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Abstract

The benefits of expanding wind and solar electricity generation depend on the effect they
have on the electricity production mix. Using hourly production data from Uruguay,
a country which currently has 94% of its grid green, I study its electricity transition
to renewables. In particular, I quantify how an increase in wind and solar production
first, displaces thermal, hydro, and biomass production. Second, I analyze how this
transition reduces CO2 emissions in a context of large hydro production; and third how
it affects spot prices. I find that the increase in wind and solar production has several
positive effects: (i) a displacement of thermal production, especially in winter; (ii) a
reduction in the CO2 emissions; (iii) a spillover effect to the region due to an increase
in exports to Argentina and Brazil; (iv) a decrease in spot prices caused by the shutting
off of the most (mg) costly plants. However, the increase in wind and solar production
is not enough to eradicate thermal entirely. These results show what countries can
expect from increasing their production in renewables, how renewables interact with
other electricity sources, and its effect on emissions, and spot prices.
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1 Introduction

Decarbonizing electricity production is crucial to mitigating climate change. Large-scale

investments in renewables are key to staying below the 2oC target (IPCC, 2022). However,

the most reliable way to mix electricity sources in the grid is subject to debate. This is

particularly prevalent for renewables, as they are non-dispatchable, depend on the weather,

and are produced far away from consumption centers. These inherent characteristics from

renewables increase the uncertainty at the production level. In addition, the renewable

expansion has been led by developed countries, but given the worsening climate conditions,

developing countries also have found themselves in the need to increase their production in

renewables. Therefore, in this paper I study the case of Uruguay, a middle-income country

that transitioned to a 94%-green grid in 12 years, (MIEM, 2022; CAF, 2022).

The Uruguayan electricity market is regulated by the government. Until 2007, all the

electricity was generated from two government-owned sources: hydropower and thermal. To

reduce exposure to droughts and to detach electricity prices from oil prices,1 the government

fostered the investment in renewable sources: wind and solar. This has led to a quick

transition to renewable energy in the last two decades. The market operator decides from

which sources to buy electricity based on a merit-order from the lowest to the highest marginal

cost.

This paper focuses on several aspects of this transition. Firstly, I quantify the substi-

tution of wind and solar with other electricity sources, namely thermal, hydropower, and

biomass. Secondly, I analyze the effect of this transition on CO2 emissions in a context with

large hydropower. Lastly, I analyze the effect on the spot price, which reflects the marginal

cost of increasing the demand for one unit in a specific node.2 By analyzing how the spot

price changes, I find, how the marginal benefit of producing energy changes due to the large

1Uruguay imports its oil consumption entirely.
2Uruguay has a unique node for the whole country.
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investment in renewables; as well as which source is likely to be used in the margin. The

displacement of renewables on other sources depend on several factors: the temporal pat-

terns of production from different sources, the demand for electricity, the composition of the

electricity production, and the intermittency of renewables. Consequently, the substitution

effect of renewables on other sources and its effect on CO2 emissions and spot prices is an

empirical question.

This study makes several contributions to the literature. Firstly, I analyze how a large

increment in wind and solar production interacts with other renewable energy sources. Most

countries expect to have most of their electricity coming from renewables. However, how

renewables interact with each other is still an open question. The Uruguayan case is par-

ticularly insightful to explore how renewables displace other sources, as Uruguay has always

had a large share of hydro and a moderate share of biomass in its grid. Secondly, due to the

large production of hydro, the crowd-out effect of thermal is complex. Thus, I contribute to

the literature on the effect of renewables on CO2 emissions in a new context, one with large

hydro production. Lastly, in contrast to other research which has focused on price-based

electricity markets in developed countries, I examine the expansion of renewable energy in a

regulated market in a developing country, a setting scarcely explored.

In this paper, I collect facility-level data for the hourly production of wind, solar, thermal,

hydro, and biomass for the period 2009-2020 from the market operator, “Administración del

Mercado Eléctrico del Uruguay” (ADME). I also obtain hourly data on consumption (i.e

demand), spot prices, imports and exports for the same period and from the same source.

To my knowledge there is no other research that uses this dataset for this purpose. I exploit

the randomness in wind and solar availability to identify the substitution effect of wind and

solar on thermal, hydro, and biomass production. However, since wind and solar have some

predictable patterns: wind is higher during early hours, especially in winter; while solar

power is higher at noon, especially in summer, I control for these seasonal patterns with
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a rich set of time fixed effects. To construct the CO2 emissions from thermal production,

I collect consumption data of gas oil, fuel oil, and natural gas from the thermal facilities,

and then calculate CO2 emissions at facility level using the emission factors from the IPCC

(2006).

My results can be summarized as follows. Firstly, wind production displaces both ther-

mal and hydro production, with a more pronounced effect on hydro. Specifically, a 1 MWh

increase in wind displaces an average thermal and hydro facility production by 0.025 and

0.15 MWh, respectively. Solar only has a significant effect on hydro; a 1 MWh increase

in solar decreases an average hydro facility production by 0.18 MWh. I also consider het-

erogeneity by season, by analyzing summer/spring and winter/autumn separately. Wind

has the same indistinguishable effect in both seasons. However, solar substitutes thermal

only in winter/autumn. A plausible mechanism is that wind and hydro is at its lowest in

summer/spring. Since solar is not enough to satisfy the demand, thermal is used. Another

plausible mechanism is that both wind and solar are highly exported: a 1 MWh increase in

wind and solar increases 0.22 and 0.25 MWh in exports, respectively.

Secondly, wind production reduces CO2 emissions. Specifically, a 1 MWh increase in

wind reduces 52 kg of CO2 emissions from thermal production. The effect is smaller than

expected. Although wind has a significant effect on thermal, its effect is larger on hydro.

Finally, wind and solar production decrease spot prices. Specifically, a 1 MWh increase

in wind and solar decreases spot prices by 0.25% and 0.19%, respectively. The effect of solar

is only present in winter. Since the spot price equals the marginal cost of generating an

extra unit of electricity and the market administrator satisfies the demand using a merit-

order from the lowest to highest marginal cost, these results mean that the increase of wind

and solar production shuts off more marginally costly (thermal) plants in a specific hour.

Moreover, I study the effect of one unit increase in consumption on spot prices. Consumers

do not respond to spot prices; they pay a fixed and known amount specified on the electricity
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contract. 3 On average, consumption has a positive effect on spot prices. However, the

effect is rather heterogeneous: from 11 pm to 6 am, when wind production peaks, a one

unit increase in consumption has no effect on spot prices; from 7 am to 10 pm, when wind

is low and solar is not enough to displace thermal entirely, consumption has a positive and

significant effect on the spot prices.

The rest of this paper is organized as follows. Section 2 presents the literature review.

Section 3 describes the Uruguayan electric market. In section 4 the data and descriptive

statistics are presented. In sections 5 and 6, I present the identification strategy and the

results. In section 7 the different robustness checks are presented. Finally, I present the

conclusion in section 8.

2 Literature Review

My research contributes to the literature in several ways. Firstly, it expands on the analysis

of the substitution of renewables on different energy sources. For example, Cullen (2013)

estimates the substitution of wind in Texas using a static and dynamic approach, for the

years 2005 to 2007. In the static model, an increase of 1 MWh of wind decreases the

coal and gas production by 0.18 and 0.85 MWh, respectively. In the dynamic model, the

displacement of coal and gas production is 0.01 and 0.92 MWh, respectively. Karaduman

(2020) uses the same methodology as Cullen (2013) for the electricity market in Australia,

for the year 2017. He finds that a 1 MWh increase of wind decreases the fuel gas production

by 0.28 MWh. Abrell and Kosch (2022) analyze the spillover effect of the German renewable

energy production on Europe, for the years 2015 to 2020. They find that German renewables

displaces fossil fuel and, more aligned with this research, some hydro. These papers focus on

the substitution effect of renewables in non-renewables. However, my research expands on

3For further details, please read section 5.
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this analysis to include the displacement effect on renewables. As previously stated, countries

expect to have most of their energy made from renewables, but how these renewables interact

with each other is an unexplored question. Uruguay is a particularly insightful example

because a large percentage of its grid comes from renewables and has different renewable

sources interacting with each other.

Greening the grid has a direct impact on air pollution. For example, while Abrell and

Kosch (2022); Fell et al. (2021); LaRiviere and Lu (2017); Cullen (2013) find that an increase

in renewable production has a positive effect on pollutants. Davis and Hausman (2016),

find that an unexpected closure of a nuclear plant increases pollution. Therefore the second

contribution is to expand on the vast literature of the effects of renewables in CO2 emissions.

Thirdly, most of the literature on electricity markets is based on price-based sectors in

developed countries, such as the United States (Cullen, 2013; Fell et al., 2021; Wolak, 2015;

Mansur & White, 2012; LaRiviere & Lu, 2017; Davis & Hausman, 2016), Europe (Abrell

& Kosch, 2022), or Australia (Karaduman, 2020). Furthermore, most renewable energy

production done currently is in developed countries such as Iceland, Norway, Sweden, New

Zealand, and Austria, Brazil and Chile being the exceptions to this generalization.4 My

research focus on a different setting not thoroughly explored. In particular, I study an

increase in renewable energy productions in a regulated market. From a policy perspective,

the same paradigm used in the Uruguayan market can be applied in other (un)regulated

markets.

Finally, a growing literature shows that electricity grid congestion is a key obstacle to the

expansion of renewable generation. For example, Fell et al. (2021) using Texas data for the

years 2011 to 2015 find that accounting for congestion increases non-market wind value by

30%. In the same vein, Ryan (2021) finds that congestion in India limits trade between regions

which ultimately increases prices and the power market. On the other hand, Wolak (2015),

4Source: Our World in Data.
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LaRiviere and Lu (2017), and Gonzales et al. (2022) study the effect of lines transmission

expansion in Alberta, Canada; Texas, USA; and Chile, respectively. All of them find a

decrease in energy prices after the completion of electricity lines. These papers either obtained

the congestion measure from some institution, for example the market operator, or calculated

it by analyzing differences in prices. For example, if there is a distinguishable price difference

between regions, then the system suffers from congestion. Since I am studying a regulated

market, price differences between regions are not observable; thus another contribution is to

calculate congestion using a different approach.

3 Electricity Market in Uruguay

To avoid blackouts countries usually operate as follows: electricity firms submit their bids, a

pair of electricity production and price, and the dispatcher orders these bids until the market

clears. That is the case for countries such as the United States, Spain (Reguant, 2014) and

Australia (Karaduman, 2020). However, the Uruguayan electricity market works differently.

It is a state-regulated market and until 2007 all the electricity was generated from two sources:

hydropower and thermal, both owned entirely by the government. To reduce exposure to

drought and to detach electricity prices from oil prices (Uruguay imports its oil consumption

entirely), the government fosters a policy that increases the investment in renewable sources:

wind, solar, and biomass. Through public auction, firms gave a pair of power capacity and

price, and then the government gave permission to install and produce renewable energy

to the best offers. One particularity of this arrangement is that the government agrees

by contract to buy all the renewable electricity produced at the bidding price. Then, the

market operator (ADME) decides how much electricity to buy from each firm based on

a merit-order from the lowest to the highest marginal cost. Afterwards, one large state-

owned electrical company distributes the electricity to the citizens. Therefore, the electricity
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market has several peculiarities that make it interesting to study. Firstly, given that more

firms were able to install and produce electricity, there was a possibility that the electricity

market would deregulate after 2007. However, it did not. The executive needs to grant

permission for a firm to install, and only renewable sources have been authorized to produce

electricity. Secondly, these firms sell all the electricity produced to the market operator

(ADME), creating a monopsony scheme. Afterwards, the state-owned electricity company

(UTE) sells the electricity to its citizens. Consumers can only buy electricity from UTE, the

only firm allowed to sell electricity, making it a monopoly. Finally, while wind, solar, and

biomass production and prices are stipulated by contract, hydro and thermal are produced

in the spot market.

Uruguay has fostered investments in renewable electricity in the last two decades by

allowing only renewables to be installed and produced. In addition, it has agreed to buy

all the energy the renewables’ farms produce at the bidding price, participating outside the

spot market. This policy resulted in having 94% of its grid coming from renewable sources

(MIEM, 2022; CAF, 2022). Panel (a) on Figure 1 shows how consumption composition has

changed over time. While in 2009 the main source was hydro, followed by thermal, in 2020

wind and hydro are the main sources. Panel (b) shows the evolution of wind and solar

cumulative capacity installed over the years in MW . Since 2018, Uruguay has had 1500 MW

of wind and 250 MW of solar capacity installed.

4 Data and Descriptive Statistics

The data is publicly available from the market operator, “Administración del Mercado

Eléctrico del Uruguay” (ADME, 2022). I collect hourly production data, i.e what the market

operator buys from each facility in MWh, from the 1st of January 2009 until 31st of De-
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(a) Electricity production by source (MIEM,
2022)

(b) Wind and solar capacity installed (MW)

Panel (a) shows how different sources have satisfied consumption over the years (MIEM, 2022). While in 2009

the main source was hydro, followed by thermal; in 2020 wind and hydro were the main sources, followed

by biomass. Panel (b) shows how the cumulative installed capacity of wind and solar has changed over the

years (MW)

Figure 1: Electricity evolution

cember 20205. In addition, I also obtain hourly consumption, imports and exports to Brazil

and Argentina and the spot prices by the hour. There are five main energy sources: wind,

solar, thermal, hydro, and biomass. Currently, the source with the most establishments in

the country is wind, with 41 facilities. It is followed by solar, with 17 facilities; biomass, with

11 facilities; thermal, with 9 facilities; and finally hydro, with 4 facilities. Figure 2 shows

the location of the different farms color coded by source, and the main electricity lines (gray

5The day 31 of August of 2016 is dropped because the data is not reliable.
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line). These are plants that have produced electricity at least once since 2009. Wind and

solar farms are strategically located as close as possible to the main electricity lines.6 The

yellow area is the capital city, where most of the population lives, and also where most of

the thermal plants are located.

This figure shows the location of the different farms color coded by source, and the main electricity lines

(gray line) that transport the electricity. The capital city is the yellow area. These facilities have produced

electricity at least once since 2009.

Figure 2: Electricity facilities and lines (MIEM, 2022).

In Figure 3 the average consumption and electricity production for July and December

(winter and summer, respectively) for the years 2010 and 2020, before and after the increase

in renewable energy production, is presented. The black line is the consumption, the blue

line is the hydro dispatch, the red line is the biomass and thermal dispatch, and finally the

green line is the wind and solar dispatch. All the units are in MWh. Analyzing the graphs

I highlight, firstly that electricity consumption has increased from 2010 to 2020. Secondly,

the peak hour is after 8 pm (20 hrs.), and the off-peak hour is at 5 am. Thirdly, the thermal

and biomass production in winter is quite low, given that hydro in 2010, and hydro, and

6Unfortunately I don’t have the installation timing of the electricity line.
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wind and solar in 2020 are the primary sources used to satisfy the demand (panel a and

c). Fourthly, wind and solar have displaced hydro production heavily in winter. Lastly, in

summer thermal is still being dispatched at the same level as in 2010.

(a) Winter 2010 MWh (b) Summer 2010 MWh

(c) Winter 2020 MWh (d) Summer 2020 MWh

Panels (a) and (b) show how the average consumption behaves and which sources were used to satisfy it
for winter and summer (July and December, respectively) of 2010. Panel (c) and (d) show how the average
consumption behaves and which sources were used to satisfy it in winter and summer (July and December,
respectively) of 2020, after the large increment on renewable electricity production. All units are in MWh.
The black line is the consumption, the blue line is the hydro dispatch, the red line is biomass and thermal
dispatch, and the green line is the wind and solar dispatch. Source: ADME (2022).

Figure 3: Consumption of electricity and which sources are used to satisfy it

Figure 4 shows how each source behaves on a specific day in winter - 10 of August- and

in summer - 10 of November- in 2020. In both graphs, biomass dispatch is almost constant,

and solar dispatch only produces between 10 am and 7 pm (19 hrs.). In winter, hydro

and wind mirror each other, and thermal dispatch is practically zero. However, in summer,

thermal facilities have to be turned on. The thermal technology consists of fuel oil, diesel,
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and natural gas. Depending on the technology and the type of fuel used, it takes between 5

and 35 minutes to turn it on. 7 Therefore, thermal facilities can start up quickly to satisfy

the demand.

(a) Winter - 08/10/2020 (b) Summer - 11/10/2020

Panels (a) and (b) show how consumption behaves and which sources were used to satisfy it for a specific
day in winter - 10 of August- and in summer - 10 of November- in 2020. All units are in MWh. The black
line is the consumption, the blue line is the hydro dispatch, the red line is the thermal dispatch, the orange
line in the biomass dispatch, the green line is the wind dispatch, and the yellow line is the solar dispatch.
Source: ADME (2022).

Figure 4: Consumption of electricity and which sources are used to satisfy it by day

Congestion is a key element that can bias the results if it is not accounted for. To

construct the congestion variable I firstly calculate the cumulative sum of electricity up until

a facility, including the production of the specific facility. Then, I divide the cumulative sum

production by the capacity of the line. Secondly, as the capital city and the second largest

city in Uruguay are adjacent, they consume approximately 55% of all the electricity produced

(MIEM, 2022; INE, 2022). Consequently, I assume that only 55% of the electricity bought

flows to the capital city and its adjacent city. In the Appendix, Figure 7 shows the evolution

of the congestion variable over time. Over the years, congestion can be seen in new electricity

lines. From 2009 to 2014, before the wind and solar penetration began, the only electricity

line congested was the one near the capital city (panel a). However, as new wind and solar

farms were installed, other electric lines got congested. This variable takes value 1 if at hour

7Specifically, it takes between 5 minutes, 15 minutes, 25 minutes, or 35 minutes.
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h, day d, month m, and year t the electricity load is higher than 90% of the capacity of the

line. As a robustness check, I also consider different cut-offs.

To construct the CO2 emission from the thermal electricity generation, I collect weekly

data on gas oil, fuel oil, and natural gas consumption UTEi (2022). Then using the CO2

emission factor from the IPCC (2006), I calculate the CO2 emissions from the thermal sector

by week. The data is constructed from Monday at 2:00 am until Monday at 2:00 am;8 from

January 1, 2009, until January 1, 2021. Figure 5 shows the evolution of CO2 emissions from

thermal sources over the years.

Figure 5: Evolution of CO2 from using thermal (MIEM, 2022).

Figure 3 shows wind and hydro are the main sources that satisfy the consumption in winter

(July). However, in summer (December) as hydro and wind production decrease, thermal is

used instead of using solar to satisfy consumption. Thus, I analyze the effect that wind and

solar have on spot prices in this context. The spot price is the marginal cost of increasing the

demand for one unit in the country. Figure 6 shows the evolution of spot prices over time.

Each dot represents a monthly average in U$S/MWh, deflated using the real exchange rate

index with base in 2017 (Xavier, 2022). As renewable electricity production increases, the

8Except for the first week that goes from Thursday 01 of January 2009 to Monday 05 of January 2009;
and the last week that goes from Monday 28 of December 2020 to Friday 1 of January 2021.
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spot price decreases. However, spot prices show a high level of dispersion: some months the

average spot price is 100 U$S/MWh, and other months it is 0 U$S/MWh. The descriptive

statistics are in Table 1. As Table 1 reports, hydro is the source that produces the most

electricity on average, followed by wind and thermal. Additionally, solar production is quite

low on average, but the standard deviation is high, the maximum value reaching almost the

total capacity installed. Also as shown in Table 1, exports to the regions are higher than

imports. Finally, spot prices are on average 85 U$S/MWh, but fluctuate between 0 and 275

U$S/MWh.

This figure shows the evolution of spot prices over time. Each dot represents a monthly average in U$S/MWh,

deflated by the real exchange rate index with base in 2017. Source: (ADME, 2022).

Figure 6: Spot prices
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Table 1: Descriptive Statistics

Mean Standard Deviation Min. Max
Hydro electricity 755.32 344.64 0 1808.48
production (MWh)

Wind electricity 236.76 314.66 0 1429.57
production (MWh)

Thermal electricity 109.91 164.49 0 1040.59
production (MWh)

Biomass electricity 73.37 37.65 0 206.12
production (MWh)

Solar electricity 15.6 41.29 0 224.11
production (MWh)

Electricity consumption (MWh) 1134.01 255.59 20.92 2505.68

Export electricity (MWh) 67.04 193.33 0 1702.07
Exports Brazil (MWh) 27.97 101.32 0 573.87
Exports Argentina (MWh) 40.18 157.75 0 1638.77

Import electricity (MWh) 12.33 52.16 0 1000.01
Import Brazil (MWh) 7.74 25.82 0 586.48
Import Argentina (MWh) 4.6 45.2 0 1000.01

Spot prices (U$S/MWh) 85.27 94.06 0 275.85

Congestion 0.029 0.167 0 1
N 105,166 105,166 105,166 105,166

CO2 emissions 2.18M 5.63M 0 34.3M
N 1949 1949 1949 1949

Data obtained from ADME (2022). CO2 emissions obtained from UTEi (2022). Spot prices are
deflated using the real exchange rate index with base in 2017 (Xavier, 2022).
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5 Methodology

Substitution of electricity sources

I use the randomness in wind and solar availability to identify the substitution patterns

between sources. However, wind has some predictable patterns: it is higher during early

hours, especially in the winter, while in summer its power decreases. Similarly, solar power

is higher at noon, especially in the summer. To control for this, I use a rich set of time

fixed effects. By exploiting the facility-level data, I show how an average thermal, hydro,

or biomass facility production changes due to an increase in wind or solar production. The

main specification regression has the following form 1:

qihdmt = α + βWhdmt + γShdmt + ρCihdmt + ϕDhdmt+

hour ∗month + month ∗ year + ϵihdmt

(1)

Where qihdmt is the observed quantity produced by the firm i at hour h, on day d, in month

m, and in year t from fossil fuel, hydro, or biomass sources; Whdmt is the total wind electricity

produced; Shdmt is the total solar electricity produced; Cihdmt is the congestion dummy - this

variable takes value 1 if at hour h at least one of the thermal, hydro, or biomass facility

is congested-; Dhdmt is the electricity consumption. As discussed above, wind and solar

have some predictable patterns. To control for these seasonal patterns, I use a rich set of

time fixed effects. Firstly, I use hour*month fixed effects to account for wind and solar

differences between hours in different months (e.g wind has a higher production in winter, in

the mornings); and secondly, month*year fixed effects, to account for long term differences,

for example, the closure of a facility. ϵihdmt is the error term, which is cluster at date

and follows a Driscoll-Kraay with 12 lags, to allow for spatial and temporal dependence9.

Consumption also has its predictable patterns: it is higher on winter nights and in afternoon

9I also clustered at month*year to allow for serial correlation within a month (Fell et al., 2021)
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summers. After controlling for hour∗month+month∗year fixed effect, changes in electricity

consumption can be considered as random. For example, it changes due to exogenous weather

shocks. Furthermore, consumers have their electricity price fixed by contracts, thus they are

unaffected by changes in the wholesale spot market prices. However, contracts do change

once or twice a year. These changes are captured by the month*year fixed effects.10 As a

robustness check, I also follow Cullen (2013)’s approach, (see Appendix A for more details).

In addition, I add wind and solar square to regression 1 (Cullen, 2013; Karaduman, 2020).

This gives a notion of how wind and solar displace hydro, thermal, and biomass as more

units of wind and solar are produced using a non-linear function.

To analyze the effect of wind and solar penetration in more detail, I aggregate the depen-

dent variable by source and add season heterogeneity. The regression specification takes the

following form (2):

Qihdmt = α1 + βWhdmt + γShdmt + ρChdmt + ϕDhdmt+

hour ∗month + month ∗ year + ϵihdmt

(2)

Where Qihdmt is the observed quantity produced by source i at hour h, on day d, in month

m, and in year t from fossil fuel, hydro, or biomass sources. ϵihdmt is the error term, which is

cluster at month*year to allow for serial correlation within a month (Fell et al., 2021). The

other variables are the same as in equation (1).

10Changes are between 2 and 10%, which could be reflecting changes in the inflation more than in the
market.
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CO2 emissions

To analyze the effect of wind and solar on CO2 emissions I run the following regression at

weekly level 3:

CO2 emissionsiwmt = α2 + βWwmt + γSwmt + ρCwmt + ϕDwmt+

week + month + ϵiwmt

(3)

Where CO2 emissionsiwmt is the weekly aggregate of CO2 pollution for week w, month m,

and year t for thermal facility i; Wwmt is the weekly aggregate wind production; Swmt is the

weekly aggregate solar production; Cwmt is the congestion dummy, which takes value one

if at least one line is congested for a specific week; Dwmt is the weekly aggregate demand

production; week is a week’s fixed effects; month is a month’s fixed effects; and finally, ϵiwmt

is clustered at month*year to allow for serial correlation within a month (Fell et al., 2021).

Spot prices

The spot price is the marginal cost of increasing the demand for one unit in the whole

country.11 As renewable electricity production increases, the spot prices tend to decrease.

However, as seen in figure 6, it fluctuates greatly between months. To analyze how spot prices

change due to an increase in wind and solar production, I run the following specification (4):

spot pricehdmt = α3 + βwWhdmt + βsShdmt + ρChdmt + ϕDhdmt+

hour ∗month + month ∗ year + ϵhdmt

(4)

Where, spot pricehdmt is the spot price at hour h, on day d, in month m, and in year t;

Whdmt is the total wind electricity produced; Shdmt is the total solar electricity produced;

hour*month fixed effects and month*year fixed effects; Chdmt is the congestion dummy; Dhdmt

11Uruguay does not report spot prices at node level.
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is the consumption; and finally, ϵhdmt is the error term, which is clustered at month*year to

allow for serial correlation within a month. In order to retain all the zeros, I do an inverse

hyperbolic sine function transformation of the spot prices.

6 Results

Wind and solar substitution for thermal, hydro, and biomass

In this section, I present first, the result for the main specification (equation 1), which analyzes

the substitution patterns of wind and solar for thermal, hydro, and biomass at facility-level.

Then, I aggregate the dependent variable by source and add heterogeneous effects by season.

Estimates of regression (1) are presented in Table 2. As expected, wind has a negative

effect on thermal and hydro, but the effect on hydro is larger, contrary to Cullen (2013)’s

predictions and aligned with Abrell and Kosch (2022) and Holland et al. (2022). A 1 MWh

increase in wind decreases an average thermal and hydro facility production by 0.025 and

0.15 MWh, respectively. Solar only displaces hydro: a 1 MWh increase in solar decreases

an average hydro facility production by 0.18 MWh. Analyzing the consumption, a 1 MWh

increase in consumption increases an average hydro facility production by 0.27 MWh. This

is aligned with hydro being used to satisfy the consumption after wind and solar are used.

Surprisingly, thermal reacts negatively to changes in consumption, especially since thermal is

considered a backup source (Verdolini et al., 2018; Popp et al., 2011). I also perform (Cullen,

2013)’s approach. The results are similar and are presented in Table 7.

To understand these effects in detail I add season heterogeneity. Table 3 shows the

effect of wind and solar on thermal and hydro interacted by season. While winter and

autumn are in April, May, June, July, August, and September; summer and spring are in

October, November, December, January, February, and March. In the case of wind, there is
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Table 2: Facility level data

Thermal Hydro Biomass
(1) (2) (3)

Wind -0.0138*** -0.145*** -0.001***
(0.0007) (0.003) (0.0001)

Solar 0.0058 -0.191*** 0.0002
(0.003) (0.012) (0.0005)

Consumption 0.0108*** 0.236*** 0.0001
(0.001) (0.003) (0.0002)

Congestion 7.717*** -58.56*** 0.0001
(0.428) (2.744) (2.422)

hour ∗month Y Y Y
month ∗ year Y Y Y
N 736,162 420,664 1,051,660

This table shows in columns 2, 3, and 4, the effect of wind
and solar in the production of thermal, hydro, and biomass,
respectively. Standard errors follow a Driscoll and Kraay
structure with 12 lags.12 Significance levels: ***0.01 **0.05
*0.1.

no statistically significant difference between seasons for hydro and thermal. Wind displaces

both thermal and hydro, but the effect on hydro is larger. Solar only displaces hydro, and

there is no significant difference effect between seasons. However, the effect of solar on

thermal is more pronounced in winter. This could be explained because in summer when

wind and hydro are at its lowest solar is not enough to displace thermal. The congestion

dummy has a counterintuitive sign. I would expect more electricity to flow if the line was

not congested. However, this could imply a reverse causality problem. The market operator

decides how much electricity and from which plant to inject in the system, thus it could

be that they decide optimally to minimize congestion. Finally, thermal does not react to

changes in consumption as much as hydro. However, as shown by the estimates adding

hourly heterogeneity, from 2 to 6 pm is when consumption affects thermal production the
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most, the same hours solar is peaking and wind is the lowest. As solar is not enough to satisfy

consumption, thermal has to be used. These results can be seen in Appendix B Figure 8.

Table 3: Wind and solar substitution for thermal and hydro by season

Thermal Hydro
Wind -0.188*** -0.638***

(0.042) (0.008)

wind*winter 0.049 -0.06
(0.042) (0.066)

Solar 0.052 -0.675***
(0.051) (0.161)

Solar*winter -0.11** -0.174
(0.059) (0.197)

Consumption 0.07** 0.934***
(0.026) (0.068)

Congestion 90.38*** 108.39*
(21.46) (50.24)

hour ∗month Y Y
month ∗ year Y Y
N 105,166 105,166

This table shows, in columns 1 and 2 the
effect of wind and solar on thermal produc-
tion on winter/autumn and summer/spring,
respectively. Wind*winter and solar*winter
shows the interaction between the sources
and a dummy equal 1 if the season is win-
ter or autumn. Winter and autumn are
in April, May, June, July, August, and
September; summer and spring are in Octo-
ber, November, December, January, Febru-
ary, and March. Standard errors are cluster
at month*year. Significance levels: ***0.01
**0.05 *0.1.

While wind displaces hydro and thermal, solar has only an effect on hydro. A possible
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explanation could be that solar is not enough to displace thermal. It could also be the case

that most of the renewable production is being sold to Argentina and Brazil. To explore this

possibility, I run the same regression as in equation 2 changing the dependent variable to

total exports and imports to Argentina and Brazil. The results are in Table 4. Wind and

solar production increases exports of electricity to Argentina and Brazil, but has no effect on

imports. Figure 10 in the Appendix, shows the hourly exports evolution. This figure shows

how exports to the region peak between 12 and 6 am, the same hours wind production is the

highest. In addition, between 9 am and 5 pm the exports are stable and high, this could be

satisfied by any source, including solar.

Table 4: Wind and solar effect on imports and exports

Total Exports Total Imports
(1) (2)

Wind 0.221** -0.033
(0.083) (0.027)

Solar 0.252** 0.019
(0.098) (0.015)

Consumption 0.026 -0.001
(0.064) (0.006)

Congestion 33.14** -3.112
(12.84) (3.431)

hour ∗month Y Y
month ∗ year Y Y
N 105,166 105,166

This table shows in column 1, the effect of wind and so-
lar in the exports of electricity to Argentina and Brazil.
Column 2 shows the effect of wind and solar in the
imports from Argentina and Brazil. Standard errors
are cluster at month*year. Significance levels: ***0.01
**0.05 *0.1.

To understand in detail how wind and solar work with thermal, hydro, and biomass
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production, I add wind and solar square (Cullen, 2013). The results are presented in Table

8 in the Appendix. The quadratic effect of wind on thermal and hydro is not significant.

It is the same case for solar on thermal. However, the quadratic effect of solar on hydro is

significant and positive. Therefore, it has a convex relationship: in the margin an increase

in solar production has a lower substitution effect. These results are aligned with solar

production being so low that the first unit crowds out hydro more successfully than the last.

CO2 Emissions

In this section I explore the effect of wind and solar production on CO2 emissions. On

average, an increase of 1 MWh of wind production decreases 52 kg of CO2 emissions. This

effect holds using different fixed effects. Solar and electricity consumption are not significant,

so the results are inconclusive. Wind crowds out thermal which ultimately reduces CO2

emissions. This result is particularly important given that the majority of thermal plants

are located near the capital city where most people live, as shown in Figure 2. Furthermore,

I can reject that solar and wind are equal at 5%. Results are presented in the appendix in

Table 9.

Spot prices

In this section, I explore the effect of wind and solar production on spot prices. The spot

price is the marginal cost of increasing the demand in one unit in the whole country. If

demand increases in one unit and the source used to satisfy it is wind or solar, the spot price

is zero. However, if in order to satisfy this one unit increase in the demand, thermal or hydro

has to be used, then the spot price increases.

The results of equation (4) are presented in Table 6. An increase of 1 unit of electricity

produced from wind (MWh) decreases spot prices by 0.25%. An increase of one unit of solar
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Table 5: Effect of wind and solar on CO2 emissions

kg CO2 emissions
Wind -52.94** -51.74* -52.65**

(24.13) (24.86) (23.63)

Solar 33.46 5 4.29 29.18
(124.3) (95.6) (134.80)

Consumption -38.31 -35.42 -39.33
(31.58) (30.37) (31.68)

Congestion 1289137 1349628 1277403
(1021125) (851489) (1230439)

Week Y N Y
Month N Y Y
N 1949 1949 1949

This table shows the effect of wind and solar on kg of
CO2 emissions. Standard errors are cluster at month*year.
Significance levels: ***0.01 **0.05 *0.1.

decreases spot prices by 0.19% only in winter. This is aligned with the results presented in

Table 3, where solar has a more pronounced effect on thermal on winter. While the effect

of wind is not significantly different between seasons, the effect of solar is. These results are

presented in the fourth column.

By definition, the spot price equals the marginal cost. In addition, electricity consump-

tion is satisfied by merit order: the electricity with the lowest marginal cost is used first.

Consequently, the increase in wind and solar production are shutting off more costly (more

pollutant) plants, in a respective hour. Consumption has a positive and significant effect

on spot prices, thus a one unit increase in consumption increases the spot price by 0.11%.

In the Appendix, Figure 9 shows the effect of consumption on spot prices adding hourly

heterogeneity. From 23:00 pm to 6:00 am a one unit increase in consumption has an effect

not significantly different from zero, the same hours where wind production peaks. However,

from 7:00 am until 21:00 pm, the effect of electricity consumption on spot prices is positive
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and significant. Thus, an increase of one unit in electricity consumption during those hours is

satisfied with thermal or hydro. Figure 11 in the Appendix further supports the latter. This

figure shows how often the spot prices are zero and the average wind production for different

hours of the day. There is a positive correlation between the peak of wind production and

when the spot prices are zero.

Table 6: Wind and solar on spot prices

Whole sample Winter/Autumn Summer/Spring whole sample
Interaction by seasons

(1) (2) (3) (4)
Wind -0.0025*** -0.0027*** -0.0026** -0.0025***

(0.0005) (0.0005) (0.0007) (0.0007)

wind*winter -0.00001
(0.0004)

Solar -0.00029 -0.0019* -0.0002 0.0004
(0.0005) (0.0008) (0.0008) (0.0006)

solar*winter -0.0017*
(0.0009)

Demand 0.0012** 0.002* 0.0023* 0.0012**
(0.0004) (0.0009) (0.0009) (0.0004)

Congestion 0.148** 0.294* 0.185 0.146**
(0.061) (0.137) (0.104) (0.063)

hour ∗month Y Y Y Y
month ∗ year Y Y Y Y
N 105,142 52,655 52,487 105,142

This table shows, in column one, the effect of wind and solar on spot prices for the whole sample.
Column 2 and 3 present the effect of wind and solar on spot prices for winter/autumn and summer/spring,
separately. While winter and autumn correspond to: April, May, June, July, August, and September;
summer and spring are: October, November, December, January, February, and March. Spot prices are
deflated using real exchange index with base 2017. Standard errors are cluster at month*year. Significance
levels: ***0.01 **0.05 *0.1. The difference in the number of observations comes from a day missing in
the data: 1 of July of 2016.
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7 Robustness checks

In this section I present several robustness check.

Firstly, I do a seemingly unrelated regression (SUR) specification to consider correlation

between the equations. This correlation could come, for example, from sharing the same

shocks. In addition, two restrictions are imposed: that the substitution effect of wind or

solar for thermal, hydro, biomass, and exports equals one. To be able to impose restriction

in both sets of equations and consider the correlation of the error term, I simultaneously

estimate each equation using seemingly unrelated regression (SUR) with robust standard

error (Moon & Perron, 2006). Results are presented in the Appendix Table 15, and they are

similar to the main specification’s results. Despite the results similarities, it is better not to

restrict the coefficients because given that renewables facilities are producing far away from

consumption centers, there could be some electricity loss from transportation (Cullen, 2013).

Consequently, the substitution effect does not necessarily have to be one to one.

Secondly, since hydro production is large, it could be that wind and solar are displacing

hydro in a given hour, but that hydro is then displacing some thermal production within a

day (Fell et al., 2021) or within a week (Abrell & Kosch, 2022). Thus, I estimate equation

(1) aggregating by day and week. Results are in the Appendix Table 12. Wind estimations

do not change, however the effect of solar on hydro is not found anymore. Solar has only a

small effect on hydro in some hours of the day, when aggregating the sample at day or week

level this effect dissipates.

Thirdly, I provide the same results excluding the congestion or/and the consumption

variable. The results can be seen in the Appendix Table 13 and Table 14, by facility or

source-level, respectively. Signs and magnitude remain mostly unchanged.

Fourthly, in constructing the congestion variable I discretionally choose 90% as a cut

off; if the cumulative production over the line capacity is more than 90%, then that line is

congested. Therefore, the first robustness exercise is to run the main specification using 85%
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and 95% as a threshold. The results are similar, independently of the cut off level. Results

are in the Appendix Table 10.

Fifthly, I consider different time fixed effects. To control for within week variation I add

day of the week fixed effects (Fell et al., 2021). Furthermore, since weekdays and weekend dif-

fer, i.e 8 pm on Tuesday is different than a 8 pm on Saturday, I also add hour∗day of the week

fixed effect. Results are presented in the Appendix Table 11. The results are robust to dif-

ferent specifications.

8 Conclusion

This research focuses on analyzing a large expansion in renewable energy in a regulated

market on different outcomes. I analyze how a large production of wind and solar, first

interacts with other energy sources. Specifically, I quantify how wind and solar displace

thermal, hydro, and biomass. Second, I analyze the effect of this expansion on CO2 emissions,

in a context of large hydro production. Finally, I study how spot prices change.

The results show that the large increase in wind and solar production has several positive

effects: (i) a displacement of thermal production, especially in winter; (ii) a reduction in the

CO2 emissions; (iii) a spillover effect to the region due to an increase in exports to Argentina

and Brazil; (iv) a decrease in spot prices caused by the shutting off the most (mg) costly

plants, in a certain hour.

These sets of results help confirm the intuition discussed; in winter when hydro and

wind peak, thermal is almost unused. However, in summer, when hydro and wind is lowest,

thermal still needs to be used to satisfy the electricity consumption, because solar is either

not enough to substitute thermal or it is more profitable to export it.

I do some back-of-the-envelope calculations to analyze the cost-benefit of this policy. The

27



average cost of wind is 59.30 USD/MWh at a constant dollar price with base 2017. 13 I

found that 1 MWh of wind decreases 0.052 tonnes of CO2 emissions. Therefore, using the

new mean value of the social cost of carbon dioxide: 185 (2020) US dollars per tonne of CO2

(Rennert et al., 2022); it cost 8 US dollars to retrieve one tonne of CO2, constant price with

base 2017. In addition, the average spot price for the whole sample is 85.27 USD/MWh at

a constant price with base 2017. Therefore, 25.97 USD/MWh is saved for each MW of wind

produced. In total, 33.97 USD/MWh is saved, where almost 24% of this savings corresponds

to CO2 emissions reductions.

There are several regulatory and fiscal policies countries use to promote the entrance

and production of renewable energy production. Regulatory policies include feed-in-tariffs

(FITs), electric quota obligations (also known as renewable portfolio standards), and net

metering. Fiscal policies include investment or tax incentives and public financing, such as

public investment, loans, grants, and capital subsidies. Uruguay shows another policy to

increase the production of renewable energy, another successful option to boost renewables

in (un)regulated markets. This policy has two big advantages. Firstly, given that wind and

solar have their prices stipulated by contract for 20 years, uncertainty of how energy prices

fluctuate reduces drastically. Secondly, renewables’ firms may be unwilling to install and

produce electricity, because their production and profit depends on uncontrollable exogenous

factors, like weather. Having the government agree to buy all the electricity at a stipulated

price may be the incentive firms need to reduce uncertainty and increase investment in

renewable electricity. Further research could analyze this. In addition how much investment

in solar production has to be made to displace thermal entirely is also worth exploring; is it

cost-effective? From a policy perspective, it would be interesting to analyze if the Uruguayan

paradigm can be used in other settings to increase renewable energy penetration.

13This price is obtained using the bidding price at the moment of signing the contract for 35 wind facilities,
which represent 82% of the wind capacity installed.
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Appendix A

To Cullen (2013)’s specification, I add 2 new features to his study. Firstly, to the wind

production analysis, I want to incorporate the study of solar farms. Secondly, Cullen (2013)

and Karaduman (2020) do a short run analysis, focusing on a two-year span and one-year

span, respectively. Therefore, another contribution would be to run this analysis in a long-

term scenario. I run the following regression (5):

qihdmt = α + β1Whdmt + β2W
2
hdmt + γ1Shdmt + γ2S

2
hdmt

ρChdmt + ϕDhdmt + day of year + ϵihdmt

(5)

Where qihdmt is the observed quantity produced by the firm i at hour h, day d, month m,

and year t from fossil-fuel, hydro, and biomass facilities; Whdmt is the total wind electricity

produced, and W 2
hdmt is the squared of all the wind electricity produced; Shdmt is the total

solar electricity produced, and S2
hdmt is the squared of all the solar electricity produced;

day of year is a date fixed effect, a dummy equal 1 if the date is equal to, for example, 4 of

July; Chdmt is a congestion dummy; Dhdmt is consumption; finally ϵhdmt is the error term,

which follows a Newey-West with 4 lags, to allow for serial correlation.

I make the same assumption as Cullen (2013), and use the within-day randomness in wind

and solar availability to identify the substitution patterns. One important difference with

Cullen (2013) is that he controls for the firms’ dynamics and strategic firm’s bid. Given

that in the Uruguayan electric market the government buys all the wind, solar, and biomass

production by contract at a stipulated price, and that the hydro and thermal facilities are

state-owned the ”firm’s expectations” (Cullen, 2013) are not a concern. I can directly run

regression (5). The total marginal substitution effect for each source in (5) is represented by

equation δqi
δWind

= β1 + 2 ∗ β2Wt, for wind and δqi
δSolar

= γ1 + 2 ∗ γ2St, for solar.
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Results

Here I present the results following Cullen (2013). The results are in Table 7. The marginal

effect is negative, thus an increase in wind or solar production displaces the production of

thermal and hydro. But the effect on hydro is larger. The substitution effect of wind on

thermal and hydro has a convex relationship: in the margin an increase in wind production

has a higher substitution effect. The same happens for solar on thermal. These results are

similar to the ones I obtained with the main specification.

Table 7: Robustness check: Heterogeneity by source following (Cullen, 2013) at facility level

Thermal Hydro Biomass
Estimations Mg. effect Estimations Mg. effect Estimations Mg. effect

Wind -0.061*** -0.043*** -0.19*** -0.154*** 0.015*** 0.009***
(0.0034) (0.0018) (0.0119) (0.0059) (0.001) (0.0005)

Wind2 0.00003*** 0.00006*** -9.51e-06
( 2.78e-06) (0.00001) ( 8.77e-07)

Solar -0.081*** -0.059** -0.109 -0.143** 0.021*** 0.0184***
(0.0248) (0.0179) (0.09) (0.067) (0.007) (0.0052)

Solar2 0.0005*** -0.0007 -0.00005
(0.00016) (0.0005) (0.00004)

Consumption -0.0052*** 0.0018*** 0.0025***
(0.0068) (0.0068) (0.0004)

Cong. dummy Y Y Y
Day dummy Y Y Y
N 122,976 70,272 175,680

This table shows the effect of wind and solar in the production of thermal, hydro, and biomass separately, at
facility-level. Standard errors are Newey-West with 4 lags. Significance levels: ***0.01 **0.05 *0.1.
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Appendix B

(a) Congestion years 2009 to 2014 (b) Congestion year 2015

(c) Congestion year 2016 (d) Congestion years 2017 to 2019

(e) Congestion year 2020

Figure 7: Congestion over time
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This figure presents the effect of consumption on thermal production by hour. Confidence intervals at 95%.
The effect is more pronounced in the afternoon, where wind production is at its lowest.

Figure 8: Thermal on consumption - hourly effect

This figure presents the effect of consumption on spot prices by hour. Confidence intervals at 95%. The
effect is more pronounced in the early morning, when wind production is at its peak. Thus an increase of
the electricity consumption in one unit at that time has no effect on the spot prices, because it is satisfied
with wind.

Figure 9: Consumption on spot prices - hourly effect
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This figure shows the exports of electricity to Argentina and Brazil by the hour. The electricity traded
increases in the early hours of the morning, when wind is peaking.

Figure 10: Exports to the region by the hour

This figure shows how often the spot prices are zero and the average wind production for different hours of
the day.

Figure 11: Spot prices and wind production

35



Table 8: Heterogeneity by source with a quadratic effect

Thermal Hydro Biomass
Estimations Mg. effect Estimations Mg. effect Estimations Mg. effect

Wind -0.135*** -0.146*** -0.824*** -0.756*** -0.0005 -0.002
(0.036) (0.027) (0.092) (0.064) (0.004) (0.002)

Wind2 -0.00002 0.0001 -3.48e-06
(0.00003) (0.0001) (2.73e-06)

Solar 0.109 0.094 -1.146*** -1.08*** 0.041* 0.034
(0.082) (0.067) (0.141) (0.0116) (0.022) (0.019)

Solar2 -0.0005 0.002* -0.0002*
(0.0005) (0.001) (0.0001)

Consumption 0.072** 0.934*** 0.002
(0.026) (0.069) (0.002)

Cong. dummy Y Y Y
Day dummy Y Y Y
N 105,166 105,166 105,166

This table shows effect of wind and solar in the production of thermal, hydro, and biomass separately, at
source level. The marginal effect is at the mean. Standard errors are Newey-West with 4 lags. Significance
levels: ***0.01 **0.05 *0.1.
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Table 9: Effect of wind and solar on CO2 emissions

kg CO2 emissions
Wind− solar -53.85** -54.19** -53.85**

(22.68) (24.34) (22.68)

Consumption -39.87 5 -36.54 -39.87
(31.32) (29.59) (31.32)

Cong. dummy Y Y Y
Week Y N Y
Month N Y Y
N 1949 1949 1949

This table shows the effect of wind and solar on kg CO2

emissions. Standard errors are cluster at month*year.
Significance levels: ***0.01 **0.05 *0.1.
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9 Robustness checks

Table 10: Wind and solar substitution for thermal and hydro by season

Congestion - 95%
Thermal Hydro

winter/autumn summer/spring winter/autumn summer/spring
(1) (2) (3) (4)

Wind -0.128*** -0.183*** -0.701*** -0.621***
(0.03) (0.044) (0.069) (0.082)

Solar -0.048 0.040 -0.856*** -0.659***
(0.036) (0.055) (0.128) (0.159)

Consumption 0.041** 0.103* 0.992*** 0.876***
(0.013) (0.046) (0.072) (0.072)

Congestion - 85%

Wind -0.141*** -0.199*** -0.712*** -0.621***
(0.03) (0.044) (0.065) (0.082)

Solar -0.06 0.035 -0.859*** -0.659***
(0.033) (0.055) (0.127) (0.159)

Consumption 0.038** 0.100* 0.992*** 0.876***
(0.014) (0.045) (0.071) (0.072)

Cong. dummy Y Y Y Y
hour ∗month Y Y Y Y
month ∗ year Y Y Y Y
N 52,679 52,487 52,679 52,487

This table shows, in columns 1 and 2 the effect of wind and solar on thermal production on
winter/autumn and summer/spring, respectively. Columns 3 and 4 show the effect of wind and
solar on hydro production on winter/autumn and summer/spring, respectively. For the top of the
table the congestion cut off is set at 95%. For the bottom of the table the congestion cut off is set
at 85%. Winter and autumn are in April, May, June, July, August, and September; summer and
spring are in October, November, December, January, February, and March. Standard errors are
cluster at month*year. Significance levels: ***0.01 **0.05 *0.1.
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Table 11: Wind and solar substitution for thermal, hydro, and biomass

Thermal Hydro Biomass Thermal Hydro Biomass
(1) (2) (3) (4) (5) (6)

Wind -0.160*** -0.672*** -0.005*** -0.160*** -0.673*** -0.005***
(0.025) (0.068) (0.001) (0.025) (0.068) (0.015)

Solar 0.020 -0.757*** 0.003 0.020 -0.758*** 0.003
(0.039) (0.108) (0.009) (0.041) (0.110) (0.008)

Consumption 0.058* 0.947*** 0.004* 0.055 0.953*** 0.004
(0.027) (0.080) (0.002) (0.031) (0.085) (0.002)

day of the week Y Y Y N N N
hour ∗ day of the week N N N Y Y Y
Cong. dummy Y Y Y Y Y Y
hour ∗month Y Y Y Y Y Y
month ∗ year Y Y Y Y Y Y
N 105,166 105,166 105,166 105,166 105,166 105,166

This table shows, in columns 1, 2, and 3, the effect of wind and solar in the production of thermal, hydro,
and biomass respectively, considering day of the week fixed effects. In columns 4, 5, and 6, the effect of wind
and solar in the production of thermal, hydro, and biomass respectively, considering hour ∗ day of the week
fixed effects. Standard errors are cluster at month*year. Significance levels: ***0.01 **0.05 *0.1
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Table 12: Wind and solar substitution - Robustness check

Aggregate at day level
Thermal Hydro Biomass

(1) (2) (3)
Wind -0.157*** -0.633*** -0.005***

(0.022) (0.088) (0.002)

Solar -0.04 0.194 0.012
(0.038) (0.5) (0.008)

Consumption 0.067*** 1.00*** 0.002
(0.016) (0.078) (0.002)

day ∗month Y Y Y

Aggregate at week level
Thermal Hydro Biomass

(1) (2) (3)
Wind -0.159*** -0.641*** -0.005***

(0.024) (0.087) (0.001)

Solar -0.038* 0.194 0.011
(0.02) (0.437) (0.007)

Consumption 0.067*** 1.01*** 0.004**
(0.014) (0.084) (0.001)

week Y Y Y
Cong. dummy Y Y Y
month ∗ year Y Y Y
N 106,166 106,166 106,166

This table shows, in columns 1, 2, and 3, the effect of wind
and solar in the production of thermal, hydro, and biomass
respectively. While panel A aggregates at day level with
day ∗month fixed effects, panel B aggregates at week level
with week. Standard errors are cluster at month*year. Sig-
nificance levels: ***0.01 **0.05 *0.1
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Table 13: Wind and solar substitution facility level - Robustness check

Thermal
(1) (2) (3) (4)

Wind -0.0137*** -0.0108*** -0.0128*** -0.0097***
(0.0025) (0.002) (0.002) (0.002)

Solar 0.0058 0.0068 0.009 0.01
(0.0052) (0.005) (0.006) (0.006)

Consumption 0.0108** 0.011**
(0.0038) (0.004)

Congestion 7.717 7.822
(4.937) (4.957)

week Y Y Y Y
month ∗ year Y Y Y Y
N 736,162 736,162 736,162 736,162

Hydro
(1) (2) (3) (4)

Wind -0.145*** -0.153*** -0124*** -0.131***
(0.023) (0.021) (0.021) (0.019)

Solar -0.192*** -0.190*** -0.123*** -0.123***
(0.028) (0.027) (0.034) (0.034)

Consumption 0.236*** 0.235***
(0.017) (0.017)

Congestion -58.56** -53.54***
(15.11) (15.62)

week Y Y Y Y
month ∗ year Y Y Y Y
N 420,664 420,664 420,664 420,664

This table shows in columns 1, 2, 3, and 4 of panel A the effect of wind and
solar in the production of thermal. In column 1, 2, 3, and 4 of panel B the
effect of wind and solar in the production of thermal. Standard errors are
cluster at month*year. Significance levels: ***0.01 **0.05 *0.1
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Table 14: Wind and solar substitution source level - Robustness check

Thermal
(1) (2) (3) (4)

Wind -0.161*** -0.078*** -0.155*** -0.071***
(0.025) (0.015) (0.026) (0.015)

Solar 0.018 0.044 0.038 0.067
(0.041) (0.037) (0.041) (0.041)

Consumption 0.072** 0.081**
(0.029) (0.028)

Congestion 90.92*** 92.50***
(21.06) (21.59)

week Y Y Y
month ∗ year Y Y Y
N 106,166 106,166 106,166

Hydro
(1) (2) (3) (4)

Wind -0.672*** -0.613*** -0.602*** -0.525***
(0.067) (0.084) (0.065) (0.077)

Solar -0.755*** -0.762*** -0.484** -0.490**
(0.107) (0.108) (0.130) (0.134)

Consumption 0.933*** 0.940***
(0.069) (0.067)

Congestion 108.25* 139.9*
(51.08) (48.21)

week Y Y Y
month ∗ year Y Y Y
N 106,166 106,166 106,166

This table shows, in columns 1, 2, 3, and 4 of panel A, the effect of
wind and solar on the production of thermal. In columns 1, 2, 3, and
4 of panel B, the effect of wind and solar in the production of thermal.
Standard errors are cluster at month*year. Significance levels: ***0.01
**0.05 *0.1
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Table 15: seemingly unrelated regression

Thermal Hydro Biomass Exports
Wind -0.141*** -0.64*** -0.005*** 0.213***

(0.013) (0.026) (0.001) (0.025)

Solar 0.025 -0.763*** 0.003 0.265***
(0.033) (0.084) (0.006) (0.088)

Consumption 0.075*** 0.941*** 0.002 0.024
(0.017) (0.038) (0.002) (0.033)

Congestion 66.10*** 27.30*** 0 47.96
(8.003) (6.763) - (8,18)

week Y Y Y Y
month ∗ year Y Y Y Y
N 105,166 105,166 105,166 105,166

This table shows the seemingly unrelated regression results. Stan-
dard errors are cluster at month or year. Significance levels:
***0.01 **0.05 *0.1
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