increased flexibility in power system operations and planning (Ela et al. 2014;
Holttinen et al. 2013;Milligan et al. 2016). Therefore, the evolution of power systems
requires enhanced modeling through higher spatial and temporal resolution (Munoz
et al. 2015). Moreover, more precise representation of the underlying dynamics of
the powermarket is needed, including scheduling, ancillary services, corrective oper-
ational measures, spatial and temporal correlation of renewable resources, weather
phenomena and market-based forces (Dillon et al. 2014; Jin et al. 2014; Moreira
et al. 2018; Moreno et al. 2013; Munoz et al. 2012, 2015; Neuhoff et al. 2013;
Orfanos et al. 2013; Pérez Odeh and Watts 2019; Sauma and Oren 2006; Watts
et al. 2016).

Based on these evolving modeling techniques, facilitating the integration of
renewables requires the full range of benefits of transmission to be considered
in planning studies. Conventional planning methodologies in the integrated utility
regime aimed at reliability as high as necessary and design as economical as possible
(Schlabbach and Rofalski 2008; Stoll 1989). Economic efficiency benefits beyond
production cost savings are also commonly analyzed, including the effect of trans-
mission expansions on market prices, increased competition and market power miti-
gation (Awad et al. 2006; Sauma and Oren 2006). However, transmission expansion
projects simultaneously offer a number of benefits (Joskow2005), ranging fromoper-
ational, to environmental and investment benefits. These benefits include enhanced
reserve scheduling, alleviation of reliability-must-run dispatch, economic valuation
of increased reliability, emissions benefits and fuel diversification (Inzunza 2014).
While assessing these benefits is challenging, relying solely on easily quantifiable
production cost savings would often lead to the rejection of otherwise beneficial
investments (Hou and Pfeifenberger 2012).

Capital-intensive transmission projects of strategic value may seem sub-optimal
if these additional benefits are dismissed. A practical example is the transmission
interconnection project between the two Chilean power systems (Bustos-Salvagno
and Fuentes 2017). Simple production cost analyses estimated net benefits between
US$ 0.5 andUS$ 1.5 bn (Synex–Mercados 2012), in net present value. Anotherwider
economic assessment of the interconnection project assessed, among others, benefits
of increased competition in the contracts market and resiliency against shocks (e.g.,
fuel disruption and project delays). Such wider economic assessment found benefits
from the interconnection project between US$ 3.2 and US$ 9.1 bn, in addition to
direct production cost benefits (Bustos-Salvagno and Fuentes 2017; CNE 2013).
That is, the economic benefit of these additional assessments is a staggering 2–
18 times higher than the benefits suggested by conventional planning studies. As
mentioned in the introduction, the interconnection between both power systems was
commissioned in November 2017 and ever since it has fostered competition (e.g.,
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allowing generators in the south to compete for the supply of largemining companies)
and reduced curtailment of renewable generation due to transmission congestion,
among many other benefits.

A key trade-off in transmission planning is the desired level of transmission
congestions versus acceptable levels of spare transmission capacity. Under expected
future demand growth, spare transmission capacity results due to the fundamental
properties of transmission infrastructure. Indeed, lumpy investments preclude small
incremental investments for the required capacity in each moment, while economies
of scale determine that it is better to build a little bigger to begin with, to accommo-
date future demand growth (Hirst and Kirby 2001). Therefore, there is a trade-off
between congestion risks due to lack of adequate and timely expansions and the
risks of capacity underutilization for far too long or even over-investment. Fast-
growing economies such as Alberta and Chile tend to emphasize the need of robust
planning transmission through spare capacities, to avoid the country-wide economic
impacts of transmission congestion due to under-investment and delays. Moreover,
the complete elimination of transmission congestions is pursued in some countries,
despite it being a sub-optimal planning strategy (Stoft 2006). Alberta’s transmission
plan focused on achieving an unconstrained system until recent years (AESO 2014;
Watts and Rudnick 2014). Transmission planning in Germany has also been histor-
ically guided by a copper plate standard aiming at unconstrained power markets,
although the possibility of 3% renewable curtailment was introduced to the planning
process in 2015 (Von Hirschhausen et al. 2018).

Spare capacity for robustness of transmission expansion plans was one of the key
components of the Chilean transmission law. Transmission planning at the time was
perceived to inadequately address uncertainty through scenarios of low diversity,
short planning horizons and lack of strategic long-term vision. The authority argued
that the regulation of the transmission planning process precluded enough spare
capacity to be considered, thus resulting in prolonged transmission congestions,
price decoupling within the power system and curtailment of renewable generation.
Such spare capacity would be a key planning tool under uncertainty, given expec-
tations for high demand growth and long lead times for new transmission projects.
Much of the legislative discussion focused on the risks of over-investment due to
speculative planning (Baldick and Kahn 1993). Although congress granted the regu-
lator the ability to consider spare transmission capacities for future expected uses,
implementation problems emerged relating primarily to the cost allocation reforms
that were also introduced, as further discussed below.

When it comes to solutions, however, new wires are not everything. While spare
capacities are needed for long-term planning, flexibility is paramount for short-
and medium-term horizons. Flexibility can be defined as “the ability to adapt the
planned development of the transmission system, quickly and at a reasonable cost,
to any change, foreseen or not, in the conditions that were considered at the time it
was planned” (Latorre et al. 2003). Flexibility encompasses many components of
transmission planning, including the following:
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• Optimization techniques for balancing robustness and flexibility of expansion
plans under uncertainty (Mejia-Giraldo and McCalley 2014).

• Flexible solutions for addressing transmission needs, ranging from operational
measures to non-wire investments. Flexible solutions require lower capital invest-
ment and lead times than new transmission lines, thus enabling deferral of trans-
mission investments until uncertainty diminishes, as well asmanagement of incre-
mental variations in flow patterns in the meantime (e.g., due to quicker-than-
expected completion of expected renewable projects). Solutions include opti-
mization of the existing infrastructure through improved system operation (MIT
2011); repowering (Tejada et al. 2015); transmission switching (Fisher et al. 2008;
Khodaei et al. 2010); dynamic line ratings (Douglass and Edris 1996; Fernandez
et al. 2016); asset management (Brown and Humphrey 2005; Shahidehpour and
Ferrero 2005); flexible equipment such as FACTS, phase shifters and storage
(Blanco et al. 2011; Konstantelos and Strbac 2015) and other non-wire solutions
such as demand response, energy efficiency and distributed generation solutions
analyzed in California (CAISO 2013), Denmark (Weber et al. 2013) and UK
(National Grid Plc 2014). Moreover, the proposition of additional solutions by
independent project sponsors should be encouraged to foster innovation (Herling
et al. 2016).

• Project management of planned capacity additions. More precisely, this includes
timing of investments (Garcia et al. 2010), real options approach (Chamorro
et al. 2012), decision trees (Buygi et al. 2003; RTE 2014) and staged project devel-
opment to allow adaptation. Staged development should establish adaptability-
enabling milestones for the complete expansion process, from conceptual design
to spatial layout and permitting. For example, the UK TSO can recommend pre-
construction studies to start outlining projects that could be necessary in the future.
Moreover, projects under development can be postponed or even canceled in case
of major changes in the market (National Grid Plc 2014).

• The flexibility of the process itself can be improved through higher frequency
of the scenario and planning process (at least on a yearly basis for planning).
Moreover, projects canbegrouped in clusters of similar properties or complexities,
to allow for expedited approval processes for the less controversial projects.

One illustrative example of plan flexibility pertains to the interaction of spare
capacities and repowering. In its 2013–2014 transmission plan, the Chilean energy
regulator (CNE) proposed a 500 kV line to supply the southernmost zone of the
power system. A generation company presented a discrepancy against this project to
the conflict resolution body of the Chilean power market, the Panel of Experts. The
generator argued that the project should be developed in stages by deferring some
branches and initially powering the line in 220 kV. In turn, the regulator’s arguments
included frustration with insufficient expansions from previous transmission plan-
ning processes and the need of a long-term vision for harnessing the wind generation
potential in the southern zone. After careful analysis, in its Resolution N°3 of 2014,
the Panel of Experts accepted the generators’ proposal to develop the project in
stages, notwithstanding the relative agreement regarding the long-term need of the
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project. This resolution made it clear that a wider variety of benefits and scenarios
should be considered for these kinds of expansion projects to be feasible.

However, the lack of flexibility persisted as one of the weaknesses of the trans-
mission process in Chile. Although the previously mentioned experience motivated
profound and positive changes in the transmission law aiming at the long-term
development of the market, medium-term transmission expansion was largely left
unchanged. Crucially, the regulation did not establish the ability to postpone, modify
or cancel complex expansion projects. In its 2017 expansion plan, the first under
the recently enacted transmission law, the regulator proposed the biggest transmis-
sion project ever in Chile, a massive 1500 km/3000 MW HVDC transmission line
with US$ 1.8 bn of referential investment. Such project would connect the north and
center zones of the system, enabling the long-term development of solar generation
in the north to supply growing demand in the center. Although the need of the project
conveyed widespread agreement, the accelerated planning process with incomplete
information and insufficient time for comments prompted a discrepancy to the Panel
of Experts, this time by a mining company, arguably because the transmission law
allocated expansion costs entirely to final customers (with no costs borne by gener-
ators). Panel’s Resolution N° 7 of 2018 delayed the HVDC line to the 2018 plan
for further analysis and specification. Unfortunately, given the inflexibilities of the
process, this lengthy conflict resolution process also delayed by several months all
the other expansion projects (many of which raised no opposition in the first place).
In the 2018 planning process, the regulator finally achieved approval for a smaller
2000 MW HVDC line with US$ 1.3 bn of referential investment.

Given the importance, size and complexity of this HVDC project, staged develop-
ment might be useful, particularly given the extreme difficulty that is expected from
the overall siting process of this project (further discussed below). Moreover, the
basic properties of the project are already defined, and the respective right-of-way
shall be planned for the smaller approved project. This inflexibility precludes a later
decision to build a higher capacity line which requires a wider strip of land, in case
the renewable potential turns out to develop faster than expected. The need to incor-
porate more flexibility in the planning process has already been acknowledged by
the authority and is a key part of a transmission planning improvement law currently
being prepared by the Ministry.

2.3 Cost Allocation, Plan Approval and Project Development

Governance of the transmission approval and development process is pivotal to the
success of the transmission expansion framework for renewable integration. After the
optimal transmission network has been planned, such plan is subject to several stages
of regulatory approval, administrative permitting and siting processes. Notwith-
standing the need for careful planning, difficulties in the approval and development
stages can result in severe delays, rerouting and redefinition of new transmission
projects. Severe difficulties in this process can result in large opportunity losses
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for renewable generation and final customers due to curtailment and price decou-
pling. Moreover, inadequate processes undermine the confidence of new investors
on the transmission expansion framework, slowing the pace of renewable generation
investment.

A core issue in the transmission approval process is the trade-off between effi-
ciency and simplicity of cost allocation methods. A beneficiaries-pay cost allocation
methodology promotes market efficiency. However, application of a beneficiaries-
pay rule is difficult for large-scale transmission projects with various benefits spread
throughout wide geographic areas and different market participants (Hogan 2011).
Socialization of transmission costs is relatively simple in practice, but would reduce
the incentives for efficient expansion of the combined generation and transmission
infrastructure.

Cost allocation in Chile for the main transmission grid (trunk grid) historically
relied on a complex usage-based methodology. Congestion rents are assigned to
Transcos, and transmission costs not covered by these congestion rents were shared
among generators and loads. For the “common influence area” (defined by engi-
neering criteria as the grid used by both generators and loads across the entire grid),
80% of the costs were allocated to generators and 20% to loads. Allocation between
generators and between loads was based on approximate usage factors derived from
simulations of the system’s operation. Results were highly dependent on hydrolog-
ical conditions, and the overall cost allocation framework was deemed too complex
for new investors to understand and manage.

To facilitate and accelerate renewable investment, theChilean transmission reform
drastically simplified the transmission cost allocation method. After the law, costs
of the trunk transmission grid (now called “national” grid) are allocated entirely to
final customers through a simple postage stamp methodology. A 15-year transition
period was established to gradually transfer transmission costs from generators to
final customers for supply contracts signed before enactment of the law. Nonetheless,
new generation projects would be automatically exempt from bearing transmission
costs of the trunk grid (although generation interconnection costs are still borne by
generators). These regulatory changes were expected to facilitate renewable invest-
ment by new investors, smaller than incumbentGencos inChile.Moreover, allocating
costs of the trunk grid to final customers was consistent with the most common
international practices (PJM 2010).

The simplification of cost allocation method means that locational and efficiency
signals for investment were reduced (Matamala et al. 2019). Locational signals
remain at the core of the Chilean market since the power pool still operates on
short-run locational marginal prices. The lack of a locational signal in transmission
cost allocation may in the long-term reduce the efficiency of the combined genera-
tion—transmission investment, incentivizing too much generation away from load
centers. However, high-quality renewable resources cannot be transported to more
convenient locations near demand centers. Thus, consensus emerged among partici-
pants of the transmission law discussion regarding the idea that locational signals in
transmission cost allocation are meaningless for the transition to a highly renewable
energy mix.
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Allocating transmission costs directly to final customers was expected to increase
transparency in final customer’s bills. This would also reduce the risk premium
that generators may be charging their customers due to the uncertainty embedded in
transmission tolls, given their strong dependence on hydrological conditions. Indeed,
supply contracts in Chile often pass through transmission costs to final customers.
Thus, the argument goes, tolls should be directly allocated to final customers, since
they end up paying for it anyway (Baldick et al. 2007).

This also increases the risk of overbuilding transmission if demand is too passive
in the planning process, compared to generators. Historically, generators have been
actively involved in the transmission planning process, arguably because the costs
of new transmission projects would be mostly borne and managed by generators.
Generators participation thus provided a market-based loop for transmission expan-
sion efficiency. In turn, customers are often deemed to be less interested in the details
of their electricity bill and the transmission planning process. However, Chilean
experience suggests otherwise, since the new HVDC line planned by the authority
was delayed and its capacity reduced due to opposition of large mining customers.
Although such level of participation cannot be expected from residential customers,
the conflict around the HVDC line highlights the need for final customer participa-
tion in early planning stages, with adequate time allowed to review and comment the
expansion plan. Moreover, a benefit-based cost allocation procedure for new trans-
mission projects could make issues and opposition to transmission expansion more
transparent (Baldick et al. 2007).

After conflicts due to cost allocation are resolved and the expansion plan is
approved, the complex permitting and siting process begins. Delays of major trans-
mission expansion projects due to public opposition, permitting and siting processes
can have significant impacts on the power market. These delays have proven very
difficult to manage since they are largely locational specific, depending on the
communities and administrative divisions involved. One related Chilean experience
is the Cardones–Polpaico 2 × 500 kV line, which suffered a delay of 17 months
with sizable economic impacts for renewable generators located in the northern zone
(solar PV and wind). The delay was partly related to intense public opposition in the
center zone, where electricity demand is concentrated. Rights-of-way negotiation
was slow in the center zone given the large number of land owners. After negoti-
ations finished, public opposition intensified with a few extreme acts that delayed
completion of the last line segments. Public opposition to this transmission project
emerged despite its need for renewable generation integration, which has more social
support than the thermal generation that renewables replace.

Siting difficulties highlight the need for early stakeholder participation in trans-
mission planning. Policy-makers andTSOs should acknowledge the large body of the
literature addressing the underlying factors of public acceptance of new transmission
projects, primarily the consensus that concerns of inhabitants and organized stake-
holders go well beyond the Not-In-My-Backyard (NIMBY) phenomenon. Easily
accessible information and a better representation of a project’s impacts—beyond
pure economics and cost-based analysis—are thus required (Devine-Wright 2012;
Komendantova and Battaglini 2016a; Schmidt and Lilliestam 2015).
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Further research is required to propose and compare participative solutions to
the transmission siting conundrum (Cohen et al. 2014). Although participation and
stakeholder empowerment from the need definition and spatial planning stages are
ways of avoiding project delays, participation is project-tailored and does not auto-
matically eliminate conflicts (Späth and Scolobig 2017). Participation is a dynamic
process which requires optimal engagement time (not too late and not too early)
and addressing new concerns that appear due to increased stakeholder awareness
(Komendantova and Battaglini 2016b). While participation is a key means for social
acceptance of new lines, some authors argue for participation to become a goal in
itself. A siting approach based on an open dialog, with the possibility to co-decide
and shape the project’s definition, can foster societal acceptance of large intercon-
nection projects (Ciupuliga and Cuppen 2013). Despite growing experience with
transmission siting processes and practices around the world, much of the available
literature is focused onEuropean countrieswhere one or a fewTSOs plan and develop
new transmission projects. In the Chilean framework, new transmission projects are
planned by the authority and built by a transmission concessionaire. Other country-
specific aspects make it difficult to successfully transfer lessons and best practices
(Consorcio Centro CambioGlobal UC—Centro de Energía U. de Chile y TecoGroup
2018).

TheChilean transmission law introduced new instruments for spatial transmission
planning and sitingwith a stronger role of the state as a “guarantee of social welfare ”.
Before the law, new transmission projectswere auctionedwith little information on its
route and awarded to the least-cost proposal (Ferreira et al. 2016). A broad consensus
emerged in the public discussion of the transmission law, regarding the need of an
increased role of the state in route definition of new transmission projects. In the new
regime, the state formulates alternative strips with early public participation and a
wider set of criteria beyond economic efficiency, including social and environmental
sustainability.A strategic environmental assessment is developed in parallel to inform
this strip study. The outcome of this process is a strip of land subject to approval by
the Sustainability Council of Ministries. After the strip is approved, a public auction
is conducted, and the awarded transmission concessionaire will be responsible for
detailed route definition and project construction, as well as obtaining environmental
and administrative permits (which also require public participation).

Despite broad consensus on the direction of these reforms, effective implemen-
tation will be crucial to success of the new transmission siting framework. Recent
experiences suggest that new transmission lines will face intense public opposition if
the siting process is not implemented effectively. The first strip study should start in
2020 for two tranches of a new 500 kV transmission system in the far-south zone of
the Chilean grid, with an estimated length of 421 km. However, potentially conflic-
tive projects will not be subject to this state-led process, given the authorities’ criteria
for determining project complexity. In fact, a 25 km line in the center-south zone will
not be subject to a strip study, despite being more complex from a social–environ-
mental perspective than one of the tranches of the 500-kV southern project. Given the
Ministry’smethodology, a strip study is not justified for the center-south project given
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its low technical complexity (in turn due to its low extension), despite its high social–
environmental complexity. Hence, in practice, the transmission reform tackled the
siting process for large transmission projectswithout addressing the siting process for
smaller projects, which are often located near cities and communities (whereas large
projects are often located farther from big cities). Siting of these small transmission
projects will continue being managed by a variety of transmission concessionaires
according to their own procedures for obtaining environmental and administrative
permits.

Another potential weakness of the regulatory framework is the inability to plan a
common strip for multiple transmission lines, nor for a possibly larger transmission
line in the future. This flexibility is important, for example, for the planned HVDC
between the center and northern zones required for scaling-up solar generation in the
north. Seeking to ensure its approval, the authority adjusted the HVDC project by
lowering its capacity and investment requirements below what was initially consid-
ered necessary. A strip study adjusted to the approved capacity will be conducted,
probably precluding a larger project to be built in the future in case the approved
capacity is later found to be too small to accommodate solar generation.Also, the strip
cannot be wider than necessary to accommodate other transmission projects in the
future. If poorly managed, this situation could result in two parallel HVDC projects
which occupy a land strip much larger than necessary and which are developed in
times much longer than necessary.

3 Reaching Out: Transmission for Harnessing Renewable
Generation Hubs

Coordination of transmission and renewable generation investment is the key for
market efficiency. Such coordination is especially challenging for renewable energy
“hubs”, or zones with a concentrated high-quality potential for renewable generation,
for three reasons.

• First, renewable energy hubs can be located far from main demand centers or the
transmission grid, thus requiring new dedicated transmission systems to cover
widespread areas in order to harness the renewable potential.

• Second, renewable resources can be dispersed in large geographic areas, where
independent connections designed for each possible generation project might
be inefficiently costly, leading to less-than-optimal investment in renewable
generation. Moreover, such independent connections can have significant socio-
environmental impact, due to the multiplicity of transmission lines.

• Third, many smaller generation projects (i.e., less than 20 MW) are unable to
finance investment in newdedicated transmission lines required to transport gener-
ation for large distances to the main transmission grid. Therefore, less projects
than the efficient level would be developed due to the failure to coordinate and
share the transmission costs among multiple developers.
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Given these difficulties, anticipative and proactive transmission expansion
approaches have been proposed. The anticipative approach would anticipate to the
development of new generation projects to plan an optimized transmission network.
A proactive plannerwould expand transmission considering the effect of these expan-
sions on competing generators, seekingmaximumefficiency by “guiding” generation
investment through transmission investments.

Mixed outcomes have resulted from the implementation of these approaches to
coordinate renewable generation investment in Texas, Brazil, Australia and recently
Chile (Chattopadhyay 2011; Hasan et al. 2013; Madrigal and Stoft 2011; Porrua
et al. 2009; Rudnick et al. 2012). The Texas experience with proactive transmis-
sion planning and staged coordination of new generation projects has been very
successful, achieving integration of over 19 GW of wind generation and reducing
curtailment to low, economic levels around 0.5% by 2014, down from 17% in
2009 (Billo 2017). The Brazilian experience with coordination of transmission for
renewable projects that participate in supply auctions was also initially successful
(Porrua et al. 2009). However, coordinated transmission expansion was later aban-
doned, partly due to transmission project delays and the difficulties of risk alloca-
tion between customers, planners and generators whose construction was uncertain
(Bayer et al. 2018). Finally, to this date there have not been major successful expe-
riences in Australia and Chile, despite their efforts to coordinate transmission for
clusters or hubs of renewable generation.

However, many issues curb the development of coordinated transmission systems
for renewable hubs. First, anticipative and proactive planning is by itself a chal-
lenging task, requiring new optimization methodologies and institutional arrange-
ments compared to traditional planning. Second, planning transmission to incentivize
optimal generation investment inevitably risks transmission asset stranding, in case
some of the new generation projects get canceled. Third, the timing and development
times of multiple generation firms can vary widely. Fourth, competing generation
firmsmight be unwilling to trust their direct competitors with commercially sensitive
information regarding their generation project portfolios.Moreover, generation firms
might be wary of depending on the decisions of their direct competitors, let alone
helping them achieve lower transmission costs and shorter time-to-market, since
the potential competitive loss may outweigh transmission cost reductions due to
coordination.

The coordination between transmission and generation investment for renewable
energy hubs will be discussed in further detail below, by using simple examples to
illustrate the underlying competitive and market forces. First, coordination between
two similar generators by private initiative will be analyzed, highlighting the reasons
that curb such private coordination (Sect. 3.1). Second, centralized coordination of
transmission interconnection will be analyzed, highlighting the potential risks of
such a solution (Sect. 3.2). Third, Sect. 3.3 overviews open access and its practical
implications for renewable integration.
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3.1 Voluntary Coordination of Two Similar Generators

Consider two similar new generation projects located nearby each other, but far from
the main transmission grid (about 50 km). Suppose two alternative connection solu-
tions are available, as depicted in Fig. 4. The first solution (“uncoordinated” solution)
would leave the full development of transmission interconnection to generationdevel-
opers, thus probably resulting in one dedicated interconnection transmission system
for each generation project. Instead, the second solution (“coordinated” solution)
would optimize the transmission interconnection system considering both genera-
tion projects, thus building a bigger common line and two smaller and independent
interconnection lines.

The coordinated solution reaps the benefits of scale economies in transmission
systems, thus achieving lower overall costs when compared to the uncoordinated
interconnection solution. Using standard investment costs for the Chilean transmis-
sion systems, the example abovewould result in a total interconnection cost ofMUS$
24.5 in the uncoordinated solution (two independent transmission lines ofMUS$12.3
each) and MUS$ 23.1 under a coordinated solution (composed of a common 15.4
MUS$ line and two independent lines that cost MUS$ 3.8 each). Thus, coordina-
tion would yield transmission interconnection savings for MUS$ 1.5, or about 6%
of transmission interconnection costs, given the lower cost per MW of capacity for
bigger transmission lines.

However, strategic considerations may deter a coordinated interconnection solu-
tion to be agreed upon and executed by the two generators. The first strategic concern
is related to the increased risk that the potential cost saving implies. Consider the
“payoff matrix” for both generators under the uncoordinated and coordinated solu-
tions presented in Table 2, depicting the transmission interconnection costs borne
by each generator (in each of the four columns), depending on the investment deci-
sion taken by the first generator (rows) and by the second generator (columns). In the
uncoordinated solution, each generator would payMUS$ 12.3 for transmission inter-
connection if (andwhen) it finally decides to invest, andwould pay nothing otherwise.

Fig. 4 Uncoordinated and coordinated transmission connection solutions
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Table 2 Generators-game payoff matrix under both expansion alternatives

G1\G2 Invest Not invest

(A) Uncoordinated expansion

Invest −12.3 −12.3 −12.3 0

Not invest 0 −12.3 0 0

(B) Coordinated expansion

Invest −11.5 −11.5 −19.2 0

Not invest 0 −19.2 0 0

The outcome for each generator in the uncoordinated solution is independent of the
other generator’s investment decision and its timing.

In turn, the coordinated solution results in lower interconnection cost of MUS$
11.5 for each generator, but only if both generators follow through with their
pre-commitments to invest in a coordinated transmission interconnection project.
However, consider that only G1 decides to invest in the coordinated system, but G2
decides not to participate of the coordinated system (whether because its project is
canceled, or because it decides to develop an independent connection). Then G1
would bear the full cost of the common interconnection line (MUS$ 15.4), as well as
its independent line (MUS$ 3.8), thus resulting in an interconnection cost of MUS$
19.2, which is a MUS$ 7 loss with respect to the uncoordinated solution.

Considering that both generators invest in their respective power plants, but can
either coordinate transmission or pursue an independent connection, the resulting
game is an instance of the well-known stag hunt game (see Table 3). The stag hunt
is a common example of coordination failures among individuals. Theoretically, this
simple game has two pure Nash equilibrium strategies: both players coordinate or
both fail to do so (Fudenberg and Tirole 1991). If both players coordinate, none of
them has the incentive to unilaterally change their strategy, since payoffs would be
lower. However, this is also true if both players do not coordinate.

Therefore, game theory does not predict a single pure strategy for rational players.
In turn, the mixed strategy equilibrium (i.e., where each player has a probability
distribution over his set of actions) depends on the probability of coordinating. For
this example, coordinating would be better only if the probability that the other
generator coordinates is over 90% (due to the large downside risk of building a
larger than needed line). The probability of coordination required for it to be the
optimal strategy needs to be higher with more players. In theoretical terms, the “both

Table 3 Generators-game payoff matrix if both invest in their power plant and choose whether or
not to coordinate transmission

G1\G2 Coordinate Not coordinate

Coordinate −11.5, −11.5 −19.2, −12.3

Not coordinate −12.3, −19.2 −12.3, −12.3
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fail to coordinate” equilibrium is said to risk-dominate “both coordinate”, despite
coordination being payoff dominant over non-coordination (Harsanyi and Selten
1988).

Of course, if G2 withdraws from the coordinated system, G1 could drop the
coordinated solution altogether and develop an independent interconnection instead.
Then, the transmission cost of the coordinated solution is always lower than the
coordinated expansion (the worst-case cost would be MUS$ 12.3 instead of MUS$
19.2). Rational generators would thus pursue the coordinated solution first, and fall
back to the uncoordinated option should coordination fail. Moreover, the credibility
and feasibility of a coordinated solution may increase with enforceable contracts
and the establishment of a special independent firm for developing the coordinated
transmission project.

However, the risks of project delay can easily outweigh the benefits due to
interconnection cost savings. Indeed, this optionality would require the transmis-
sion project to be postponed until enough certainty regarding the development of
both generation projects is achieved.2 Waiting for such certainty may significantly
delay revenues from the generation project, since the other generator could fail in
an advanced stage of project development. While the direct costs associated to the
delay may be very small (e.g., restarting interconnection studies and permits), the
opportunity costs could be tremendous due to foregone revenue from energy sales
(especially if the generation project is committed for supplying a contract with final
customers). Another option would be the parallel development of a coordinated and
an uncoordinated solution. However, parallelism does not completely eliminate delay
risks and would probably undermine confidence on the viability of the coordinated
solution.

The importance of time-to-market over minor cost savings, and the properties of
the strategic game between both generators described above, could well be enough
to impede a coordinated solution to be pursued by competing generators in many
real cases. However, other wider commercial considerations come at play against
a coordinated solution. Attempting coordination would inevitably mean disclosing
confidential information regarding the generator’s project portfolio and commercial
strategy. Moreover, the coordinated solution could ultimately improve the commer-
cial position of a direct competitor and could thus be negative for a profit-maximizing
generator. In the long-term, the portfolio-wide competitive loss due to a couple of
additional competing renewable projects can be very small for large companies with
several GWs of installed generation capacity. However, a few hundredMWs of addi-
tional renewable capacity can result in enormous short-term losses due to curtailment
and price decoupling in constrained transmission networks such as the Chilean grid,
further reducing incentives for a coordinated connection.

2A joint venture between the two generation firms could allow for full certainty by bundling the
two generation projects as well as the common transmission system. However, that would not be a
case of coordination among different firms. Moreover, joint ventures may be far less likely in zones
with many generation projects (instead of only two).
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For the reasons outlined above and given the relatively low level of potential cost
savings due to coordination (when compared to total project costs and incomes), it
seems rather unlikely that generators would voluntarily pursue a coordinated inter-
connection solution. It is worth noting that the issues with the coordinated inter-
connection (namely risks of projects’ delay and slower time-to-market, risks of
higher transmission costs, disclosing commercially sensitive information and helping
a direct competitor) are also present in more general cases with multiple generation
projects of different technologies and installed capacity. Indeed, while the potential
cost savings of a coordinated solution could be higher for many small projects, the
potential risks could also increase (with worse possible outcomes), as well as the
difficulty of coordinating and establishing trust among many competing firms.

3.2 Centralized Coordination of Two Similar Generators

Transmission cost savings and cost sharing among multiple power plants can be
key for developing new generation projects. Unlike thermal power plants, neither
the wind nor the sun can be transported to a more convenient location. Given that
high-quality renewable potential can be located far from the existing transmission
networks, long transmission lines may be required to harness the full potential of the
hub. In that case, the higher transmission cost associated to an uncoordinated solution
can deter or even preclude altogether the development of some generation projects.
The appeal of the coordinated interconnection solution is thus twofold: it lowers
overall transmission costs, thus enabling more renewable potential to be harnessed.

Centralized coordination of transmission investment for facilitating renewable
generation development is therefore an appealing policy. A coordinated transmis-
sion project would be designed, developed and executed with the state’s direction.
Renewable projects could then use the transmission capacity provided they pay their
“fair share” for the coordinated system, so that an appropriate efficiency signal is
preserved for the location and volume of renewable projects.

To illustrate the potential benefits of transmission coordination, assume, for the
sake of simplicity, that two 200 MW solar PV power plants could be developed in
a nearby location far from the main grid. Each power plant requires an investment
of MUS$ 200 (consistent with public information of PV projects under develop-
ment in Chile). Considering a capacity factor of 31% and an average spot price of
50 US$/MWh, each power plant would roughly save MUS$ 27.2 in total system
operation costs on a yearly basis, or a present value of MUS$ 231.2 over a 20-year
lifespan (with a 10% discount rate).

If coordination between both projects is implemented perfectly, coordination
would yield savings ofMUS$ 1.5 compared to the uncoordinated solution. However,
should one of the projects fail to reach completion and pay for the common trans-
mission infrastructure, the TSP would have to bear the stranded cost of the common
line, equal to MUS$ 7.7 (see Table 4).
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Table 4 Transmission interconnection costs with Transco-driven coordination

G1 G2 Transco (Tx)

Not invest Invest

G1 G2 Tx G1 G2 Tx

Invest Invest −11.5 −11.5 0 −11.5 −11.5 0

Not invest −19.2 0 0 −11.5 0 −7.7

Not invest Invest 0 −19.2 0 0 −11.5 −7.7

Not invest 0 0 0 0 0 −15.4

If excess costs due to stranded assets are not transferred away from the TSP and
generators, and through to final customers or the state, it is unlikely that the coor-
dinated solution is financed and executed. Indeed, if the TSP is allowed to increase
charges to the completed generator, then prospective generators would refrain from
participating in the coordinated solution, preferring an independent solution instead.
If theTSPbears the risks of stranded assets, the project is unlikely to achievefinancing
due to the significant risks involved, which are not rewarded through higher expected
returns.

However, transferring risks away from project developers could ultimately
harm system efficiency. While facilitating the development of renewable projects
through coordinated or proactive transmission can allow for increased investment in
renewable generation, inefficient transmission or generation projects could end up
developing at the cost of final customers.

As previously mentioned, centralized coordination could enable increased invest-
ment in generation projects which would otherwise be inviable. The benefit of higher
and more efficient overall investment is far greater than the benefits due to transmis-
sion interconnection cost savings for large, high-quality generation projects which
would be developed anyway (i.e., with orwithout coordination). The potential benefit
related to guidingmore efficient generation investments has been studied in the litera-
ture through proactive transmission planning models. Such models are formulated as
sequential strategic games where the transmission planner has perfect information
regarding the cost structure of individual generators, thus allowing the planner to
determine optimal investment decisions for each generation firm, given the trans-
mission expansion plan under assessment (Sauma and Oren 2006). While these
assumptions could be adequate for the long-run planning of the overall transmission
system, practitioners may find it difficult to determine optimal investment decisions
for private generation firms in particular zones of the system.

Given the uncertainty involved in estimating generator’s investment decisions,
a probabilistic approach could be more adequate for analyzing the development of
renewable hubs. The simplest approach is assuming that building a transmission
system for a particular hub increases the probability of generation projects’ comple-
tion. For example, based on the simple example presented above, consider that one
generation project’s completion (G1) is absolutely certain (i.e., with or without a
coordinated transmission system), while the second-generation project’s completion
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(G2) is deemed uncertain. Further, assume that the planner estimates a 30% chance
that G2 reaches completion if no coordinated system is developed. If a coordinated
system is developed, lower interconnection costs would increase the probability that
G2 is completed.

In this setting, building the coordinated system would only be beneficial (in
expected present value) if the probability of G2’s completion increases from 30%
without coordination, to over 53%. Instead, if the probability is lower than 53%
then, in expected present value, the planner would be better-off leaving transmis-
sion interconnection solely to generator developers. This sensitivity to perceived
project completion likelihood highlights the risks involved in proactive transmission
development for renewable generation hubs.

The general formulation of the related optimization problemswould be as follows:

min
∑

l

CTICl · yl +
∑

g

E
[
GICg + GTICg + VCg|{yl}∀l

]

Subject to production, demand, transmission flows and variable nature constraints.
Where

yl Binary decision variable for investment in coordinated transmission
systems.

CTICl Coordinated transmission investment costs, shared among coordinated
generators.

GICg Generation investment costs.
GTICg Transmission interconnection costs borne by each generation firm.
VCg Total variable costs for each generator of the system.

The model presented above minimizes the total expected investment and opera-
tion costs, considering the impact that a centralized coordinated solution has on the
likelihood of project completion. Unfortunately, the formulation above is nonlinear,
since the probabilities required for calculating expected generation costs depend
on the decision variables for coordinated transmission expansion. Nonetheless, for
assessing rather small generation hubs, the problem can be solved by comparing the
solutions with and without coordination, as depicted above.

The model captures the uncertainty associated with generation project develop-
ment but fails to appropriately represent the underlying market forces in liberalized
power markets, primarily, profit-maximizing generation firms. A more theoretically
sound (albeit complicated) model could be posed as a Bayesian game where players
(i.e., generators and the transmission planner) have uncertain information regarding
the game itself (e.g., regarding the cost structure of each firm and generation project).
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3.3 Open Access and Governance of the Transmission System

Open access to the transmission system is a core component of competitive power
markets (Hogan 1998, 2002; Hunt 2002; Rudnick et al. 1997). Open access to the
transmission gridmeans open access to dispatch, thus enabling short-run competition
among generators and efficient transmission capacity allocation. Moreover, open
access allows investment and the entry of new competitors through interconnection
of new power plants.

Achieving effective open access in practice can be tricky. Investment in new
renewable generation projects is particularly sensitive to the many components of
the interconnection process and its regulation. Such components include cost allo-
cation policies for new connections (deep vs. shallow), times and costs of the inter-
connection process, process standardization, governance and independence of the
TSO/ISO, among others (Ellery et al. 2013; Madrigal and Stoft 2011).

For renewable generation in Chile, the scope of open access to dedicated trans-
mission systems is particularly important. Dedicated systems are those that connect
a single generation project or large customer to the main transmission grid. As
explained above, the usage of the existing transmission lines located near high-
quality renewable zones often poses significant benefits for small renewable power
plants. These benefits are twofold. First, the power plant would bear lower intercon-
nection costs, since it is usually cheaper to reinforce or expand existing transmission
systems (although not always possible depending on the sizes of the new projects),
rather than building a new transmission line. Second, the power plant would also face
lower construction times and lower delay risks, since right-of-way and many other
administrative permits are needed for shorter strips. Furthermore, there are many
societal and environmental benefits since less transmission lines are built.

However, lacking appropriate institutions, new renewable project developers can
find it hard to connect to these dedicated transmission systems. This was perceived
to be the case in Chile by 2015, given the ownership structure and regulation of
the transmission system. Transmission ownership in Chile is not solely allocated to
a single or few transmission companies. Instead, transmission system ownership is
dispersed among transmission, generation and distribution companies and even large
customers (mostly mining companies). Furthermore, regulations for open access to
dedicated transmission systems were not clear in many respects. Indeed, there was
no bylaw regulation for dedicated systems, the regulation allowed some dedicated
systems to be exempt from open access and there were no established procedures and
referential costs for connection of new projects to different transmission systems.

If not standardized, connection procedures and costs can be discretionally set
by the transmission system owner. This gives the owner the power to deter new
connections by imposing high connection costs (whether through complicated and
lengthy procedures and studies or through excessive tolls). The owner could be
compelled to do so, for example, if he plans to develop new projects in the future
making use of the existing system, if he wishes to deter entrance of new competitors
(for generators) or if he simply wishes to avoid the trouble of multiple connections



Transmission Investment and Renewable … 443

and toll agreements (for large customers such asmining ormanufacturing companies,
whose primary business is not electricity). Even if the transmission owner does not
wish to deter new connections, different procedures and criteria for connection to
each transmission system make it harder for new generators to enter the market.

The Chilean experience suggests that institutions for open access to dedicated
transmission systems may need revisiting to allow for the efficient integration of
renewable resources. Four lessons from the Chilean experience are outlined next.
First of all, regulations must clarify the scope of open access. The best scenario for
new renewable generators would be that every transmission system is subject to open
access administered by the ISO. This was not the case in Chile, where the lack of
open access to some dedicated systems did not seem to be a problem in the past,
given the existence of only few market participants, who developed mostly large
generation projects with dedicated transmission lines.

Second, the roles and functions regarding open accessmust be clarified and ideally
allocated to a single entity (such as the ISO), provided other opportunities for dispute
resolution (with the regulator or a dedicated expert entity, before leaving it to the
courts). Connection procedures should be standardized across the power market
administered by the ISO, independently of the owner of each individual transmis-
sion system. Such procedures should clearly specify the timing and general process
for connection, including deadlines for yearly connection windows, in case connec-
tion applications are not received and processed all year long. Moreover, the process
for determining and allocating Available Transfer Capacity (ATC) should be stan-
dardized and publicly available, and the process should also be administered by an
independent ISO instead of individual market players, to avoid doubts regarding its
fairness.

Third, the criteria applied by the ISO for approving new connections should
be as transparent and standardized as possible, seeking to preserve reliability and
system security above all, as well as fostering competition. For example, in Chile,
the connection of new transmission systems to the main grid was not fully stan-
dardized. Procedures allowed for up to one tap-off connection to only one circuit
of a transmission line in the main grid. However, when there were two or more
connections to a single point of the main grid, new sectioning substations for all the
circuits were required, with additional costs borne by the owner of the second or
third connection. This standard made it far cheaper for the first-generation project
to connect to the main grid. It also placed most of the financial burden of a secure
connection on the second- or third-generation projects to connect to the main grid in
a given location. With the advent of renewable generation, tap-offs quickly spread
throughout the Chilean transmission grid and as of 2019 are still being replaced by
fully functioning sectioning substations.

Fourth, property rights should be clearly allocated, and coordination thereof
should be the responsibility of the ISO. In Chile, the transmission law and bylaws
successfully clarified the scope of open access to electricity transmission infrastruc-
ture but failed to clarify property rights and open access to the communication lines
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bundled within power transmission lines. This led to some delays in the interconnec-
tion of new transmission projects and is therefore a key part of the refinement law
currently under development by the Energy Ministry.

4 Conclusions

Timely and adequate transmission capacity is key for renewable energy integration.
Short-run impacts for investors due to curtailment and market decoupling can be
significant. However, the risks of overbuilding transmission should also be managed.
A carefully designed and implemented framework for transmission expansion can
support long-run efficiency and sustainability in the evolution of power systems. This
chapter discussed some of the elements that could improve transmission planning,
thus facilitating renewable integration.

A coordination problem between transmission and generation investments arises
for harnessing hubs of high renewable potential. Small and geographically dispersed
renewable projects could benefit from economies of scale stemming from coordi-
nated transmission expansions. However, economic risks and strategic considera-
tions curb the development of such coordinated transmission solutions. The Texas
experience with proactive coordination of wind farms is a major success of trans-
mission–generation coordination for efficient wind farm accommodation. However,
mixed experiences have emerged in Brazil, Chile and Australia, given the difficulties
associated to planning, coordination and allocation of the costs and risks of proactive
transmission investments. Further research and analyses are needed to shed lights on
possible solutions to the coordination conundrum. These solutions should aim both
at economic efficiency and practical feasibility.

Regarding planning studies, practitioners should resort to the wide variety of opti-
mization models developed to support transmission planning. Quantitative modeling
should be a core component of the transmission planning process. Although many
optimization models are computationally challenging to solve, incremental improve-
ments of transmission planning modeling should be continually pursued by practi-
tioners. For example, planning could be improved by modeling the temporal and
spatial correlation of renewable resources, as well as flexible expansion alterna-
tives such as FACTS and storage. Practitioners should also consider general policy
recommendations stemming from sophisticate models which may be difficult to
solve directly for real case studies. For example, competitive benefits of transmis-
sion should be considered at least approximately, given that competitive equilibrium
models might be difficult to calibrate and solve in practice.

The whole process of transmission expansion deals with various uncertainties
and complexities due to multiple conflicting criteria. Primarily, quantitative tech-
niques guide the planning process in the short- to medium-term. Mostly, qualitative
participatory processes for generating long-term scenarios have emerged worldwide
as a primary tool to model and communicate more complex uncertainties. In any
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case, optimization approaches should be used more often by practitioners to deter-
mine the optimal expansion plan. Although academic research has made tremendous
advances, many planners rely on simple heuristics for selecting “optimal” projects,
not relying on optimization techniques such as stochastic programming, robust opti-
mization and multi-objective optimization. In particular, tremendous uncertainty on
the future location and technological mix of renewable generation calls for increased
reliance on optimization techniques to guide the transmission planning decision-
making process. A simple example is provided by Chile, where both the solar poten-
tial of the north and the wind and hydro-potential of the south could develop in the
future. The decision of building lines from the center (where demand is concen-
trated) to the north or to the south ultimately depends on both the qualitative visions
regarding plausible futures and the optimality of the expansion plan under various
kinds of uncertainties and multiple criteria.

Long-run reliability, efficiency and sustainability of the power sector require a
holistic approach to transmission expansion. In this sense, the most complex process
within transmission planning is the approval and siting of new overhead transmission
lines. Lack of early and effective participation of communities and stakeholders in
the decision-making process increases the risks of later delays due to opposition,
judicialization and even redefinition of the projects. Transmission siting and there-
fore the whole expansion process are shaped by a confluence of regulation, tech-
nical–economic theory, underlying market fundamentals, social and environmental
dynamics and ultimately good governance and institutional capacity to ensure the
practical effectiveness of the transmission expansion framework. Convergence of
approaches and analyses from all these disciplines is required to facilitate a smooth
transition towards the much-needed low-carbon economies of the future.
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