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Renewable expansion is key to mitigating climate change

• Electricity is a major source of GHG emissions (e.g., 25% in the US)

• Another large source is transportation, which can be electrified soon
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Good news: Grid-scale renewables are getting inexpensive

• Wind and solar costs have declined dramatically in the recent years

• Now comparable to natural gas power plants (≈ 35$/MWh)
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Figure 1: Decreasing Cost of Grid-Scale Renewables 
 

 
 

Note: This figure was created by the authors using levelized costs calculations from the US Department of Energy (2010-2022), 
and reflects lifetime project costs including construction, financing, and operations. The circles indicate the US average levelized 
cost in each year without tax credits for onshore wind and solar photovoltaics. The range indicates regional variation. A small 
amount of smoothing has been applied to emphasize the overall pattern rather than idiosyncratic year-to-year fluctuations. All 
values in the paper have been deflated to reflect year 2022 dollars.  

 
 
 

Figure 2: Growing Percentage of US Electricity from Grid-Scale Renewables 

 
Note: This figure was created by the authors using monthly net generation by category from US Department of Energy (2023). 
Wind and solar are grid-scale generation as a percentage of total grid-scale generation from all sources. The seasonality reflects 
that during summer months (June-Aug), wind generation is 10 percent lower than other months whereas solar generation and total 
generation are 18 percent and 6 percent higher, respectively. 
 
 

Source: Davis, Hausman, and Rose (2023)
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However, the worldwide solar+wind share is still 15%
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What are key challenges and opportunities?

1. Underdeveloped regulatory and market design
▶ Existing regulations/markets were not built for renewables
▶ Key: Reforms in regulatory/market designs to accommodate renewables

2. Insufficient inter-temporal market integration
▶ Renewables are “intermittent” and “non-dispatchable”
▶ Key: Future cost declines in large-scale batteries

3. Insufficient spatial market integration
▶ Existing networks were not built for renewables
▶ Key: Geographically integrating reneable supply and demand centers
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Challenge 1) Underdeveloped regulatory and market design

6 / 73



Existing regulation/markets were not built for renewables

Challenge: Existing regulation/markets were not built for
renewables

• Conventional power plants
I e.g. Thermal (gas, oil, coal) and nuclear
I Many regulations and market designs were originally build for these

plants

• Renewable plants are quite di↵erent from conventional plants
I Intermittency, uncertain production, etc.
I Regulation/market designs need to be changed to accomodate

renewables
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• Conventional power plants
▶ e.g. Thermal (gas, oil, coal) and nuclear
▶ Regulations and market designs were originally build for these plants

• Renewable plants are quite different from conventional plants
▶ Intermittency, uncertain production, etc.
▶ Key: Reforms in regulatory/market designs to accommodate renewables
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Example 1) “Interconnection queue” problem

Source: Johnston, Liu, and Yang, 2023, NBER Working Paper, 31946.
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Example 1) “Interconnection queue” problem

Average wait time is now approaching 5 years and getting worse

Notes: (1) In-service date was only available for 6 ISOs (CAISO, ERCOT, ISO-NE, NYISO, PJM, SPP) and 8 non-ISO BAs (Duke, FPL, LADWP, PSCo, SOCO, SEC, SRP, 
TSGT) representing 61% of all operational projects. (2) Duration is calculated as the number of months from the queue entry date to the commercial operations date. 41

The median duration from interconnection request (IR) to commercial operations date 
(COD) continues to rise, approaching 5 years for projects completed in 2022-2023

Interconnection Request (IR) Interconnection Agreement (IA) Commercial Operations (COD)Duration Analyzed:

Source: Rand et al. at Lawrence Berkeley National Lab (2024)

• Interconnection queue problem in the United States
▶ New power plants need to complete a “study” before connecting to grid
▶ Many solar and wind projects are stuck in the queue
▶ Currently, 2600 GW capacity (= 2 × all US power plant fleet) is waiting
▶ This problem adds delays and uncertainty to renewable investments
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Example 2) Auction design in wholesale electricity markets

American Economic Review 2016, 106(7): 1921–1957 
http://dx.doi.org/10.1257/aer.20141529

1921

Sequential Markets, Market Power, and Arbitrage†

By Koichiro Ito and Mar Reguant*

We develop a framework to characterize strategic behavior in 
sequential markets under imperfect competition and restricted 
entry in arbitrage. Our theory predicts that these two elements can 
generate a systematic price premium. We test the model predictions 
using  microdata from the Iberian electricity market. We show that the 
observed price differences and !rm behavior are consistent with the 
model. Finally, we quantify the welfare effects of arbitrage using a 
structural model. In the presence of market power, we show that full 
arbitrage is not necessarily  welfare-enhancing, reducing consumer 
costs but increasing deadweight loss. (JEL D42, D43, L12, L13, 
L94, Q41)

A variety of economic goods are traded through sequential markets—a set of 
forward and spot markets for a good such as treasury bonds, stocks, coal, electricity, 
natural gas, oil, and agricultural products. The rationale behind establishing sequen-
tial markets comes from simple economic theory. For a commodity that has uncer-
tainty in its delivery price or quantity, sequential markets can improve the ef-ciency 
of the -nal allocation. In an oligopolistic setting, sequential markets can also help 
reduce the extent of market power and improve ef-ciency (Allaz and Vila 1993).

In a stylized setting, prices in sequential markets should converge in expectation 
(Weber 1981). Empirical evidence is, however, usually inconsistent with this simple 
economic theory, with prices in sequential markets often exhibiting systematic price 
differences.1 Previous studies provide several potential channels that explain why 
prices in sequential markets do not converge, such as risk aversion (Ashenfelter 
1989; McAfee and Vincent 1993) and asymmetric shocks (Bernhardt and Scoones 
1994; Salant 2014). We contribute to the literature studying the role of market power 
in creating such price differences (Saravia 2003; Borenstein et al. 2008).

1 Examples of empirical evidence of systematic price differences include treasury auctions (Coutinho 2013), 
wine auctions (Ashenfelter 1989; McAfee and Vincent 1993), mutual funds (Zitzewitz 2003), and wholesale elec-
tricity markets (Saravia 2003; Longstaff and Wang 2004; Borenstein et al. 2008; Hadsell 2008; Bowden, Hu, and 
Payne 2009; Jha and Wolak 2014; Birge et al. 2014). 

* Ito: Harris School of Public Policy, University of Chicago, 1155 East 60th Street, Chicago, IL 60637 (e-mail: 
ito@uchicago.edu); Reguant: Department of Economics, Northwestern University, 2001 Sheridan Road, Evanston, 
IL 60208 (e-mail: mar.reguant@northwestern.edu). For helpful comments, we thank Simon Board, Severin 
Borenstein, Thomas Covert, Ali Hortaçsu, Ryan Kellogg, Chris Knittel, Matt Notowidigdo, Nick Ryan, David 
Salant, Joe Shapiro, and Matt White, as well as seminar participants at several institutions and conferences. Ito 
thanks the Stanford Institute for Economic Policy Research for -nancial support. Reguant gratefully acknowledges 
the support of NSF grant SES-1455084.

† Go to http://dx.doi.org/10.1257/aer.20141529 to visit the article page for additional materials and author  
disclosure statement(s).

Ito and Reguant, 2016, American Economic Review, 106 (7): 1921-57.
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Example of Sequential Markets: Electricity Markets

• Electricity is first allocated in a centralized fashion in the
day-ahead market.

• Subsequent markets open to re-allocate production and
re-optimize hourly plans.

• Supply and demand need to be balanced at the delivery.

Time

DA
market

RT
1

RT
2

RT
3

Last
market

Delivery
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Sequential Markets in the Iberian Market

Transaction Time
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Overselling in forward markets: Wind farms
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Graphs by Fringe

• Oversell = (Q in forward market) − (Q in final position)

• Fringe wind farms arbitrage by overselling in forward markets
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The Effect of Policy Change in 2013: Fringe wind farms
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Graphs by year

• After 2013, wind farms received a rate that is not linked to market price

• We exploit this quasi-experiment to test if they stopped arbitrage
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Challenge 2) Insufficient inter-temporal market integration
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Two challenges arise from nature-based power generation

• 1) Renewables are “intermittent”
▶ Renewable generation is affected by nature (e.g. sunlight)
▶ Hence, the production often becomes intermittent over seconds
▶ Electricity system cannot accommodate non-smooth production
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Two challenges arise from nature-based power generation

• 2) Renewables are “non-dispatchable”
▶ Production timings are determined by nature
▶ We cannot dispatch when demand is high
▶ Without large-scale storage, we may have too less energy in peak

demand hours, and too much in off-peak demand hours
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Solution: Large-scale electricity storage

Figure 4: Battery Pack Prices and Projections
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Notes: Data is from Ziegler and Trancik (2021) and Bloomberg New Energy Finance (BNEF). “Trend: Ziegler
Trancik” takes the average decline in this data series and projects it out from 2023 to 2040. “Trend: BNEF”
does the same using the average decline in the BNEF data. “AW 2023” refers to projections in (Arkolakis
and Walsh, 2023).

of storage capacity from lithium-ion batteries currently adds $1100 to the cost of a kW
of solar power. While certainly expensive, this cost has been declining precipitously, by
between 5 and 7 times in just 10 years, as shown in Figure 4. Going back 30 years, the cost
of lithium-ion storage has fallen around 50-fold. This is around as fast as the price of solar
modules have declined, and among the fastest cost declines recorded for any industrial
good in the US. Assuming the trend continues for the next 16 years leads to around $10
kWh. We will choose to be more conservative than these log-linear extrapolations, and
use the numbers from Way et al. (2022), which leads us to around $20 per kWh by 2040,
i.e. $160 for an 8-hour battery per kW. We note, however, that as with the huge decline in
solar panel prices in 2023, battery prices have already diverged below these projections,
falling 14% from 2022 to 2023, and a further 25% to mid 2024.

Balance of system (BOS) costs are the additional electrical components, such as transform-
ers, module racks and inverters, that are needed to complete the installation and connect it
to the grid. In historical forecasts of solar price declines, these costs were seen as a crucial
bottleneck hampering continued price falls. In practice however, being mainly manufac-
tured components, they have fallen quickly in price as well. NREL estimates that these
declined by about 60% between 2010 and 2022, or a yearly rate of decline 8.4%. We will
assume this continues out to 2040.

13

Source: Arkolakis and Walsh, 2024

• Good news: the cost of large-scale battery has been declining
▶ However, the future cost forecasts are controversial and uncertain
▶ Recent increases in EV demand will probably help R&D on batteries
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What’s happening in Chile could make us feel optimistic

Potencia (M.. N° proyectos % Total
R.. Fotovoltaico (FV)

Eólico
BESS
FV + BESS
Hidro pasada
Total 98,9%

3,7%
7,6%

23,4%
10,5%
53,6%

307
12
6
16
11

262

6.269
236
485

1.483
666

3.400

Térmica
1,1%

Boletín Generadoras de ChileCAPACIDAD EN
CONSTRUCCIÓN

53,6%

10,5%

23,4%

7,6%

6.340 MW
Capacidad en
Construcción

6.269 MW (98,9% del total)

71 MW (1,1% del total)

318

Fuente: Coordinador Eléctrico
Nacional, Comisión Nacional de Energía
y Sistema de Evaluación Ambiental a
agosto de 2024.

44%

60%

94%

88%

20% 38%

74%

39%

93%

56%

65%

63%

82%

33%

33%

26%

97%

97%

25%

76%

31%31%

31%

21%

Los Lagos
82 MW

Los Ríos
164 MW

La Araucanía
97 MW

Biobío
129 MW

Ñuble
306 MW

Maule
312 MW

O’Higgins
194 MW

Metropolitana
463 MW

Valparaíso
178 MW

Coquimbo
87 MW

Atacama
1.255 MW

Antofagasta
2.387 MW

Tarapacá
653 MW

Arica y Parinacota
33 MW

CAPACIDAD
REGIONAL

CAPACIDAD
SEN

Renovable

Térmica

N° total de proyectos

T.. Deriv. petróleo
Gas natural
Total

Total
1,1%
0,0%
1,1%

11
1

10

71
3

68

100,0%3186.340

Renovable
98,9%

Tecnología

AGOSTO 2024

6.340 MW

Potencia (MW)

6

*FV: Solar fotovoltaico.
*BESS: Baterías. BESS puros + componente BESS de proyectos híbridos.
*FV+BESS: Componente solar de los proyectos. *Sección de Chile con presencia del SEN.ÍNDICE

Source: Generadoras de Chile (August 2024)

• Plants under construction: Solar, Wind, Storage, Solar + Storage
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Challenge 3) Insufficient spatial market integration
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Challenge: Existing networks were not built for renewables

• Conventional power plants can be placed near demand centers
▶ Minimal transmission lines were required to connect supply and demand

• By contrast, renewables are often best generated in remote locations
▶ Renewable-abundant regions are not well integrated with demand centers
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Solar and wind resources are far away from demand centers

Significantly expanding renewables generation is going to 
require moving power—to when it is needed with storage, 
and to where it is needed with transmission. While 
storage is an area of active research, a national grid that 
can transmit power from the Sun Belt and wind corridor 
to major cities is possible with existing technology. To 
decarbonize the economy, the regulatory and institutional 
dysfunction that have so far made the construction of 
such a grid impossible need urgent attention. 

Heart of the Problem
The United States is endowed with vast energy resources 
of virtually all kinds. The challenge is that those 
resources are located far from where people live. The 
country’s existing energy transportation infrastructure 
is geared toward moving power as fuel and converting 
it to electricity near its location of final use. Over one 
third of the coal used for power generation, for example, 
comes from a single Wyoming county.1 It is extracted 

1 According to the 2018 Annual Coal report from the Energy Information 
Administration, Campbell County, WY produced over 300 million of 
the nation’s 750 million tons of coal.

from surface mines and carried by rail cars to power 
plants across the country at great expense. Oil and 
gas make their way from underground and offshore 
deposits to refiners and consumers around the country 
in pipelines. The system transports the power as fuel, 
and local generators deliver it to consumers as electricity. 
This means that even though fuel resources are highly 
concentrated in specific locations, virtually every part of 
the country has sufficient electricity generation resources 
to meet its peak demand. As long as it is possible to move 
the fuel, this system keeps the lights on.

Just as some parts of the country have more fossil fuel 
deposits than others, renewable sources of energy are 
also unevenly distributed throughout the country. The 
key difference is that the wind and sun cannot be put on 
a rail car or in a pipeline to travel to consumers’ locations 
as fuel for local generators. It must be converted to 
electricity the moment it is harvested and transported 
over a transmission line. However, the transmission grid 
was not built to move a substantial fraction of the nation’s 
power from one remote county to the rest of the country, 
as the rail system can. And, until recently, there was little 
incentive for change.

SECTOR-BY-SECTOR APPROACHES 

Decarbonizing the U.S. Economy 
with a National Grid
Steve Cicala, Assistant Professor of Economics, Tufts University;  
Non-Resident Scholar, EPIC

A seamlessly integrated market and abundant, diverse resources 
are foundational strengths of the U.S. economy. Together, they 
allow local areas to specialize in what they do best—whether 
it’s growing oranges or building cars. The United States would 
certainly be a much poorer country if every state required all of 
its goods to be made locally. Yet that is essentially how the power 
sector operates. A century of state-led regulation has delivered 
a balkanized grid that is incapable of moving electricity from 
coast to coast. This means that production from renewable 
sources is limited to how much power is required to meet demand 
locally, at the moment the wind is blowing or sun is shining. 

FIGURE 1 - CHAPTER IN A CHART
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Two problems arise from the lack of market integration

1. Curtailment
▶ Excess renewable supply cannot be exported to demand centers
▶ Renewable producers cannot sell electricity even though their MC ≈ 0

2. Depression of local prices
▶ Renewables lower regional wholesale price toward 0 (b/c MC ≈ 0)
▶ Without integration, profit can be low even if there is no curtailment

These two issues discourage renewable investment/entries
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Increasing curtailment of renewables in the United States

• Left: Solar and wind curtailment in Califonia

• Right: Wind curtailment in the Southwest Power Pool (SPP)

34 
 

Figure 3: Increasing Curtailment of Renewables 
 

    
Note: This figure was created by the authors using data on renewables curtailment from the California Independent System Operator 
(CAISO, 2023) and the Southwest Power Pool (SPP, 2023). In CAISO, solar curtailment in 2022 was 1,734 gigawatt hours which was 4.4 
percent of total grid-scale solar generation. In SPP, wind curtailment in 2022 was 11,124 gigawatt hours which was 10.3 percent of total 
wind generation. SPP has members in 15 states (Arkansas, Colorado, Iowa, Kansas, Louisiana, Minnesota, Missouri, Montana, Nebraska, 
New Mexico, North Dakota, Oklahoma, South Dakota, Texas and Wyoming). 

 
 

Figure 4: Frequency of Negative Electricity Prices in 2022 

 
Note: This figure was reproduced with permission from Millstein et al (2023). The figure plots the frequency of negative local marginal 
electricity prices during all hours in 2022. The underlying price data in the ReWEP tool was compiled through the commercial product 
“Velocity Suite” based on prices from over 50,000 individual local nodes across the seven major US independent system operators. To 
verify the map, we spot-checked the negative price frequency at hundreds of locations in MISO and SPP (roughly, North Dakota to 
Michigan to Oklahoma) using hourly wholesale market price data. 
 

Source: Davis, Hausman, and Rose (2023)
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Frequency of negative wholesale electricity prices in 2022

• Left: Solar and wind curtailment in Califonia

• Right: Wind curtailment in the Southwest Power Pool (SPP)
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wind generation. SPP has members in 15 states (Arkansas, Colorado, Iowa, Kansas, Louisiana, Minnesota, Missouri, Montana, Nebraska, 
New Mexico, North Dakota, Oklahoma, South Dakota, Texas and Wyoming). 
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Note: This figure was reproduced with permission from Millstein et al (2023). The figure plots the frequency of negative local marginal 
electricity prices during all hours in 2022. The underlying price data in the ReWEP tool was compiled through the commercial product 
“Velocity Suite” based on prices from over 50,000 individual local nodes across the seven major US independent system operators. To 
verify the map, we spot-checked the negative price frequency at hundreds of locations in MISO and SPP (roughly, North Dakota to 
Michigan to Oklahoma) using hourly wholesale market price data. 
 

Source: Millstein, O’Shaughnessy, and Wiser (2023)
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Many countries now recognize this as a first-order problem

• United States
▶ Investment in transmission lines and renewable energy is a key part of

the Biden Administration’s infrastructure bill

“The Bipartisan Infrastructure Deal’s more than $65 billion investment is
the largest investment in clean energy transmission and the electric grid
in American history. It upgrades our power infrastructure, including by
building thousands of miles of new, resilient transmission lines to
facilitate the expansion of renewable energy.” (White House, 2021)

• Chile
▶ Already has done such transmission expansions in 2017 and 2019
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What can we learn from recent grid expansions in Chile?

Econometrica, Vol. 91, No. 5 (September, 2023), 1659–1693

THE INVESTMENT EFFECTS OF MARKET INTEGRATION: EVIDENCE FROM
RENEWABLE ENERGY EXPANSION IN CHILE

LUIS E. GONZALES
Centro Latinoamericano de Políticas Sociales y Económicas CLAPES UC,

Pontificia Universidad Católica de Chile

KOICHIRO ITO
Harris School of Public Policy, University of Chicago and NBER

MAR REGUANT
Department of Economics, Northwestern University, CEPR, and NBER

We study the investment effects of market integration on renewable energy expan-
sion. Our theory highlights that market integration not only improves allocative effi-
ciency by gains from trade but also incentivizes new investment in renewable power
plants. To test our theoretical predictions, we examine how recent grid expansions in
the Chilean electricity market changed electricity production, wholesale prices, gen-
eration costs, and renewable investments. We then build a structural model of power
plant entry to quantify the impact of market integration with and without the invest-
ment effects. We find that the market integration in Chile increased solar generation
by around 180%, saved generation costs by 8%, and reduced carbon emissions by 5%.
A substantial amount of renewable entry would not have occurred in the absence of
market integration. Our findings suggest that ignoring these investment effects would
substantially understate the benefits of market integration and its important role in
expanding renewable energy.

KEYWORDS: Renewable energy, market integration, wholesale electricity markets,
transmission expansion.

1. INTRODUCTION

EFFECTIVE AND ECONOMICAL EXPANSION of renewable energy is one of the most urgent
and important challenges of addressing climate change. The electricity sector generates
one of the largest shares of global greenhouse gas emissions along with the transporta-

Luis E. Gonzales: lwgonzal@uc.cl
Koichiro Ito: ito@uchicago.edu
Mar Reguant: mar.reguant@northwestern.edu
We would like to thank Andrew Smith, Tianyu Luo, and Yixin Zhou for excellent research assistance, and

Severin Borenstein, Meghan Busse, Javier Bustos, Jim Bushnell, Steve Cicala, Thomas Covert, Lucas Davis,
Stephen Holland, Gaston Illanes, Paul Joskow, Akshaya Jha, Ryan Kellogg, Christopher Knittel, Erin Mansur,
Juan Pablo Montero, Francisco Muñoz, Steve Puller, Joe Shapiro, Frank Wolak, and seminar participants at
UC Berkeley Energy camp, the Society for Environmental Economics and Policy Studies, NBER Industrial
Organization Program Meeting, NBER Environment and Energy Economics Program Meeting, Oxford, Paris
School of Economics, London School of Economics, Mannheim University/ZEW, Rice University, MIT, Coase
Project Conference, University of British Columbia, and UC Berkeley Power Conference for their helpful
comments. Ito would like to note that a part of this study is a result of his research project at Research Institute
of Economy, Trade, and Industry (RIETI). We would like to thank financial support from the Becker Friedman
Institute and the Griffin Incubator Innovation Fund. Reguant acknowledges the support of NSF grant SES-
1455084. This article has received funding from the European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation programme (grant agreement 101001732-ENECML).

© 2023 The Authors. Econometrica published by John Wiley & Sons Ltd on behalf of The Econometric Soci-
ety. Koichiro Ito is the corresponding author on this paper. This is an open access article under the terms of
the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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Demand center (e.g. Santiago) is distant from renewables
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Atacama (1500 km from Santiago) is suitable for solar PV

An example of large-scale solar PV in Atacama
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Lack of market integration created regional price dispersion

• This figure shows heat map of wholesale electricity
prices before market integration
▶ Blue: price ≈ 0
▶ Red: price > 70 USD/MWh

• This motivated Chile to build new transmission lines
▶ 2017: Atacama (solar)—Antofagasta (mining)
▶ 2019: Atacama (solar)—Santiago (city)
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We exploit grid expansions in Chile to conduct our study

Before November 2017

• Until 2017, there was no interconnection between SIC and SING
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We exploit grid expansions in Chile to conduct our study

Interconnection (Nov. 2017) Reinforcement (June 2019)

• In 2017, SING and SIC were integrated (via Atacama-Antofagasta line)

• In 2019, a reinforcement line was built (Atacama-Santiago line)
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Theoretical Framework
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Our theory highlights two key points

1. Market integration could induce a dynamic effect on investment

▶ A classical “gains from trade” abstracts from this dynamic effect

2. Event-study (before-after) analysis may not capture a full impact

▶ Tempting to look at market outcomes before and after integration
▶ This approach may capture a partial effect of market integration
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Consider two regions, North and South

pA pB

Demand in region A Demand in region B

cA
cB

pB

Autarky

pA eA

eB
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Classical gains from trade
pA pB

Demand in region A Demand in region B

cA
cB

pB

Autarky

pA

p∗p∗

Trade∗

e∗

Gains from trade
without solar investment

eA

eB

• Market integration provides classical gains from trade

• However, this figure abstracts from potential effects on investment
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Gains from trade with a dynamic effect on investment
pA pB
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p∗∗p∗∗

Trade∗∗

e∗

Gains from trade
without solar investment

e∗∗

Solar investment

Cost savings with
solar investment

eA

eB

• Market integration could incentivize solar investment

• This effect shifts supply curve, resulting in a dynamic equilibrium (e∗∗)
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When could an event study identify the full effect?
pA pB
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• Suppose solar investment occurs simultaneously with integration

• In this case, event-study could get the full effect
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This is not the case if investment occurs in anticipation
pA pB
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• Suppose solar investment occurs in anticipation of integration

• In this case, event-study gets a partial effect (the blue triangle)
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Background and Data
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1) Grid expansions in the Chile
Interconnection (Nov. 2017) Reinforcement (June 2019)
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1) Grid expansions in the Chile

• February 2014: A modification to the “General Electric Services Law”
▶ Government decided to built an interconnection

• August 2015: Construction of the interconnection started

• November 2017: Interconnection was opened
▶ A double circuit 500kV transmission line with capacity of 1500 MW

• June 2019: Reinforcement transmission line was opened
▶ Another double circuit 500kV transmission line
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2) Dispatch mechanism in the Chilean electricity market

• “Cost-based” dispatch & pricing in the spot market

▶ Power plants submit the technical characteristics of their units & natural
gas or other input contracts with the input prices to the system operator

▶ System operator uses this information with demand and transmission
constraints to solve for least-cost dispatch

▶ Costs are monitored and regulated. This makes it hard for firms to
exercise market power compared to bid-based dispatch (Wolak, 2013)

▶ In addition, firms can have bilateral long-run forward contracts

• Importantly, this mechanism was unchanged at grid expansions

▶ This allows us to analyze the impact of market integration by itself

39 / 73



3) Data

We collected nearly all of the market data at the unit or node level:

1. Daily marginal cost at the plant-unit level:

2. Hourly demand at the node level (there are over 1000 nodes in Chile)

3. Hourly market clearing prices at the node level

4. Hourly electricity generation at the plant-unit level

5. Power plant characteristics (capacity, heat rate etc.)

6. Power plant investment data (i.e. construction cost of each plant)
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Descriptive Analysis of Market Integration
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1) Price convergence btw Atacama and Antofagasta

Interconnection Reinforcement
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• Y = Average prices in Antofagasta − average prices in Atacama (USD/MWh)

• Finding: Price convergence after the interconnection
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2) Price convergence btw Atacama and Santiago

Interconnection

Reinforcement
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• Y = Average prices in Antofagasta − average prices in Atacama (USD/MWh)

• Finding: Full price convergence occurred after the reinforcement
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Static Impacts on Generation Cost (USD/MWh)

ct = α1It + α2Rt + α3c
∗
t + α4Xt + θm + ut

• Our method uses insights from Cicala (2022)
▶ ct is the observed cost
▶ c∗t is the nationwide merit-order cost (least-possible dispatch cost under

full trade in Chile)
▶ It = 1 after the interconnection; Rt = 1 after the reinforcement
▶ Xt is a set of control variables; θt is month fixed effects
▶ α1 and α2 are the impacts of interconnection and reinforcement
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Static Impacts on Generation Cost (USD/MWh)

ct = α1It + α2Rt + α3c
∗
t + α4Xt + θm + ut

Hour 12 All hours

1(After the interconnection) -2.42 (0.26) -2.07 (0.17)
1(After the reinforcement) -0.96 (0.58) -0.61 (0.37)
Nationwide merit-order cost 1.12 (0.03) 1.03 (0.01)
Coal price [USD/ton] -0.03 (0.01) -0.01 (0.01)
Natural gas price [USD/m3] -10.36 (4.33) -0.65 (3.09)
Hydro availability 0.43 (0.14) 0.00 (0.00)
Scheduled demand (GWh) -0.51 (0.13) -0.01 (0.00)

Sum of effects -3.38 -2.68

Mean of dependent variable 35.44 38.63
Month FE Yes Yes
Sample size 1033 1033
R2 0.94 0.97

• Dependent variable: generation cost (USD/MWh)

• Market integration reduced the generation cost (gains from trade)
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Does this static event study analysis get the full impact?

• Our theory suggested:

▶ Yes if solar investment occurs simultaneously with integration
▶ No if solar investment occurs in anticipation of integration
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Solar investment occurred in anticipation of integration

Interconnection ReinforcementAnnouncement
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• Solar investment began after the announcement of integration in 2014
• These solar entries depressed the local price to near zero in 2015-2017
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Solar investment occurred in anticipation of integration

Interconnection ReinforcementAnnouncement

Start of construction

0

300

600

900

1200

So
la

r h
ou

rly
 p

ro
du

ct
io

n 
(M

W
h)

 a
nd

 c
ap

ac
ity

 (M
W

)

0

50

100

150

200

Pr
ic

e 
(U

SD
/M

W
h)

2014m1 2014m7 2015m1 2015m7 2016m1 2016m7 2017m1 2017m7 2018m1 2018m7 2019m1 2019m7
Year-month

Installed capacity Hourly production at noon
Price at noon Price at midnight

• However, more and more new solar plants entered the market
▶ Investment occurred in the anticipation of the profitable environment
→ Static analysis does not capture the full impact of market integration
→ We address this challenge in the next section
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Thermal: Entry has slowed down since 2014

Entry of Thermal Plants
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Thermal: Potential Exit has increased since 2014

Potential Exit of Thermal Plants
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A Structural Model of Market Integration
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A structural model to study a dynamic effect on investment

• We divide the Chilean market to 11 regional markets with
interconnections between regions

• Our dispatch model solves constrained optimization to find
optimal dispatch that minimizes generation cost

• Constraints:

1. Hourly demand = (hourly supply - transmission loss)
2. Supply function is based on plant-level hourly cost data
3. Demand is based on node-level hourly demand data
4. Transmission capacity between regions:

• Actual transmission capacity in each time period
• Counterfactual: As if Chile did not integrate markets
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Dispatch model solves this constrained optimization

min
q,imp,exp

∑
z,t,j

Cztj (qztj) ,

s.t. (1)
∑
j

qztj +
∑
l

(
(1− δ1) implzt − explzt

)
≥ Dzt

1− δ2
, ∀z , t,

(2) 0 ≤ implzt ≤ flz , 0 ≤ explzt ≤ flz , ∀l , z , t,
(3)

∑
z

(implzt − explzt) = 0, ∀l , t,

▶ Cztj (qztj): total generation cost from technology j in zone z and hour t
▶ qztj : production quantity
▶ implzt and explzt : imports & exports in zone z through transmission line l
▶ δ1 and δ2: transmission loss with high- and low-voltage transmission
▶ Dzt : demand
▶ ki : the plant’s capacity of generation
▶ flz : inter-regional transmission capacity
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A solar investment model

E

∑
y∈Y

∑
h pzyh(k)× qzyh(k)

(1 + r)y

 = cz kz , ∀z

▶ NPV of profit (left hand side) = Investment cost (right hand side)
▶ y and h: year and hour
▶ r : discount rate
▶ pzyh: market clearing price at zone z from the dispatch model
▶ cz : solar investment cost per generation capacity (USD/MW)
▶ kz : solar capacity in zone z
▶ k : a vector of solar capacity in each zone

• Use the model to compute the profitable level of entry in each scenario
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We consider three scenarios for counterfactual simulations

1. Actual scenario
▶ Chile integrated markets by the interconnection and reinforcement

2. Counterfactual 1: No market integration (w/o investment effects)
▶ Chile did not integrate markets
▶ This would make some solar investment unprofitable, but we ignore it

3. Counterfactual 2: No market integration (with investment effects)
▶ Chile did not integrate markets
▶ We adjust for the dynamic effect by taking out unprofitable solar entries
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Model fit: Observed price vs. model-predicted price
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• Overall, the model well captures market outcomes
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Counterfactual policy simulations: Solar generation
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• Without market integration, solar generation would be lower because
the excess solar supply cannot be exported (i.e., curtailment)
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Counterfactual policy simulations: Solar generation
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• In addition, large amount of solar investment would be unprofitable in
the absence of integration (investment effect)
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Counterfactual policy simulations: Generation cost
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• Market integration lowers generation cost per MWh
• Ignoring this investment effect underestimates the cost savings
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Result 1: Solar generation

(1) (2) (3) (4) (5)

Market No market integration Impacts of integration
Integration (counterfactual) (1)-(2) (1)-(3)

Investment effects No Yes No Yes

Solar production 17.6 16.1 6.2 1.5 11.4
(GWh/day) (+10%) (+185%)
Generation cost: all hours 35.9 37.1 39 -1.2 -3.1
(USD/MWh) (-3%) (-8%)
Generation cost: hour 12 31.3 33.7 38.4 -2.4 -7.1
(USD/MWh) (-7%) (-18%)

• Market integration increased solar generation by 11.4 GWh/day

• Ignoring the investment effect underestimates the full effect
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Result 2: Generation cost

(1) (2) (3) (4) (5)

Market No market integration Impacts of integration
Integration (counterfactual) (1)-(2) (1)-(3)

Investment effects No Yes No Yes

Solar production 17.6 16.1 6.2 1.5 11.4
(GWh/day) (+10%) (+185%)
Generation cost: all hours 35.9 37.1 39 -1.2 -3.1
(USD/MWh) (-3%) (-8%)
Generation cost: hour 12 31.3 33.7 38.4 -2.4 -7.1
(USD/MWh) (-7%) (-18%)

• Market integration reduced generation cost by 3.1 USD/MWh

• Ignoring the investment effect underestimates the full effect

• This is consistent with Result 1 in our theory section
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Result 3: Price

(1) (2) (3) (4) (5)

Market No market integration Impacts of integration
Integration (counterfactual) (1)-(2) (1)-(3)

Investment effects No Yes No Yes

Daily price in all regions 49.3 51 53.2 -1.7 -3.9
(USD/MWh) (-3%) (-7%)
Price at noon in all regions 48.4 48.3 54.1 0.1 -5.7
(USD/MWh) (+0%) (-11%)
Price at noon in Antofagasta 44.7 42 45 2.7 -0.3
(USD/MWh) (+6%) (-1%)
Price at noon in Atacama 46 6.4 46.9 39.6 -0.9
(USD/MWh) (+619%) (-2%)
Price at noon in Santiago 52.4 60.3 60.6 -7.9 -8.2
(USD/MWh) (-13%) (-14%)

• Market integration reduced price by 5.7 USD/MWh

• Ignoring the investment effect underestimates the full effect

• This is consistent with Result 2 in our theory section
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Result 4: Price convergence between regions

(1) (2) (3) (4) (5)

Market No market integration Impacts of integration
Integration (counterfactual) (1)-(2) (1)-(3)

Investment effects No Yes No Yes

Price difference -1.3 35.6 -1.9 -36.9 0.6
(Antofagasta - Atacama) (-104%) (-32%)
Price difference 6.4 53.9 13.7 -47.5 -7.3
(Santiago - Atacama) (-88%) (-53%)

• Market integration reduced regional price

• e.g., Price converged btw Santiago and Atacama by 7.3 USD/MWh

• The static result (47.5 USD/MWh) overstates this price convergence

• This is consistent with Result 3 in our theory section
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Cost-Benefit Analysis of the Transmission Investments
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The cost and benefit of the transmission investments

• Cost of the interconnection and reinforcement

▶ $860 million and $1,000 million (Raby, 2016; Isa-Interchile, 2022)

• Benefit—we focus on three benefit measures

▶ Changes in consumer surplus
▶ Changes in net solar revenue (= revenue − investment cost)
▶ Changes in environmental externalities
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Table: Cost-Benefit Analysis of Transmission Investments

(1) (2)

Modelling assumptions
Investment effect due to lack of integration No Yes

Benefits from market integration (million USD/year)
Savings in consumer cost 176.3 287.6
Savings in generation cost 73.4 218.7
Savings from reduced environmental externality -161.4 249.4
Increase in solar revenue 110.7 183.5

Costs from market integration (million USD)
Construction cost of transmission lines 1860 1860
Cost of additional solar investment 0 2522

Years to have benefits exceed costs
With discount rate = 0 14.8 6.1
With discount rate = 5.83% > 25 7.2
With discount rate = 10% > 25 8.4

Internal rate of return
Lifespan of transmission lines = 50 years 6.95% 19.67%
Lifespan of transmission lines = 100 years 7.23% 19.67%

1. Ignoring investment effects would understate the benefit

2. With discount rate at 5.8%, the benefit exceeds the cost btw 7 and 11 years
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Conclusion
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We study market integration & renewable expansion

1. Theory
▶ Characterized static and dynamic impacts of market integration
▶ Highlighted that a standard event study may not capture a full effect

2. Empirical analysis:
▶ We exploited grid expansions and micro data in Chile
▶ We used both event study and structural estimation

3. Empirical findings:
▶ Market integration increased solar entry and production
▶ Substantial solar investment would be unprofitable without integration
▶ Integration reduced gen. cost by 5-8% (overall) & 12-18% (hr 12)
▶ Ignoring investment effects substantially underestimates these full effects
▶ Benefits exceed the costs of the transmission investments in 7 years
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Lessens and implications from Chile’s experience

1. Market integration is key to reneable expansion
▶ Prevent curtailment of renewables
▶ Increase renewable generation (zero emission and near zero MC)
▶ Incentivise new renewable investment in resource-rich regions

2. Central government’s leadership and authority are important
▶ Chilean central government played a leadership role in this policy
▶ This has been different in the US at least until now.
▶ FERC does not have strong authority, and coordination between federal

& states agencies and utilities have not been successful

3. Political economy questions are central to actual policy implementation
▶ Market integration is likely to create winners and losers
▶ In Chile, mining industry in the north used to be against integration
▶ The emergence of solar in Atacama desert changed this situation
▶ This is especially challenging for countries with decentralized governance
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What are key challenges and opportunities?

1. Underdeveloped regulatory and market design
▶ Existing regulations/markets were not built for renewables
▶ Key: Reforms in regulatory/market designs to accommodate renewables

2. Insufficient inter-temporal market integration
▶ Renewables are “intermittent” and “non-dispatchable”
▶ Key: Future cost declines in large-scale batteries

3. Insufficient spatial market integration
▶ Existing networks were not built for renewables
▶ Key: Geographically integrating reneable supply and demand centers
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Thank you!

Feedback/suggestions? ito@uchicago.edu
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