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Abstract

Renewable energy can yield social benefits through local air quality improvements and their
subsequent effects on human health. We estimate some of these benefits using data gathered
during the rapid adoption of large-scale solar power generation in Chile over the last decade.
Relying on exogenous variation from incremental solar generation capacity over time, we find
that solar energy displaces fossil fuel generation (primarily coal-fired generation) and curtails
hospital admissions, particularly those due to lower respiratory diseases. These effects are noted
mostly in cities downwind of displaced fossil fuel generation and are present across all age
groups. Our results document the existence of an additional channel through which renewable

energy can increase social welfare.
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The Health Benefits of Solar Power Generation
1 Introduction

Renewable energy is the world’s fastest-growing energy source, set to become the leading
source of primary energy consumption by 2050 (U.S. Energy Information Administration,
2019). It promises several benefits to society, ranging from reductions in greenhouse gas
emissions, lower discharge of local air pollutants and improved health outcomes, to a re-
duced dependence on imported fuels and the creation of jobs through the manufacturing
and installation of these resources (U.S. Environmental Protection Agency, 2019). Yet, we
still lack a good understanding of the magnitude of some of these benefits, notably those
associated with health improvements. In this work, we use the rapid adoption of large-scale
solar power generation in the desert region of northern Chile to empirically quantify some

of the health benefits of solar energy.

Fossil fuel power generation, particularly that from coal combustion, releases large amounts
of local air pollutants, including sulfur dioxide (SOs), nitrogen oxides (NOy), mercury (Hg)
and particulate matter (PM). All of these pollutants are associated with several adverse
health effects, along with increased hospital admissions, mortality risks and threats to life
expectancy.! The extent to which these emissions are curtailed with the introduction of
renewables reflects the potential of alternative energy sources to offset some of the negative
effects of dirty electricity generation. Nonetheless, some fossil fuel plants (e.g., natural
gas plants) have consistently been dispatched to deal with the intermittency of renewables
(Fell and Linn, 2013), thus attenuating the benefits of increasing the supply of these sources.
More insights on the co-benefits of renewable energy are, therefore, crucial to the cost—benefit
analyses of transitioning away from fossil fuels and, thus, for the optimal design of energy

policy.

The Atacama Desert, one of the sunniest and driest deserts in the world, not only has the
highest average surface solar radiation worldwide (Rondanelli et al., 2015), but also the
highest solar power potential. Figure 1 shows Chile’s photovoltaic power potential—a solar
energy system’s maximum productivity over time—relative to the rest of the world. This
potential, together with the recent decline in the cost of photovoltaic (PV) technology and
the country’s regulations aimed at fostering the adoption of renewables, resulted in rapid
market penetration of solar generation in Chile. By the end of 2012, a variety of solar plants
with capacity ranging from 3 MW to 138 MW were already injecting electricity into Chile’s
northern electric grid. We take advantage of this surge in large-scale investment in solar

energy to explore the effects of the steady expansion in solar capacity on generation from

!For comprehensive reviews, see Currie et al. (2014) on the effects of early-life exposure to pollution, and
Hoek et al. (2013) on the mortality impact of long-term air pollution exposure.
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Long-term average of daily/yearly sum
Daily sum: < 2.0 2.4 2.8 32 3.6 4.0 4.4 4.8 5.2 5.6 6.0 6.4 >

KWh/KWp

Yearly sum: < 730 876 1022 1168 1314 1461 1607 1753 1899 2045 2191 2337 >

Figure 1: Chile’s Photovoltaic Power Potential (kWh/kWp)

Notes: Graph retrieved from https://globalsolaratlas.info. Solar resource data obtained from the
Global Solar Atlas, owned by the World Bank Group and provided by Solargis. Photovoltaic power potential
refers to how much energy (kWh) is produced per kilowatt peak (kWp) of a system.

thermal plants and on human health in northern Chile. By exploring the case of Chile, we
add to the scant literature on power plant pollution exposure and health impacts in emerging

economies (Gupta and Spears, 2017; Barrows et al., 2018).

Our study uses data on solar generation between 2012 and 2017. To identify the effects of this
increasing solar expansion, we first estimate the extent to which solar plants displace other
power facilities using daily variation in plant-level power generation capacity.? For solar
generation to have a positive effect on health outcomes, it must first displace generation
by thermal plants.® Next, we estimate a reduced form equation on the effect of daily solar
generation on health. In particular, we measure health effects using data on daily hospital
admissions of patients with health conditions generally associated with the combustion of
fossil fuels, and we estimate a set of zero-inflated negative binomial (ZINB) regressions that
relate daily solar variation to these admissions. Using limited data on fine PM concentrations,
we complement this analysis with an instrumental variable control function approach that
uses solar generation as an instrument for pollution in our health regressions. Throughout
all of our health equations, we indirectly take into account the transport of pollutants by

focusing on cities downwind of displaced fossil fuel plants.

2Ideally, we would use plant-level emissions data. Unfortunately, publicly available emissions data in
Chile are engineering estimates, rather than observed or measured data.

3The alternative is that solar generation rises to meet expanding demands for electricity. In this case, there
would be no displacement of fossil fuel plants, and the health impacts of the energy system would remain
unchanged, although health improvements would have been seen relative to a counterfactual of increased
fossil fuel generation in response to increased loads.
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The Health Benefits of Solar Power Generation

Our results show that increased solar generation in Chile led to a displacement of daily
thermal generation, particularly of coal- and gas-fired power generation. Subsequently, we
find that, through this displacement, solar generation reduces cardiovascular and respiratory
admissions in all cities included in our sample. Our analysis by age group indicates that
these reductions are mostly observed among infants, children (ages 6-14) and seniors, the
most vulnerable age groups. The reductions are found primarily after a short-term exposure
to abated pollution from displaced thermal plants, and in cities downwind of these displaced
facilities or that have fossil fuel generators within their borders. For cities closest to the
displaced plants, our results suggest that 1GWh of solar generation reduces all respiratory
hospitalizations by 52 per year, which represents a 13 percent reduction on average. These
conclusions remain unchanged after several robustness checks, which include the use of cities
upwind of displaced facilities and those downwind of nondisplaced units, and the use of

hospital admissions of patients with diseases presumably not related to air pollution.

Our findings can be considered a lower bound on the true health benefits from solar genera-
tion, particularly in developing countries. First, our area of study (Chile’s northern region)
has limited healthcare infrastructure, and thus any reduction in hospitalizations can have a
beneficial spillover effect in terms of increasing the number of hospital beds available, in turn
helping reduce the number of untreated unrelated injuries and illnesses. Second, reductions
in air pollution exposure for young children and infants has a lifelong benefit in terms of
reduced illnesses and improved economic outcomes (Currie et al., 2014). Third, the poor
and minorities may live closer to large air polluters in Chile, as has been demonstrated in
both the U.S. and India (e.g., Banzhaf et al. (2019); Kopas et al. (2020)). In this case,
improvements in air quality may not only bring greater long-term benefits on populations

experiencing uneven exposure to air pollution, but also help to reduce inequality.*

A wide number of papers document the displacement of coal-fired power plants, either
through a decline in the price of natural gas (Lu et al., 2012; Linn et al., 2014; Knittel
et al., 2015; Cullen and Mansur, 2017; Holladay and LaRiviere, 2017; Linn and Muehlen-
bachs, 2018), through the expansion in renewable generation capacity (Kaffine et al., 2013;
Cullen, 2013; Novan, 2015; Callaway et al., 2018; Fell et al., 2019), or through interaction
between the two (Holladay and LaRiviere, 2017; Fell and Kaffine, 2018). These studies also
document significant interactions among competing renewables, whereby solar generation

can lead to a shift in the supply of hydropower. To the extent that renewables offset and

4Previous evidence shows indications of population sorting in Chile in relation to other environmental
disamenities, such as mining. For example, Rivera (2020) finds that residential properties near mining sites
have lower values and that these values are particularly salient for new residents in the area, suggesting an
environmental-based sorting.
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displace one another, the injection of new renewable sources into the grid may lead to am-
biguous environmental impacts. One of the benefits of conducting this analysis in northern
Chile is the small amount of non-solar renewables on the grid during the study period (they
made up only 6% of total capacity in 2017, combined). This allows us to isolate the effect

of solar generation on fossil fuel displacement more clearly.

We extend this previous literature by empirically documenting some of the consequences of
the displacement on morbidity outcomes. A small subset of literature estimates the effect
of changes in the power sector on health. For example, Burney (2020) estimates the health
benefits associated with the shift from coal to natural gas combustion in the U.S.; finding
that the exit of coal-fired plants between 2005 and 2016 saved approximately 26,000 lives.
Along those lines, Casey et al. (2018a) find that coal and oil power plant retirement in
the U.S. led to improvements in fertility outcomes, and Casey et al. (2018b) show the link
between these retirements and a decrease in preterm births among nearby populations. Our
work adds to this literature, presenting new evidence on the benefits that curtailing coal-
fired generation has on morbidity. Moreover, we estimate this impact even without coal
plant retirement; rather, we are able to identify the health benefits of having a large amount
of solar generation at the intensive margin, even if it does not lead to coal plant shutdowns.

In doing so, we contribute to quantifying the value of curtailing coal-fired generation.

The analysis of solar generation also represents an advantage in evaluating the health ben-
efits of renewables relative to other similar sources such as wind. Increases in wind power
generation may be associated with reduced pollution due to higher wind speeds and greater
dispersion, hampering the identification of health impacts. There is existing work identifying
the health benefits of a cleaner grid (e.g., Anenberg et al. (2012); Muller and Mendelsohn
(2009)) or the addition of new utility-scale solar capacity (e.g., Sergi et al. (2020)) in inte-
grated assessment frameworks. The latter employ cutting-edge air transport and chemical
transformation models, but use existing epidemiological literature and underlying health and
population statistics to calculate the impact of policies on health. To the best of our knowl-
edge, we are the first to empirically test the impact of increased large-scale solar generation
on health. Therefore, our work also adds to the growing literature on the co-benefits of
renewable generation (e.g., Siler-Evans et al. (2013); Barbose et al. (2016); Buonocore et al.
(2016); Spiller et al. (2017); Millstein et al. (2017)), a key aspect in evaluating the economic
potential of renewable energy portfolios (Edenhofer et al., 2013; Wiser et al., 2017), and in
the design of health-based air quality regulations (Abel et al., 2018; Thakrar et al., 2020).

The remainder of our work proceeds as follows. Section 2 reviews the literature on the

health effects of power plant emissions, while Section 3 describes the power sector in Chile.
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Section 4 documents the data, and Section 5 presents the empirical strategy. The results

and robustness checks are in Sections 6 and 7, respectively. Section 8 concludes.

2 Power Plants’ Emissions and Health Consequences

Fossil-fuel electricity generation accounts for a large share of greenhouse gas emissions, par-
ticularly carbon dioxide (COs), an important contributor to global warming and climate
change (Stocker et al., 2013). The sector is also a major driver of outdoor air pollution, pri-
marily due to the burning of coal, which releases an important amount of airborne pollutants
such as SOs, NOx, Hg and PM. All of these pollutants are associated with adverse health
effects, mortality risks and threats to life expectancy (e.g., Chay and Greenstone (2003a,b);
Currie and Neidell (2005); Bateson and Schwartz (2007); Currie et al. (2009); Chen et al.
(2013); Arceo et al. (2016); Knittel et al. (2016); Schlenker and Walker (2016)). Coal com-
bustion also affects water quality. Ash released after coal combustion can end up in water
reservoirs, contaminating waterways and sources of drinking water (Carlson and Adriano,
1993). Here, we briefly summarize the evidence on the detrimental health impact of exposure
to the main pollutants from coal combustion. Evidence suggests that its displacement by

solar generation is expected to curtail mostly SOs, PM and NOx emissions.

SO, is an invisible gas, part of the sulfur oxide (SOy) family of gases, formed when fuel
containing sulfur (e.g., coal, oil) is burned during metal smelting or other industrial pro-
cesses (U.S. Environmental Protection Agency, 2014). Exposure to high concentrations of
this pollutant is associated with eye, nose, and throat irritation, infectious complications of
chronic obstructive pulmonary disease, and rises in hospital admissions due to obstructions
of the lower airway such as asthma (World Health Organization, 2006). SO, reacts with
other compounds in the atmosphere to form fine PM. Particulate matter is the general term
used to describe solid particles, dust and drops found in the air, all with different composi-
tions and sizes. Evidence on the health impact of exposure to coarse PM (PM;jg) and fine
PM (PM,;5) suggests detrimental effects on a variety of health outcomes, including respira-
tory diseases (Schwartz, 1996; Coneus and Spiess, 2010), cardiovascular diseases (Schwartz
and Morris, 1995; Brook et al., 2010; Franklin et al., 2015), low birth weight (Currie et al.,
2009; Coneus and Spiess, 2010; Currie and Walker, 2011), and infant mortality (Chay and
Greenstone, 2003a,b; Arceo et al., 2016; Knittel et al., 2016).

NOy are reactive gases, and include nitrogen dioxide (NOs), nitrous acid (HNO,) and nitric
acid (HNOj). Although mobile sources are responsible for the highest domestic anthro-

pogenic release of NOx into the atmosphere, stationary fossil fuel combustion represents a

10
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significant portion of annual domestic NOx emissions. Evidence on outdoor exposure to
NOx indicates rises in asthma and bronchitis diagnoses in children (Orehek et al. (1976);
Pershagen et al. (1995); Chauhan et al. (2003); Gauderman et al. (2005)), and older popu-
lations (Schlenker and Walker, 2016). This pollutant can also react in the presence of heat
and sunlight in the atmosphere to create ground-level ozone, a harmful chemical associated
with lung diseases and premature deaths (Bell et al., 2004, 2005).

Hg is a toxic pollutant present in rocks, including coal in its natural state. Burning coal
releases Hg into the air, and it eventually settles into waterbodies through atmospheric
deposition. Once in the water, Hg is transformed by aquatic microbes into methylmercury
([CH3Hg]™), a poisonous form of mercury that accumulates in fish. Eating contaminated fish
is associated with cardiovascular diseases (Salonen et al., 1995; Guallar et al., 2002), and with
damage to the central nervous system in unborn (Clarkson, 1990). In the same way, high
blood Hg levels have been associated with elevated risk of 1Q loss among children (Trasande
et al., 2005). Currently, coal-fired power plants represent the largest source of domestic
anthropogenic emissions of this global air pollutant (U.S. Environmental Protection Agency,
2015).

Evidence on the health impact of exposure to power plant pollution is limited within the
Chilean context. Epidemiological research from Ruiz-Rudolph et al. (2016) show significantly
higher rates of cardiovascular and respiratory hospital admissions in Chilean municipalities
that host power plants and other large-scale polluters. Yet, the authors fail to take into
account, proximity to the pollution source, or the air transport of pollutants in the vicinity of
these facilities. This further highlights the importance of our work—identifying a causal im-
pact of exposure to power plant pollution on respiratory and cardiovascular hospitalizations
in Chile by relying on an exogenous source of variation: the incremental solar electricity

generation capacity over time.

3 The Power Sector in Chile

The electricity sector in Chile is composed of three different segments: generation, trans-
mission and distribution, all 100% privately owned. The sector is dominated by fossil fuels,
which account for 53% of total generation, followed by hydro with 28%. The fossil fuel
generation mix is primarily coal (40%), followed closely by natural gas (36%) and petroleum
(24%) (Comisién Nacional de Energfa, 2018).

Before 2018, Chile’s electricity market featured four different electric systems (see Figure

2): two major interconnected systems, the Northern Interconnected System (Sistema In-

11
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terconectado del Norte Grande — SING) and the Central Interconnected System (Sistema
Interconectado Central — SIC); and two additional minor grids, the Aysen Electric System
(Sistema Eléctrico de Aysen — SEA) and the Magallanes Electric System (Sistema Eléctrico
de Magallanges — SEM). The SING system, located in Chile’s northern region, has 5 GW of
installed capacity, 2.5 GW of peak load and more than 85% reliance on fossil fuel generation
(i.e., coal, natural gas and diesel). Although the northern region of Chile is relatively unpop-
ulated, with SING serving only 7% of the country’s total population, this region hosts most
of the large-scale copper mining companies that operate in the country, a sector character-
ized by its electricity-intensive production activities.® Conversely, the SIC system, located
in central-south Chile and with 17 GW of total installed capacity and 7 GW of peak load,
relies heavily on hydro generation (around 35%) and serves 90% of the country’s population.
These two major grids, SING and SIC, began an interconnection process in November 2017
that resulted in a full integration by May 2019, thereby creating Chile’s National Electric
System (Sistema Eléctrico Nacional — SEN). In this paper, we focus on the period before
November 2017, thus avoiding any potentially confounding factors that may be associated

with the interconnection itself.

3.1 The Generation Segment

Chile’s current electric service legislation offers established competitive conditions in the
generation segment and maintains regulatory conditions for the transmission and distribution
segments. Generation at SING is characterized by a spot market, long-term forward contracts
and capacity payments. The spot market is a merit-order dispatch model that operates under
the coordination of the Economic Load Dispatch Center (Centro de Despacho Econémico
de Carga — CDEC), which dispatches generators based strictly on their marginal cost at
every hour to meet the system’s load. The marginal cost of the system is set at every hour
by the CDEC and equals the cost of the most expensive unit being dispatched (Galetovic
and Mufioz, 2011).% This dispatch, determined by the regulator based on fuel costs, informs
our methodology in estimating the displacement of fossil fuel plants by solar generation.
Specifically, we incorporate relative costs of fossil fuels into our dispatch equation to control
for the market forces that will play a large role in determining dispatch and the ability of

solar to displace fossil fuel plants (see Section 5.1).

5During 2016, the copper industry consumed 50,578 TJ of electricity supplied by SING. This consumption
was equivalent to more than 30% of SING’s installed capacity of 5 GW (data retrieved in May 2020 from
https://www.cochilco.cl).

6Regardless of whether generators are dispatched or not, each of these agents receives a monthly capacity
payment aimed at guaranteeing enough generation capacity to supply energy during times of peak demand.

12
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Figure 2: Bulk Power Systems in Chile

Notes: Adapted from the National Energy Commission Monthly Report, December 2017. https://www.
cne.cl/wp-content/uploads/2015/06/RMensual_v201712.pdf

3.1.1 Solar Generation

Although numerous PV systems have existed in Chile since 2007, they were originally mostly
in the form of small-scale stand-alone systems and formed part of rural electrification pro-
grams (Haas et al., 2018). In 2008, however, the Chilean government established a quota
system for renewable energies; this currently requires that these sources account for 20% of
participation in the energy mix by 2025 (Ministry of Energy, 2013). This policy, in com-
bination with decreasing costs in PV technology, led to the installation in 2012 of the first
large-scale solar plant in northern Chile, La Huayca, adding 25.05 MW of gross capacity to
SING. By 2015, solar participation at SING reached 119 MW, equivalent to 2% of the total
daily generation of the system (/.376 GWh), and by the end of 2017 it had grown to 655
MW, equivalent to 10% (~1.5 GWh).”

"Data retrieved from the annual reports of Chile’s National Energy Commission (Comisién Nacional de
Energia — CNE), https://www.cne.cl/nuestros-servicios/reportes/informacion-y-estadisticas/
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3.1.2 Emissions

Due to Chile’s heavy reliance on fossil fuels, the power sector accounts for approximately
40% of the nation’s total greenhouse gas emissions, which translates as 34,568.2 kt and 1.6
kt of carbon dioxide equivalent emissions (COse) due to CO2 and methane (CH,) discharges,
respectively (Chile Environmental Ministry, 2018). In terms of criteria air pollutants, the
sector accounts for more than 30% of the country’s total NOx and SO, emissions, two haz-
ardous pollutants common to coal combustion (see Section 2). This situation is aggravated
by the longevity of some fossil fuel power plants, as older plants generally emit more. At
SING, for instance, some coal-fired generators are the oldest in the country, with ages that
in some cases exceed 50 years (Programa Chile Sustentable, 2017). Annual discharges from
the sector in this region are equivalent to 57% and 40% of Chile’s total SOy and NOx emis-
sions, respectively (Chile Environmental Ministry, 2017), with concentration readings that

generally exceed life-threatening levels.

As an example, Figure 3 plots the hourly average SO (a) and NOx (b) concentrations in
Tocopilla, the city with the highest number of coal-fired power plants in SING, before (solid
line) and after (dashed line) the first solar connection, in 2012. As observed in both panels,
there is a clear decrease in hourly average concentrations of these two pollutants after the
introduction of large-scale solar installations in the system, although NOx levels decrease
much more drastically than SOs. To the extent that these reductions are effectively due to
the entry of new solar installations, Figure 3 anticipates the potential health benefits of a
cleaner grid. In any case, SOy and NOx hourly averages in this city still exceed U.S. EPA
standards, currently set at 200 pug/m? for 1-hour SO, concentrations, and 100 ppb for NO,,

the most prevalent form of NOy in the atmosphere.

Regarding PM, Chile has relatively high daily average PM, 5 concentrations. For instance,
national annual average concentrations reached 21 pg/m? in 2017, well above the World
Health Organization (WHO) guidelines (10 pug/m? per year), which in the country’s north is
largely due to the region’s dependence on fossil fuel power generation (Chile Environmental
Ministry, 2017).% Figure 4 shows daily average PMs 5 concentrations in Tocopilla between
2009 and 2019. As shown, concentrations have decreased over time but still exceed WHO
standards for 24-hour averages (25 pug/m?) during certain times of the year. This highlights
the importance that solar-powered electricity can play in reducing environmental-related

health concerns in areas with a heavy reliance on fossil fuels.

Preferably, the main hypothesis of this paper would be tested using data similar to those in

8The power sector is also the largest emitter of direct discharges of pollutants into the ocean and coastal
waters in Chile’s northern region (Chile Environmental Ministry, 2017).

14
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connection” includes observations between 2007 and 2011. “After the first solar connection” includes data

between 2013 and 2017. SO, is measured in micrograms per cubic meter of air (ug/m?), and NOy in parts
per billion (ppb).
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Figure 4: Tocopilla’s Daily Average PM, 5 Concentrations

Notes: Reference line represents the World Health Organization’s 24-hour mean guideline of 25 ug/m?>.

Data from Tocopilla’s stations at the National Air Quality Information System (Sistema de Informacién
Nacional de Calidad del Aire — SINCA), https://sinca.mma.gob.cl

Figures 3 and 4. Unfortunately, however, we lack comprehensive city-level data on airborne

pollution for all the cities in our sample, as air quality monitoring stations in Chile are scarce
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for cities other than Santiago. We address this limitation with our displacement analysis.
Later in the paper, we do use the only available data on PM, 5 concentrations for some of

the cities in our sample as an additional test on our results (see Section 6.2.2).

4 Data

4.1 Plant-Level Data

We obtain comprehensive plant-level data on daily power generation from the National Elec-
tricity Coordinator (Coordinador Eléctrico Nacional — CEN), the national body in charge
of SING. Along with the information on generation, the data include specifics on plant-level
technology and capacity, which we later merge with data on fuel use and prices obtained
from the National Energy Commission (Comisiéon Nacional de Energia — CNE). As Novem-
ber 2017 was the month in which SING and SIC were first connected, our sample covers the
years 2012 to 2017. Descriptive statistics for daily generation are presented in Table 1 by

energy source, while fuel use and prices are presented in panels A and B, respectively, of

Table 2.

Table 1: Daily SING Generation (GWh) by Plant Primary Fuel Source

Energy Obs. Mean Std. Dev. Min, Max. Initial Year: 2012 Final Year: 2017
Source #EGUs Cap. (MW) #EGUs Cap. (MW)
Coal 2,192 39.36 3.68 17.62 49.04 13 1,959 15 2,449
Diesel 2,192 .12 .19 0 1.99 12 117 13 117
Fuel oil 1,187  0.07 0.12 0 0.63 3 36 3 36
Fuel oil #6 2,192 0.37 0.49 0 2.30 4 177 7 50
Natural gas 2,192  5.03 2.18 0 17.29 5 1,368 6 1,925
Hydro 2,192 0.21 0.03 0.07  0.33 4 16 5 17
Geothermal 306  0.21 0.20 0 0.73 - - 2 79
Wind 1,492 .84 A7 0 2.78 - - 2 200
Solar 1,918 1.46 1.60 0 6.09 1 25 18 655

Notes: Observations are plant-days. EGUs are electric generating units. Capacity (cap.) is the average net
capacity for the given year. All gas-fired power plants are combined-cycle (CC) plants that also run with
diesel.

Table 1 shows that coal-fired electric generating units (EGUs) are SING’s main source of
power generation, with an average of 39.36 GWh per day, followed by gas-fired units with
5.03 GWh, and solar units with 1.46 GWh. This is consistent with the amount of fuel
used by these sources, as coal and gas plants report the greatest usage in Table 2. From

Table 1, we also observe that coal-fired and hydroelectric plants are always dispatching in our
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Table 2: Monthly Fuel Use and Prices

Variable Mean Std. Dev. Min. Max. Obs.
Panel A. Fuel Use
Coal 34,931.76  3,210.30 25,949.25 42,148.77 2,192
Diesel 1,020.77 684.61 26.08 2,602.4 2,192
Fuel oil 369.33 301.059 1 1,219 1,187
Fuel oil #6 955.93 910.55 9 3,321.5 2,192
Natural gas 15,333.87  7,389.24  3,371.79 44,707.66 2,192
Panel B. Fuel Prices
Coal 105.41 16.21 68.19 138.73 2,192
Diesel 620.94 200.63 288.5 908.7 2,192
Fuel oil 95.79 22.91 46.67 125.33 1,187
Fuel oil #6 446.96 175.40 157 72841 2,192
Natural gas 3.15 0.79 1.7 5.94 2,192

Notes: Using main fuel source only. Coal, diesel and fuel oil are in tons, while natural gas is in thousands
m3. Prices are in US$/ton for coal, US$/m? for diesel and fuel oil #6, in US$/mm btu for natural gas, and
in US$/bbl for fuel oil.

sample, as revealed by the positive minimum daily generation. Furthermore, solar generation
experienced the highest growth in terms of the number of new units and capacity installed

into the system, as shown in the last four columns of Table 1.°

Figure 5 depicts the share of SING’s monthly power generation by both fossil fuel and solar
facilities during the sample period. At the start of the period, power generation at SING was
(almost fully) coming from fossil fuels, with coal alone representing around 85% and natural
gas roughly covering the other 15%. Although there was some solar generation by the end
of 2012, a significant injection of solar-generated energy started at the beginning of 2015.
As shown in the same figure, this injection coincides with the persistent decrease in fossil
fuel power generation over the same period. By the end of 2017, coal-generated electricity
represented around 77% of SING’s monthly generation, while natural gas use was equivalent
to less than 10%.%°

A more detailed overview of the relationship between solar and other fuels is offered by

Figure 6, which depicts SING’s hourly generation by fuel source averaged over the first week

9Note in Table 1 that the total net capacity of plants running with fuel oil #6 decreased from 177 MW
in 2012 to 50 MW in 2017. This is due to the closure of two main generators, units Ul0 and Ull, part
of Termoelectrica Tocopilla, a power plant in operation since 1960. In fact, four generators were closed
during the sample period. Although solar generation may also displace fossil fuel generation at the extensive
margin, our main analysis is conservative as it is centered around the effects of displacement at the intensive
margin only. If these shutdowns were a consequence of the injection of solar power into the system, our
estimates would thus constitute a lower bound of the true effect of solar power generation on improved
health outcomes.

OFjgure A1l in the Appendix shows SING’s daily load over the sample period. The increasing trend in
demand over time indicated in this graph rules out a demand-driven reduction in fossil fuel power generation.
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Figure 5: SING’s Monthly Fossil Fuel and Solar Power Generation

of January 2016 (left-hand side), and the last week of October 2017 (right-hand side), just
before the SING-SIC interconnection. Starting in 2016, SING had nine solar plants with
332 MW of total net capacity actively injecting power to the grid. By October 2017, this
capacity had doubled to 18 active solar projects, with a total net capacity of 654 MW. When
comparing these two periods in Figure 6, we observe that this increased solar capacity largely

displaced hourly coal- and gas-fired combustion during Atacama’s sunlight hours (7 a.m.—7

p.m.).
4.2 Health Outcomes

We use data from the Department of Health Statistics and Information (Departamento de
Estadisticas e Informacion de Salud — DEIS), part of Chile’s Ministry of Public Health,
from 2012 to 2017. DEIS provides data on each patient that has been discharged from any
hospital, together with information on their date of admission and the physician’s diagnosis
of the leading cause of disease. Although the data are compiled at the hospital or urgent care
center level, they include a variable on each patient’s city of origin, allowing us to match the
location of health outcomes with the location of generators. In our baseline specifications on
health, we look at daily hospital admissions at the city level as our main outcome. We focus
on hospital admissions due to cardiovascular and respiratory conditions, and, within respi-

ratory conditions, we further examine upper and lower respiratory infections.!! Descriptive

Upper respiratory infections affect the nose and throat, causing symptoms such as sneezing and coughing.
Among the most frequent upper respiratory infections are the common cold, sinusitis (sinus inflammation),
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Figure 6: SING’s Hourly Generation by Fuel

Notes: Total hourly generation by fuel averaged over the first week of January 2016 (left-hand side), and the
last week of October 2017 (right-hand side). The left-hand side panel covers a period before the installation
of nine additional solar projects, which subsequently doubled SING’s total solar installed capacity. By the
end of 2017, just before the SING-SIC interconnection, SING’s total solar capacity had reached 654 MW
(right-hand side).

statistics on hospital admissions by condition are presented in Table 3 for the 19 cities in

the sample.

Table 3: Descriptives on Daily Hospital Admissions

Disease Mean Std. Dev. Min. Max. Obs.

Cardiovascular 1.028 2.162 0 36 41,648

All respiratory 1.070 2.346 0 25 41,648
Upper respiratory 0.331 1.092 0 16 41,648
Lower respiratory  0.608 1.366 0 18 41,648

Notes: Observations are at the city level.

epiglottitis (trachea inflammation) and laryngitis (infection of the voice box). Lower respiratory infections
affect the lungs and lower airways. Common lower respiratory infections are bronchitis (bronchial tube
inflammation), bronchiolitis (an infection of the small airways, affecting children), pneumonia (a lung infec-
tion), asthma (long-term disease of the lungs), influenza and tuberculosis (bacterial lung infection).
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4.3 Wind Direction

Our data on wind direction come from Chile’s Meteorological Service and Air Quality System,
and cover four cities that host fossil fuel power plants, namely Arica, Iquique, Tocopilla and
Antofagasta. Mejillones also has a fossil fuel power plant but no available wind data; instead,
we rely on information from the nearest available city, Antofagasta, 62 km away. The eight-
wind compass roses for these cities are displayed in Figure 7 for daytime (dashed line) and

nighttime (solid line) wind patterns.'?

Although wind speed is generally higher at night, we use daytime information given our
focus on the daily thermal displacement by solar energy sources. Considering that solar
installations produce at peak capacity around midday, we expect daytime wind direction
patterns to be more informative on a population’s true exposure to reduced emissions from
the displacement of fossil fuel generation during solar availability. Therefore, we obtain
average wind direction by drawing a pie slice with an angle of 7 /4 radians (i.e. 45 degrees)

bisected by average daytime wind direction in each location.!?

4.4 Other Covariates

We also obtain information on other factors potentially correlated to hospital admissions.
First, we obtain data on city-level demographic characteristics such as population, density,
poverty and fertility rates as a proxy for socioeconomic factors known to affect health out-
comes.'* We gather this information from the National System of Municipalities Information
(Sistema Nacional de Informacién Municipal — SINIM). The demographic data are updated
every two years, and therefore we are able to include these variables in our estimation re-

gressions jointly with city-fixed effects.

Data on weather come from two different sources. First, we gather information on maximum
and minimum temperatures from the National System on Water Information (Sistema Na-
cional de Informacién del Agua — SNIA) for several monitoring stations located in remote
areas in northern Chile. Although we obtain this information for almost all cities in our
dataset, there are some incomplete entries, which we replace with daily regional averages.

The second source is Solar Explorer, an initiative of the Chilean Ministry of Energy (Minis-

12For the city of Iquique, we only have nighttime wind direction (see Figure 7(b)). In the definition of
downwind cities, we approximate daytime wind patterns for this city using nighttime information.

13The resulting average wind direction is: 1.157 radians (206.9 degrees) in Arica (Figure 7(a)), 1.577
radians (282.7 degrees) in Iquique (Figure 7(b)), 1.337 radians (238.6 degrees) in Tocopilla (Figure 7(c)) and
1.097 radians (196 degrees) in Antofagasta (Figure 7(d)).

“4Unfortunately, city-level data on other indicators such as unemployment and income are not publicly
available.
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Figure 7: Daily Wind Direction in Cities with Fossil Fuel Generation

Notes: “Daytime” encompasses average wind direction patterns during sunshine hours (7 a.m.—7 p.m.).
“Night” encompasses average wind direction between 7 p.m. and 7 a.m. the following day. Concentric
circles represent the percentage of time in which the wind blows in that direction, namely 10%, 25%, 50%

and 90%. Data on daytime wind direction for Iquique (7(b)) are not available.

terio de Energia) that contains data on humidity for all the cities in our sample. Descriptive

statistics for these covariates are in panel A of Table Al in the Appendix.

5 Methods

5.1 Displacement

We begin by estimating the effect of solar adoption on the power generation of existing power

plants from 2012 to 2017.'5 To that end, we categorize all the plants in the system by their

150ur displacement analysis is a short- to medium-term analysis as it takes SING’s infrastructure as given
during our sample period (Baker et al., 2013).
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primary fuel type (e.g., coal, diesel, natural gas, fuel oil) and then define a set of linear models
of daily generation to observe which types of plant decrease or increase their production with
the introduction of solar generation. Given our interest in the overall effect of solar power
generation on health, we use daily-level variation as our main specification because total
daily generation (and thus emissions) is more directly related to health outcomes than hourly

shifts. In particular, we define aggregated generation displacement equations as follows:

4 P/
Gg =Y + 7154 + Z &’ <FuelUsefn * P—T) + v Loadg + wqg + T + 65, (1)
i#f "

where Gﬁ is the system’s generation by fuel f during day d, w, is a vector of daily weather
covariates, 7 is a vector of time-fixed effects, and €£ is an error term. We consider two
variations of 7. The first of these, 71, considers year, month, and weekend fixed effects, while
a stronger version, 7y, includes year, seasons, year x seasons, and weekend fixed effects.
Equation (1) also includes the variable Loady that represents the system load during day d to
control for increases in demand over time, as demonstrated by Figure Al in the Appendix.'6
In addition, Equation (1) considers a term that models SING’s dispatch of generators to
control for differences in input prices that may affect daily dispatch conditions. This term
is given by the interaction between aggregate use of fuel f during month m, FuelUse/,, and
the relative international (exogenous) monthly prices of the fuels in the system, Pr{l/PTjn, where
f # j. Importantly, we do not include relative prices with respect to solar energy or other

renewables, given their zero marginal cost.

The key variable in Equation (1) is Sy, which represents the system’s solar generation during
day d. Whether solar power generation induces a significant displacement of non-solar sources
should be reflected by the displacement parameter v;. We estimate Equation (1) with an
ordinary least square (OLS) estimator, bootstrapping the standard errors to account for
any heterogeneity and serial correlation in the generation data. To take into account the
heterogeneous capacity across fuel types, we also estimate an alternative specification of
Equation (1) in which we replace Gg by capacity factor C'F C{ , defined as total daily generation
by fuel f weighted by its net capacity. Given that C'F ({ takes values between 0 and 1, we
estimate this version of Equation (1) using a generalized least-squares (GLM) estimator

assuming a logit distribution.

In addition to the aggregated generation displacement, we run a plant-level version of Equa-

16 As the large-scale copper mining industry is an important actor in the demand for energy at SING,
variations in daily load should also capture similar variations in copper production.
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tion (1) to identify the set of plants displaced by solar generation and those that are not. In
this case, we modify Equation (1) to include generation szd at the plant-level 7, and their

corresponding fuel use FuelUse! , as follows:

4 P!
Gly=Bo+BiSa+ ) & (FuelUse{m * P—’?) + BaLoads +wq + 7 + €. (2)
i#f "

5.2 Solar Generation and Health

Once we have confirmed that fossil fuel plants are indeed displaced by daily solar generation,
our next step is to estimate the resulting effect of solar power generation on health outcomes
(e.g., hospital admissions) for all cities in our sample, and for cities in close proximity to
these plants. A more in-depth discussion on this approach is offered in Section 5.2.1. We

define our baseline health equation as follows:

Healthjd = 50 + 515d + Wid + C + 7+ Vid, (3>

where Health;q represents a health outcome in city j during day d; wjq is a vector of daily
city-level weather covariates that may affect morbidity outcomes such as daily maximum and
minimum temperatures and humidity; ( is a vector of demographics and city-fixed effects;
7 is a vector of time-fixed effects; and v;4 is an idiosyncratic effect. As in Equation (1), we
consider two variations that include several combinations of weekend, month, season, and

year fixed effects.

The main variable in Equation (3) is Sy, which measures SING’s total solar generation on day
d. As we construct this variable considering all solar plants in the system, daily variation
in Sy is exogenous to any daily variation in hospital admissions in a given city j. Our
parameter of interest in Equation (3), d;, gives us the marginal effect of solar generation
on the health outcome of interest. We estimate Equation (3) using a ZINB model due to
the large number of zeros in the outcomes (count variables) and a clear overdispersion of
these outcomes across cities in our sample.!” While we control for population in all of our
regressions, we also estimate Equation (3) with an OLS estimator on the rate of hospital

admissions per 100,000 people as a robustness check.!®

17See Figure A2 (Appendix) for an example of two cities, Antofagasta and Tocopilla.

18Tt is important to note here that some cities in northern Chile are very small in size, which means
that many of them report zero daily hospital admissions, particularly when it comes to admissions by age
group. This complicates an OLS estimation on the rate of admissions, as in this case our outcome variable
is continuous but with an important pileup at zero. Alternative estimation methods to deal with this, such
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There are some potential drawbacks in the estimation of Equation (3). First, fossil fuel
plants are not randomly placed across the region, so cities with and without fossil fuel
plants may be observably different. Indeed, this is the case exhibited in panels B and
C of Table Al (Appendix), which shows that cities without fossil fuel plants (panel C)
are smaller, less dense and poorer than those with fossil fuel plants (panel B) (all of these
differences are statistically significant). Thus, in addition to city-fixed effects, we also control
for demographic characteristics (e.g., poverty rate, density, fertility rate) in the estimation
of Equation (3). Second, the large copper mining industry is an important actor in the
demand on the energy sector in northern Chile, and also a significant air pollution emitter.
For this reason, we estimate an alternative specification to Equation (3) in which we control

for monthly large-scale copper production by city.!?

Third, there may be important dynamic effects of daily avoided fossil-fueled pollution on
health outcomes. As air pollution gathers and accumulates in the atmosphere over time,
we would expect to see a lagged effect of daily improvements in air quality on health.?° In
particular, air quality improvements over three or four days may very well lead to greater
health benefits today than contemporaneous improvements in air quality. In that case,
Equation (3) would give us an incomplete picture of the actual health effect of a cleaner

grid.

There is precedent in the literature for testing the effect of lagged exposure to air pollution
on health. For instance, Neidell (2009) includes up to six days of lags, although the preferred
specification includes only four days, while Schlenker and Walker (2016) opt for three days
of lags. Although these two papers are looking at increases in air pollution, whereas our
method identifies the impact of air quality improvements, we could potentially identify a
dynamic effect through the inclusion of a couple of lags in our health equation. However,
this is not straightforward in our setting due to the fact that our main variable of interest

L' Thus, including lags and leads would

(solar generation) is highly colinear across days.?
result in unstable estimates due to the multicollinearity of the variables. Instead, we explore
a slightly different approach by testing whether there is a cumulative impact of longer-term

solar generation (and thus, longer periods of exposure to reduced fossil fuel-related pollution)

as a Hurdle estimation, resulted in the lack of convergence in many of our regressions.

19We obtain this information from the Chilean Copper Corporation (Corporacién Chilena del Cobre —
COCHILCO). We would much rather use data on daily variation in production, but this information is
unavailable.

20Tndeed, there is evidence that certain air pollutants can have an extended effect on health. For instance,
the U.S. Environmental Protection Agency (2006) found that ozone can have an effect on health for up to
four days after exposure.

21Our multicollinearity tests between Solary and Solary_; for | = {1,2,3} reveal variance inflation factors
(VIFs) of magnitudes close to a 100.
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on health. We do this by estimating the impact of average weekly, monthly, and yearly
solar generation on health outcomes, as depicted by Equation (4) where T' = {7,30,365}.
Expressed in this way, §; approximates the average long-term effect of solar generation on

daily hospital admissions.

T
Healthjq = 6o+ 6T Y Sq—t +wja+ ¢+ 7+ vja, (4)

t=1

5.2.1 Air Pollution Exposure and Wind Direction

A final concern regarding Equation (3) is that it ignores the potential air transport of pollu-
tants and, therefore, likely underestimates the effect on cities that are located closer to fossil
fuel plants and more exposed to their pollution, or displacement thereof. We address this
by rerunning our health equation using only those cities downwind of fossil fuel plants to
(indirectly) account for the transport of pollutants.?> To that end, we use the information
from the eight-wind compass roses in Figure 7, to guide us on exposure to pollution from

fossil-fueled generators.

o

Figure 8: Power Plant Locations in Tocopilla

Notes: Map of Tocopilla with the location of two fossil fuel power plants and the likely downwind area
given the prevailing daytime wind direction.

For example, Tocopilla illustrates the case of a downwind city. From Figure 8, we can observe

that it hosts two power plants in its surrounding area, both at a distance of roughly 2 km and

22We state “indirectly” here because we do not have emissions data; thus, being downwind of a displaced
plant only creates a proxy for potential to be in the line of emissions.
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southwest from the city center.?> Combining this information with the prevailing wind at
this location (see Figure 7(c)), we observe that daytime wind blows from the southwest more
than 50% of the time, and from the west 40% of the time.?* Considering the location of the
thermal plants in Figure 8, it is straightforward to conclude that Tocopilla is downwind of
their emissions. Using similar information for all the cities that host thermal plants, we can
identify those that are downwind of thermal power generation. Furthermore, we combine
this information with the displacement results to construct an indicator for whether a city
is downwind of a displaced plant. In particular, we use four different categories throughout
the description of our health results: all cities, and cities downwind of displaced fossil fuel
plants that are located within 10km, within 50km or within 100km of their boundaries. In
addition, we can identify cities downwind of nondisplaced fossil fuel plants and those upwind

of displaced fossil fuel plants to use later in our robustness analyses.

6 Results

6.1 Fossil Fuel Displacement

Tables 4 and 5 present the results of the effect of 1-GWh of daily solar generation on the
displacement of daily aggregated generation (Equation (1)) for fossil fuels and renewable
sources, respectively. From left to right, each column shows a specification with more con-
trols. The two tables also include the effect of 1-GWh of daily solar generation on capacity

factors.

Our findings in Tables 4 and 5 suggest that solar-generated electricity displaces other fuel
sources, particularly dirty sources. From Table 4, we observe that a 1-GWh increase in daily
solar generation reduces the day-to-day generation of plants running with coal and with
natural gas by 0.48 and 0.27 GWh, respectively (columns 2).%5 Considering the descriptive
statistics in Table 1, we observe that this displacement is roughly equivalent to 1.22% and
5.36% of the daily average power generated by these fossil fuels. Indeed, the results for
capacity factors in Table 4 show qualitatively similar results. An extra 1 GWh of solar
generation displaces 1.4 percentage points of the capacity factors of plants running with
coal, and 4.9 percentage points of the capacity factors of plants running with natural gas.

Table 4 suggests a ramp-up on capacity factors of plants running with diesel. Yet, this effect

23More specifically, at an angle of 217 degrees from the city’s geographical centroid.

24 Any other wind direction amounts to less than 5% during daytime.

25Further analysis using simple cycle turbine plants reveals that solar energy displaces coal-fired single-
fuel engine generation at a larger magnitude (see Table A2 in the Appendix). This is an indication that the
reduced coal use found in Table 4 is attenuated by dual-fuel engine coal-fired plants running with diesel.
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Table 4: The Effect of 1 GWh of Solar Power Generation on Daily Aggregated Fossil Fuel
Power Generation

Coal Diesel Fuel oil Fuel oil #6 Natural gas

(1) (2) (1) (2) (1) (2) (1) (2) (1) (2)
Generation (GWh) -0.656** -0.483*  0.151  0.077 -0.011 -0.013 -0.016 -0.014 -0.215  -0.274**
(0.175)  (0.159)  (0.094) (0.092) (0.019) (0.024) (0.017) (0.013) (0.150)  (0.134)

Capacity factor -0.021***  -0.014*** 0.015*  0.012 0.047  0.018 -0.018 -0.006 -0.063*** -0.049***
(0.003) (0.003)  (0.006) (0.007) (0.041) (0.064) (0.012) (0.011) (0.009) (0.009)

Obs. 1,915 1915 1915 1915 910 910 1,915 1,915 1,915 1,915

Controls X X X X X X X X X X

71 fixed effects X X X X X

Ty fixed effects X X X X X

Notes: Marginal effects of 1 GWh of daily solar generation are derived from an OLS on daily aggregated
generation, and from a fractional logit response model on daily capacity factors. Estimations include plants
with both single- and dual-fuel engines. Controls include daily temperature, humidity, load and price ratios.
Vector 11 includes year, month, and weekend fixed effects. Vector 75 includes year, seasons, year x seasons,
and weekend fixed effects. Bootstrapped standard errors appear in parentheses. Significance levels: *p <
0.10, **p < 0.05, ***p < 0.001.

Table 5: The Effect of 1 GWh of Solar Generation on Daily Renewable Generation

Wind Hydro Geothermal

(1) (2) (1) (2) (1) (2)
Generation (GWh)  0.015  0.099* -0.008"* -0.007*** -0.071"**  -0.026
(0.020) (0.019)  (0.001)  (0.002)  (0.019)  (0.016)

Capacity factor -0.004  0.013** -0.021*** -0.018*** -0.050*** -0.040***
(0.005) (0.004)  (0.004) (0.005) (0.013) (0.011)

Obs. 1,489 1,489 1,915 1,915 306 306

Controls X X X X X X

7, fixed effects X X X

75 fixed effects X X X

Notes: Marginal effects of 1 GWh of daily solar generation are derived from an OLS on daily aggregated
generation, and from a fractional logit response model on daily capacity factors. Estimations include plants
with both single- and dual-fuel engines. Controls include daily temperature, humidity and load. Fuel price
ratios are not included in this regression as these are renewable generators only. Vector 77 includes year,
month, and weekend fixed effects. Vector 75 includes year, seasons, year x seasons, and weekend fixed effects.
Bootstrapped standard errors appear in parentheses. Significance levels: *p < 0.10, **p < 0.05, ***p < 0.001.

disappears once a stronger set of time-fixed effects is included.

The results for renewables in Table 5 suggest similar displacement effects on hydro, a dis-
patchable power source. In particular, the results in columns (2) indicate that, on average, a
1 GWh increase in daily solar generation displaces hydro by 0.007 GWh, equivalent to 3.3%
of the average hydro power generated in a single day. Regarding geothermal generation, we
find no effects, although the results on capacity factors indicate a significant reduction of

four percentage points. While this may be a weak effect, it is important to consider that the
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geothermal displacement attenuates the potential benefits of a reduction in fossil fuels found
in 4. Because geothermal energy is a non-emitting source of electricity, its displacement will
reduce some of the health benefits associated with the expansion of solar generation. Hy-
dropower, on the other hand, is mostly utilized as a storage resource, dispatching in response
to high price times; thus, we are unable to directly identify the environmental impacts of
its displacement. Despite this potential attenuation, it is likely that the effect will be mi-
nor given the relatively small share of electricity that is produced by hydro and geothermal
sources (0.4% and 0.4% of mean daily generation, respectively; see Table 1). In summary,
we expect any attenuation effect from reduced hydro and geothermal generation to be small
compared to the benefits of displaced coal and natural gas, which account for 83% and 11%

of mean daily generation, respectively.

Finally, we find a positive coefficient of solar generation on wind generation, a non-
dispatchable (but curtailable) power source. The result for wind in column (2) of Table
5 indicates that a 1 GWh of daily solar generation ramps up wind generation by 0.099
GWh. Due to the non-dispatchability of wind generation, this likely reflects an underlying
correlation of wind and solar, given the thermally driven wind systems that characterize the
Atacama Desert (Jacques-Coper et al., 2015). Thermally driven winds are caused by local
differences in radiational heating and cooling systems, which in the case of the Atacama fa-
vor the complementarity between wind energy and solar energy (Jacques-Coper et al., 2015;
Mutioz et al., 2018). An additional source of positive correlation between wind and solar
generation may come from the country’s effort to boost the adoption of renewable energy
sources, which has encouraged the installation of several wind parks in addition to solar
power plants (Ministry of Energy, 2013). In any case, given that wind generation is not
dispatchable but is curtailable, the fact that we are not getting a negative coefficient weakly
suggests that wind is not curtailed in response to greater solar output, or that, if curtailment

exists, it is not large enough to overcome the positive correlation between the two sources.

To delve deeper into the displacement of fossil fuel EGUs indicated in Table 4, Figure 9
plots the marginal effect of solar generation on daily generation levels and capacity factors
by coal-fired EGUs.?® Squares represent the point estimate of solar generation on daily coal
generation (left y-axis), and circles represent the marginal displacement of capacity factors
(right y-axis). We observe that the negative impact of solar generation on coal combustion
indicated in Table 4 is mostly explained by the shift in the generation of five units: U15,
U14, U12, CCR2 and CTA. Figure 9 also reveals the displacement of unit U13, statistically

26Similar graphs for diesel- and gas-fired units are provided in Figures A3 and A4, respectively, in the
Appendix.
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Figure 9: Coal-Fired EGUs and Displacement

Notes: The figure uses all EGUs that report coal (and its derivatives) as their primary fuel source. The left
y-axis shows the marginal effects of 1 GWh of daily solar generation on plant-level daily generation using
OLS. The right y-axis shows the marginal effects of 1 GWh of daily solar generation on daily capacity factors
using a fractional logit response model. The estimation equation is identical to the one in columns (2) of
Table 4. Dashed lines represent 95% confidence intervals obtained with bootstrapped standard errors.

significant at the 10% level. Four of these units (U15, Ul4, U13 and U12) are part of the
Tocopilla coal-fired power station, which has been in operation since 1960 and is SING’s
oldest coal-fired plant.?” The largest generation displacement is found for the CTA unit that
belongs to the Atacama station. Power output for this unit decreased by 216 MWh, roughly
equivalent to 7% of its capacity. Considering this plant alone, this displacement translates
into more than 200 MWh of coal-fired generation avoided on a given day. This is closely
followed by reductions in CCR2’s output, one of the largest EGUs in the system (274.9
MW of gross capacity.?® On average, our estimates reveal that 1 GWh of solar generation

displaces 203 MWh of generation from the Atacama plant on a given day.

In addition to the displacement of several coal-fired units, Figure 9 also reveals a statistically
significant ramp-up in the power generation of two facilities: NTO1 and NTO2. On average,
1 GWh of daily solar generation increases generation in these plants by 90 and 89 MWh,
respectively, jointly equivalent to 0.46% of the daily coal-fired generation (see Table 1).

These two units are part of the Norgener power plant, also located in Tocopilla. Although

2TAt the time of writing, the Chilean government announced its plans to shut down these four units
between 2019 and 2024. Source: Online. Retrieved: December 2019.
28Units CCR1 and CCR2 belong to the Cochrane Power Station, with more than 500 MW of gross capacity.
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the ramp-up in the generation of these two coal-fired units is significantly lower than the
displacement found for other facilities, the increase slightly attenuates the plausible health

impact of the overall set of displaced plants in Tocopilla.

6.2 Solar Generation and Health Outcomes

The results on the effects of 1 GWh of solar generation on daily hospital admissions using
Equation (3) are displayed in Table 6 for cardiovascular and respiratory conditions. We
present these results using alternative groups of cities. Columns (1) and (2) both include
controls that capture weather conditions, city-level mining production and demographics.?”
However, we vary the time-fixed effects across the two columns: columns (1) include year,
month and weekend fixed effects, while columns (2) have more expansive time-fixed effects,

including year, season, year season, and weekend fixed effects.

Table 6: The Effect of 1 GWh of Solar Generation on Hospital Admissions

All Cities Downwind of Displaced Fossil Fuel Plants
Cities < 10km < 50km < 100km

(1) 2) (1) (2) (1) (2) (1) (2)
Panel A. Cardiovascular
Solar -0.003  -0.025*  -0.025  -0.061 -0.015 -0.037 -0.014 -0.022
(0.013)  (0.014) (0.048) (0.070)  (0.091)  (0.040)  (0.021)  (0.015)
Panel B. All respiratory
Solar 0.023  -0.060*** -0.087 -0.142**  -0.055 -0.092**  -0.037 -0.078
(0.020) (0.015) (0.071) (0.047)  (0.047)  (0.038)  (0.040) (0.137)
Panel C. Upper respiratory
Solar -0.07  -0.021**  -0.037 -0.033*** -0.024™* -0.026*** -0.023** -0.021
(0.019)  (0.009) (0.075) (0.007)  (0.012)  (0.006)  (0.009)  (0.085)
Panel D. Lower respiratory

Solar 0.022 -0.015  -0.064 -0.122**  0.005 -0.084** -0.010 -0.067**
(0.014)  (0.011) (0.049) (0.031)  (0.034) (0.03) (0.032)  (0.018)
Obs. 36,385 36,385 3,830 3,830 5,745 5,745 7,660 7,660
Controls X X X X X X X X
City fixed effects X X X X X X X X
71 fixed effects X X X X
79 fixed effects X X X X

Notes: Marginal effects from ZINB panel-data regressions using 100 iterations. Inflate regressions at count
zero are estimated using a logit estimator. Controls include weather, mining production, and demographic
covariates (including population) in both the main and the inflate regressions. Vector 75 includes year,
seasons, year X seasons, and weekend fixed effects. Clustered standard errors by city appear in parentheses.
Significance levels: *p < 0.10, **p < 0.05, ***p < 0.001.

Altogether, the results indicate that solar generation leads to a reduction in hospital ad-

missions. For the full sample, we observe that 1 GWh of solar generation leads to a 0.025

29Tt is important to control for mining production as this sector is a significant polluter in the area and
the largest buyer of SING’s power. See Section 5 for more details.
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average reduction in daily hospital admissions due to cardiovascular conditions, and to a
0.06 average reduction in admissions due to all respiratory conditions (columns (2)). To the
extent that emissions from displaced fossil fuel plants are not equally scattered across space,
these results are likely underestimating the effect of solar energy. Thus, to better understand
the effect of solar generation on health due to the displacement of emissions from dirty gen-
erators, we take into account the potential transport of pollutants and redefine our sample

to include cities downwind of displaced fossil fuel plants.

With this subsample, we obtain a stronger and larger effect in general admissions due to
respiratory conditions in the immediate vicinity of displaced plants (< 10km), although we
lose significance in cardiovascular conditions due to the reduction in statistical power. For
cities within 10km downwind of displaced plants, we observe that 1 GWh of daily solar
generation results in 0.142 fewer daily hospital admissions, or 52 fewer admissions per year
on average, due to all respiratory diseases, in cities near displaced fossil fuel power plants
(< 10km). Similar conclusions, albeit with decreasing magnitudes, are drawn for cities

within 50km and 100km of distance from displaced facilities.

Table 7: The Effect of 1 GWh of Solar Generation on Hospital Admissions by Age Group

All Cities Cities < 10km Downwind of Displaced Fossil Fuel Plants
Infants Toddlers Children Adults Seniors Infants Toddlers Children Adults Seniors

Panel A. Cardiovascular
Solar -0.00003  -0.0004 -0.001  -0.013* -0.004 -0.0003  -0.004 -0.001 -0.018  -0.020
(0.002)  (0.036) (0.002)  (0.008) (0.012) (0.001) (0.014) (0.006)  (0.048) (0.028)
Panel B. All respiratory
Solar -0.020"  -0.010 -0.005  -0.005 -0.009"**  -0.048 -0.033 -0.003  -0.012 -0.013**
(0.007)  (0.011) (0.007)  (0.005)  (0.002) (0.092) (0.034) (0.456)  (0.082) (0.006)
Panel C. Upper respiratory
Solar -0.0001 -0.002  -0.011* -0.007*  -0.001  -0.0001  -0.011 -0.005 -0.002  -0.001
(0.001)  (0.004) (0.005)  (0.004) (0.001) (0.011) (0.144) (0.011)  (0.059) (0.006)
Panel D. Lower respiratory

Solar -0.012 -0.006 0.002 0.001 -0.002 -0.044 -0.022 -0.005 -0.008  -0.014

(0.012) (0.005) (0.009)  (0.006)  (0.004) (0.086)  (0.065) (0.135)  (0.134)  (0.080)

Obs. 36,385 36,385 36,385 36,385 36,385 3,830 3,830 3,830 3,830 3,830
Controls X X X X X X X X X X
City fixed effects X X X X X X X X X X
Ty fixed effects X X X X X X X X X X

Notes: Marginal effects from ZINB panel-data regressions using 100 iterations. Inflate regressions at count
zero are estimated using a logit estimator. Controls include weather, mining production and demographic
covariates (including population) in both the main and the inflate regressions. Vector 7o includes year,
seasons, year X seasons, and weekend fixed effects. Clustered standard errors by city appear in parentheses.
Significance levels: *p < 0.10, **p < 0.05, ***p < 0.001.

We repeat the estimation of Equations (3) and (4) for different age groups using our strongest
specification (column (2) in Table 6). These results are given in Table 7 for all cities, and

for cities downwind of and within 10km of displaced fossil fuel power plants. The results
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for cities downwind of displaced fossil fuel plants that are within 50km and 100km of their

limits are presented in Table A3 in the Appendix.

The results suggest that solar generation, through the displacement of fossil fuel energy, leads
to a positive effect in health outcomes across most age groups. Because we show the results
here for a limited sample of downwind cities, the number of observations in each age group
is significantly limited, thereby restricting the power of our estimation and reducing the
statistical significance. Thus, this regression of downwind cities identifies only statistically
significant improvements in all respiratory hospitalizations for seniors. However, when we
expand the buffer up to a distance of within 100km of a displaced fossil fuel plant, we find
reductions in respiratory hospitalizations for toddlers, children and seniors. We still do not

identify any statistically significant impact on cardiovascular hospitalizations.

6.2.1 Long-Term Health Effects

The results in Table 6 offer a general perspective of the net effect that day-to-day variation
in solar generation has on day-to-day variation in hospital admissions. Additional evidence
of the immediate co-benefit of solar is found in the results for Infants in Table 7, and in
Table A3. As stated in Currie and Neidell (2005), the link between cause and effect is
immediate in the case of infants, whereas diseases today in adults may reflect pollution
exposure from years ago. This immediate link is illustrated by the negative and statistically
significant effect of solar generation on hospital admissions of infants due to all respiratory
diseases found in panel B of Table 7. Comparable effects are found in panels B and D of
Table A3. Considering that infants are less than one year old, these findings corroborate the

contemporaneous aspect of the co-benefits of solar power generation.

To test whether these co-benefits also mask some permanent effects, we use the estimation
of Equation (4) where main explanatory variable is allowed to reflect the moving weekly,
monthly or yearly average solar generation in the system. Equation (4) also allows us to
take into account potential lagged effects of solar generation on contemporaneous health
outcomes, albeit indirectly. To that end, we express S = S;, where t = {w, m,y}. Modeled
in this way, §; gives us the average marginal effect of 1 GWh of either weekly, monthly or
yearly average generation on daily relevant hospitalizations. The results using our strongest

specification are depicted in Table 8 for all ages, and in Table A5 by age group.

The results in Table 8 show the largest reductions in hospitalizations from weekly average
generation relative to those in columns (2) of Table 6, particularly for cities downwind of

nearby fossil fuel plants (< 10km). The fact that this coefficient is slightly greater than
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the daily impact as reported in Table 6 suggests an additional effect of reduced cumulative
pollution exposure, although this added effect is present only in the relatively short term.
These cumulative effects, however, seem to be present in the relatively short term only,
as they become smaller and generally less significant as we move toward longer times of

exposure (monthly and yearly).

When exploring the results by age group in Table A5, we observe reductions in hospital
admissions of infants, children and seniors from weekly average generation. For instance,
for this last age group living in cities downwind of nearby thermal generation plants (<
10km), we observe a significant reduction of 0.025 in daily hospital admissions due to lower
respiratory diseases from weekly solar generation. Comparing this to the results in Table
7, we observe that the health effect of weekly solar generation for this age group is in line
with the presence of some cumulative effects but only in the short term, as it is significantly
greater than the effect of daily variation in solar power. Similar conclusions can be drawn for
infants and children. Taken together, the results in Tables 8 and A5 suggest that the average
health effects of exposure to reduced fossil fuel pollution are largely contemporaneous rather

than cumulative.

Table 8: The Long-Term Effect of 1 GWh of Solar Generation on Daily Hospital Admissions

All Cities Downwind of Displaced Fossil Fuel Plants

Cities < 10km < 50km < 100km

t=week t=month t=year t=week t=month t¢=year t=week t¢=month t¢=year t=week t=month t=year

Panel A. Cardiovascular
Solar; -0.043** -0.058  -0.097**  -0.078 -0.112 -0.216  -0.050 -0.073  -0.146* -0.031* -0.034 -0.046
(0.015) (0.178)  (0.036)  (0.104) (0.118)  (0.150) (0.057)  (0.052)  (0.083) (0.019)  (0.035) (0.074)
Panel B. All respiratory
Solar, -0.090***  -0.054*  -0.026  -0.177**  -0.084**  0.068 -0.116"  -0.055 0.041  -0.094** -0.052"  0.024
(0.014) (0.018)  (0.044)  (0.067) (0.027)  (0.049) (0.039)  (0.056)  (0.027) (0.036)  (0.024)  (0.016)
Panel C. Upper respiratory
Solar; -0.019 -0.019 -0.022  -0.046**  -0.016 0.011  -0.030 -0.013  -0.0002 -0.025**  -0.014 -0.004
(0.012) (0.019)  (0.025)  (0.010) (0.038)  (0.043) (0.019)  (0.427)  (0.029) (0.010)  (0.145)  (0.198)
Panel D. Lower respiratory

Solar, -0.016 -0.005 0.009 -0.137* -0.073 0.067 -0.101**  -0.056 0.032  -0.081**  -0.046 0.024

(0.017) (0.015)  (0.034)  (0.071) (0.091)  (0.127) (0.044)  (0.052)  (0.080) (0.035)  (0.042)  (0.054)

Obs. 36,366 36,366 36,366 3,828 3,828 3,828 5,742 5,742 5,742 7,656 7,656 7,656
Controls X X X X X X X X X X X X
City fixed effects X X X X X X X X X X X X
Ty fixed effects X X X X X X X X X X X X

Notes: Marginal effects from ZINB panel-data regressions using 100 iterations. Inflate regressions at count
zero are estimated using a logit estimator. Controls include weather, mining production and demographic
covariates (including population) in both the main and the inflate regressions. Vector 7o includes year,
seasons, year X seasons, and weekend fixed effects. Clustered standard errors by city appear in parentheses.
Significance levels: *p < 0.10, **p < 0.05, ***p < 0.001.
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6.2.2 Fossil Fuel Generation, Pollution and Health in Chilean Cities

Our previous health results consistently show significant reductions in pollution-related hos-
pital admissions due to variation in solar power generation in Chile. Additionally, these
reductions are found mostly in cities downwind of fossil fuel plants that are displaced by so-
lar generation as revealed by our plant-level displacement analysis. While this strategy helps
us to take into account the air transport of pollutants emitted by thermal plants affected
by the injection of new solar power generation into the grid, it constitutes an indirect test
of the mechanism through which solar generation affects health. In this section, we explore
a more direct test on the mechanism through which solar generation is positively affecting
pollution-related admissions by using available data on PMs 5 concentrations for some of the
cities in our sample. As mentioned in Section 3.1.2, pollution data in Chile is scarce for
cities other than Santiago, yet we are able to gather data for some of the cities with fossil
fuel generation, and cities downwind of displaced fossil fuel plants.>® With these data, we
first test the link between thermal generation and air pollution concentrations, estimating
the effect of daily fossil fuel generation (i.e., coal, diesel and natural gas) on daily PMsy 5

concentrations (in logs) as follows:

log(PMss5)a = po + p1Coal;q + paDieseljq + psNaturalGasjq + wjqg + ¢+ 7+ vja,  (5)

where wjq is a vector of daily city-level weather covariates (including wind speed, also avail-
able for these cities); ( is a vector of demographics, mining production and city-fixed effects;
7 is a vector of time-fixed effects; and v;4 is an idiosyncratic error. In an alternative spec-
ification, we replace thermal power for system-level daily solar generation. We estimate
Equation (5) with OLS using Newey—West standard errors to control for potential autocor-

relation known to affect pollution data.

The results for the strongest specification in columns (2) of Table 9 show that 1 GWh of
coal-fired generation increases PMs 5 concentrations by 1% in all cities for which we have
data. This effect becomes stronger and highly significant when looking at cities downwind
of fossil fuel plants. Specifically, 1 GWh of coal generation increases concentrations of PMs 5
by 2%, while 1 GWh of natural gas generation does so by 1%.3! Considering that daily

average concentrations of this pollutant are roughly 14.73 pg/m?3 across cities with data,

30Gpecifically, we have data for Arica, Antofagasta, Tocopilla and Alto Hospicio. The last two cities,
namely Tocopilla and Alto Hospicio, are part of the group of cities within 10km downwind of displaced fossil
fuel plants. Pollution data was gathered from https://sinca.mma.gob.cl.

31 As mentioned in our displacement analysis, all gas-fired plants in our sample are combined-cycled plants
that operate with diesel as well, so this effect is likely due to the use of diesel in gas-fired plants.
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Table 9: The Effect of 1 GWh of Power Generation on Daily Log PMs 5

All Cities < 10km Downwind of
Cities Displaced Fossil Fuel Plants
(1) (2) (1) (2) (1) (2) (1) (2)
Coal 0.007  0.014* 0.011** 0.020***
(0.005) (0.005) (0.005)  (0.006)
Diesel -0.043  0.091 -0.138  -0.003
(0.105) (0.104) (0.126) (0.123)
Natural Gas 0.006 0.009 0.009  0.011*
(0.005)  (0.06) (0.006)  (0.006)
Solar 0.007 -0.033** -0.019  -0.043**
(0.013) (0.013) (0.016) (0.019)
Obs. 5,582 5,582 5,319 5,319 2,592 2,592 2,329 2,329
Controls X X X X X X X X
City fixed effects X X X X X X X X
71 fixed effects X X X X
79 fixed effects X X X X

Notes: Marginal effects from an OLS regression using Newey—West standard errors (in parentheses) allowing
for up to three lags. Controls include weather (min. and max. temperature, humidity and wind speed),
mining production and demographic covariates (including population). Vector 7 includes year, month, and
weekend fixed effects. Vector 7 includes year, seasons, year x seasons, and weekend fixed effects. Significance
levels: *p < 0.10, **p < 0.05, ***p < 0.001.

these effects are equivalent to 0.295 and 0.147 ug/m? daily increases in PMy 5. These results
are consistent with our previous findings on the displacement of coal-fired and gas-fired
facilities. Yet, they should be taken with caution as they cover the period between 2012 and
2017, already treated with the injection of solar generation, which may explain the reduced
magnitude of the coefficients. When replacing thermal generation with solar generation,
we find consistent and significant results. The results in columns (2) of Table 4 indicate
that 1 GWh of solar generation reduces PMy 5 concentrations by 3-4%. Altogether, the
findings in Table 4 indicate that thermal generation effectively increases airborne pollution

concentrations, while solar generation has the opposite effect.

Our final exercise considers the information in Table 4 in tandem with our health analysis. To
that end, we follow two approaches. First, we re-estimate our baseline ZINB health equations,
replacing the solar generation variable with city-level daily average PM, 5 concentrations. In
doing this, we have to consider that pollution-related hospital admissions are likely not
orthogonal to PMs 5 concentrations. For instance, PMs 5 can be formed due to chemical
reactions of secondary particles from SOy and NOx, pollutants that are also common to coal
combustion and have a direct impact on health as well (World Health Organization, 2006).
In addition, other factors such as economic conditions may have a simultaneous impact on

both health outcomes and air pollution concentrations. Thus, while informative, omitted
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factors in this regression may give us an inconsistent estimate of the impacts of pollution on
health.

Table 10: The Effect of Daily PMsy 5 on Daily Hospital Admissions

All Cities < 10km Downwind of
Cities Displaced Fossil Fuel Plants
ZINB CF ZINB CF
Panel A. Cardiovascular
PMay s -0.003 -0.006  -0.001*** 0.020
(0.007)  (0.023)  (0.0004) (0.021)
0 0.005 -0.023
(0.024) (0.022)
Panel B. All respiratory
PM,y 5 0.008 0.053**  0.009*** 0.073*
(0.009)  (0.021)  (0.002) (0.041)
0 -0.050** -0.069*
(0.021) (0.042)
Panel C. Upper respiratory
PM, 5 -0.002 0.002 0.002 0.005
(0.006)  (0.011)  (0.002) (0.017)
0 -0.006 -0.003
(0.014) (0.012)
Panel D. Lower respiratory
PM,y 5 0.012***  0.034 0.007** 0.059*
(0.004)  (0.029)  (0.003) (0.021)
0 -0.024 -0.054*
(0.027) (0.021)
First Stage (Solar) -0.600"** -0.900"*
(0.120) (0.232)
Obs. 5,319 5,319 2,329 2,329
Controls X X X X
City fixed effects X X X X
79 fixed effects X X X X

Notes: Marginal effects from both ZINB and CF ZINB regressions. PMy 5 is measured in pg/m3. o are
the residuals from the estimation of Equation (5). Controls include weather (min and max temperature,
humidity and wind speed), mining production and demographic covariates (including population). Vector
includes year, seasons, year x seasons, and weekend fixed effects. Clustered standard errors by city (ZINB)
and boostrapped standard errors (CF) appear in parentheses. Significance levels: *p < 0.10, **p < 0.05,
**p < 0.001.

The results on the health effects of PMs 5 are depicted in the ZINB column in Table 10 for
all cities and downwind cities. In line with our previous analyses, we observe that 1 pg/m?
of PMs 5 concentrations increases daily lower respiratory admissions in all cities, and all
respiratory and lower respiratory admissions in downwind cities. We also observe counterin-
tuitive, negative results for cardiovascular admissions in downwind cities, a result plausibly
explained by the endogeneity of our main explanatory variable. We solve this issue in a
second strategy, in which we use day-to-day variation in solar generation in an instrumen-
tal variable approach that uses a control function (CF) estimation (Wooldridge, 2015). We

adopt this two-step estimation given the non-linear distribution of the dependent variable
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in the health equations, our second-stage equations.®?> We carry out this CF exercise using
Equation (5) (unlogged) in a first-stage estimation with solar generation as the instrument,
and computing the residuals 94 that we include as an additional regressor in the estimation
of Equation (3) that uses PMs 5 as the main explanatory variable. A statistically significant
second-stage control function coefficient 9;4 constitutes a simple test on the endogeneity of
PM, 5 (Wooldridge, 2010), and can be interpreted as the effect of solar on health outcomes
through reductions in PMs 5. We present these results in column CF of Table 10, with

bootstrapped standard errors.

Daily variation in PM, 5 is found to increase daily respiratory admissions for all cities in our
sample. Additionally, a statistically significant estimate for ©;4 corroborates the endogeneity
of PMy 5, which may explain the lack of significance of this estimate in the previous ZINB
regression, or its counterintuitive signs. In fact, the negative ;4 coefficient suggests that solar
generation effectively reduces the impact of PMs 5 on all hospital admissions, particularly all
respiratory admissions. We find consistent results when restricting the sample to downwind
cities. In this case, the CF results indicate a positive effect of PMs 5 on daily respiratory and
lower respiratory admissions, results that are almost fully mitigated by the injection of solar
generation. We take the results in Tables 9 and 10 as strong evidence that the co-benefits
of solar power generation on hospital admissions found throughout our analysis are largely

due to reductions in airborne pollution from displaced thermal generation.

7 Robustness Checks

7.1 Alternative Groups of Cities

Our results are robust to several alternative specifications. First, we check the robustness
of our wind direction analysis by splitting the sample between cities with and without fossil
fuel plants as an approximation to cities with and without pollution exposure. From our
displacement analysis, we are also able to consider cities that are downwind of fossil fuel
plants that were not displaced by the addition of solar generation into the grid, and cities
upwind of the displaced ones. We present these results in Table 11 using our strongest

specification.

Splitting the sample in this manner reveals that reductions in hospitalizations attributable
to solar generation are primarily found in places with fossil fuel generation. The results in

the first two columns of Table 11 suggest that additional solar generation predominantly

328ee E.G., Kline and Walters (2016) for a recent example on the use of a control function approach.
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Table 11: The Effect of 1 GWh of Solar Generation on Hospital Admission Using Alternative
Groups of Cities

With Without Downwind of Upwind of
Fossil Fuel Fossil Fuel Nondisplaced Nondisplaced
Generation Generation Fossil Fuel Plants Fossil Fuel Plants

Panel A. Cardiovascular

Solar -0.051 -0.015 0.007** -0.0003
(0.054) (0.010) (0.003) (0.002)
Panel B. All respiratory
Solar -0.215* -0.023 -0.025 -0.002
(0.127) (0.021) (0.076) (0.005)
Panel C. Upper respiratory
Solar -0.093 -0.005 -0.003 -0.0002
(0.166) (0.006) (0.007) (0.003)
Panel D. Lower respiratory
Solar -0.111%* -0.007 -0.008 0.001
(0.029) (0.008) (0.165) (0.002)
Obs. 9,575 24,895 3,830 7,660
Controls X X X X
City Fixed Effects X X X X
Ty X X X X

Notes: Marginal effects from ZINB panel-data regressions using 100 iterations. All regressions include
weather covariates, season, year, weekend, city-fixed effects, demographics (e.g., density, fertility rate and
poverty rate) and mining production, in both the main and the inflate regressions. Inflate regressions at
count zero are estimated using a logit estimator. Clustered standard errors by city appear in parentheses.
Significance levels: *p < 0.10, **p < 0.05, ***p < 0.001.

curtails lower respiratory admissions in cities where displacement is possible. Namely, an
additional 1 GWh of solar generation results in 0.111 fewer daily lower respiratory admissions
in cities that house fossil fuel plants, roughly equivalent to 59 fewer yearly hospitalizations.
We do not find a statistically significant impact on hospitalizations for upper respiratory or
cardiovascular-related conditions, likely due to the failure to account for pollution transport.
We do find, however, a small but positive significant impact on cardiovascular hospitalizations
in cities downwind of nondisplaced fossil fuel plants. Namely, a 1 GWh of solar generation
is found to increase by 0.007 the number of daily hospital admissions due to cardiovascular
diseases. This is certainly an unexpected result, but it is important to point out that this
subsample includes only two cities, Sierra Gorda and Mejillones, and that the latter hosts all
gas-fired plants. Although our aggregated displacement analysis reveals that solar generation
displaces gas-fired generation, our plant-level analysis shows that one gas-fired unit ramps up
its production in response to the injection of this renewable (see Figure A4 in the Appendix).
Thus, a plausible explanation is that some pollution from this power plant reaches parts of
this city, even though it is downwind of nondisplaced plants. While we do not explore this

possibility further in the paper, it is important to note that this effect is small in magnitude
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relative to those for cities with fossil fuel generation.®® Finally, and in contrast to our findings
in Table 6 for downwind cities, we find no statistically significant effects in cities upwind of

displaced fossil fuel plants.

7.2 Rate of Hospital Admissions

We also estimate an alternative version of our health equation using the rate of hospital
admissions per 100,000 people as the outcome variable. We present the OLS results for our
strongest health specification in Table 12. We find similar magnitudes of reduced hospital-
izations across all cities, although we lose significance when subsampling to downwind cities
alone. Here, it is important to consider that we have many small cities in our sample, which
translates into an abundant number of observations with zero daily hospital admissions. Ide-
ally, our OLS estimations using rate of admissions would account for this large number of
zeros in the data, yet that is not the case. While the OLS results on the rate of admissions
in Table 12 are useful as a first approximation, we take them with caution given the skewed

distribution of this dependent variable.

Table 12: The Effect of 1 GWh of Solar Generation on the Rate of Hospital Admissions

All Cities Downwind of Displaced Fossil Fuel Plants
Cities < 10km < 50km < 100km
Panel A. Cardiovascular
Solar -0.004 -0.042 -0.043 -0.020
(0.041) (0.116) (0.065) (0.048)
Panel B. All respiratory
Solar -0.116** -0.329 -0.192 -0.253
(0.054) (0.273) (0.201) (0.154)
Panel C. Upper respiratory
Solar -0.027 -0.078 -0.044 -0.053
(0.020) (0.065) (0.045) (0.032)
Panel D. Lower respiratory
Solar -0.086** -0.269 -0.160 -0.193
(0.041) (0.232) (0.169) (0.122)
Obs. 36,328 3,824 5,736 7,648
Controls X X X X
City Fixed Effects x X X X
To X X X X

Notes: Marginal effects from OLS panel-data regressions. Controls include weather, mining production
and demographic covariates (including population) in both the main and the inflate regressions. Vector 7,
includes year, seasons, year X seasons, and weekend fixed effects. Clustered standard errors by city appear
in parentheses. Significance levels: *p < 0.10, **p < 0.05, ***p < 0.001.

33We cannot estimate our health equations for cities downwind of the few plants ramping up their genera-
tion in response to solar generation because, simultaneously, these cities are also downwind of some displaced
fossil fuel plants.
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7.3 Placebo Health Outcomes

Additionally, we test whether solar generation affects health outcomes that are, presumably,
unrelated to pollution. Table 13 displays the ZINB results of this falsification test using
infections(panel A), type 1 diabetes (panel B) and blood diseases (excluding anemia) (panel
C). We also include Schlenker and Walker (2016)’s placebo outcomes: strokes (panel D),
bone fractures (panel E) and appendicitis (panel F).3* The placebo results are all small and
statistically insignificant, regardless of the group of cities considered, except for appendicitis,
which has a positive effect at 50km downwind of displaced plants. This is not a peculiar result
given the findings in Guidetti et al. (2020) and the potential hospital capacity constraints
experienced by developing countries. Whether or not spikes in pollution displace admissions
due to other conditions in strained hospitals, a reduction in pollution-related admissions may
increase hospitalizations for other procedures such as appendicitis. This possibility remains

an open avenue for future research.

8 Discussion

The remarkable and rapid expansion of solar generation capacity in Chile has provided a
natural experiment to test the impact of renewable electricity sources on morbidity in a
developing country. We run a variety of different tests to quantify the health benefits of
almost 600 MW of new solar generation capacity. Overall, our results tell a positive story
about how we can employ solar energy to bring about improved health outcomes in settings

with elevated pollution exposure and reduced healthcare access.

We first demonstrate that solar energy can effectively displace fossil fuel plants, notably
plants that rely on coal and natural gas. These heavy emitters are displaced by increases
in solar generation, although the benefits may be attenuated by reductions in hydro and
geothermal electricity. However, given the relatively small shares of these fuel types in gen-

eration, the attenuation of displacement is not enough to offset the positive health benefits.

We next show that the day-to-day operation of solar plants reduces daily hospitalizations
of cardiovascular and respiratory diseases, particularly those related to the upper airways.
When taking into account the transport of pollutants using cities downwind of fossil fuel
plants displaced by solar generation, we find significant morbidity reductions associated

with all types of respiratory diseases, noticeable up to 50 km from the displaced facilities,

34The exact International Classification of Diseases (ICD)-10 codes are [A00,A099] and [B50,B999] for
intestinal, protozoal, worm and other infectious diseases; [E100,E149] for type 1 diabetes mellitus; [D70,D899]
for blood disorders; [164,1679] for strokes; [S000,5929] for bone fractures; and [K352,K389] for appendicitis.
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Table 13: The Effect of 1 GWh of Solar Generation on Placebo Outcomes

All Cities Downwind of Displaced Fossil Fuel Plants
Cities < 10km < 50km < 100km
Panel A. Infections
Solar -0.005 -0.010 -0.008 -0.008
(0.006) (1.623) (0.017) (0.080)
Panel B. Type 1 Diabetes
Solar -0.005 -0.032 -0.020 -0.015
(0.005) (0.113) (0.015) (0.025)
Panel C. Blood-Related Diseases
Solar -0.0004 0.002 0.0007 0.001
(0.007) (0.010) (0.005) (0.002)
Panel D. Strokes
Solar 0.001 0.003 0.001 0.0001
(0.004) (0.007) (0.003) (0.002)
Panel E. Bone Fractures
Solar -0.016 0.003 0.0005 -0.001
(0.019) (0.022) (0.013) (0.011)
Panel F. Appendicitis
Solar -0.012 0.026 0.037*** 0.022
(0.011) (0.023) (0.008) (0.084)
Obs. 36,385 3,830 5,745 7,660
Controls X X X X
City fixed effects x X X X
79 fixed effects X X X X

Notes: Marginal effects from ZINB panel-data regressions using 100 iterations. All regressions include
weather covariates, season, year, weekend, city-fixed effects, demographics (e.g., density, fertility rate and
poverty rate) and mining production, in both the main and the inflate regressions. Clustered standard errors
by city appear in parentheses. Significance levels: *p < 0.10, **p < 0.05, ***p < 0.001.

and up to 100 km in the case of lower respiratory diseases. Our conclusions suggest that 1
GWh of solar energy reduces all respiratory hospitalizations on average by 52 per year in each
nearby downwind city, accounting for approximately 13 percent of all yearly hospitalizations.
Although all ages are affected by this, we find higher reductions in hospitalizations of infants,

children and seniors, the most vulnerable age groups.

Furthermore, we show that the health co-benefits of solar generation are mainly contempo-
raneous, and are primarily located in cities downwind of displaced plants and those hosting
fossil fuel generation. This demonstrates the geographic heterogeneous effect of solar gener-
ation, and simultaneously suggests that areas with intense fossil fuel generation will benefit

more from an expansion of renewable, clean energy sources.

Our results remain unaltered after using several robustness checks, which include the use of
cities without thermal generation, upwind cities and cities downwind of nondisplaced plants.
Although our results are also robust to using hospital admissions due to other conditions

presumably not related to pollution, we find a significant increase in appendicitis admissions,
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which may be related to a temporary alleviation of otherwise strained hospitals — a common
characteristic in developing countries. This possibility remains an open question for future

research.

Our study provides important evidence that solar generation can bring about positive health
outcomes in developing nations, increasing the social benefits of investment in power gen-
eration capacity for these clean resources. To the extent that these countries suffer from
limited healthcare infrastructure that forces them to adjust their healthcare needs during
spikes in air pollution (Guidetti et al., 2020), or that their poor populations may be more
likely to be exposed to pollution, our results should be considered as a lower bound of the

true co-benefits that solar generation can bring to developing countries.

This work can be improved in several ways. Ideally, patient location would be used to
determine their exact proximity to the polluting source. As we lack individual- or household-
level data, our results represent a health outcome averaged across all individuals located
in the same city. Future research could closely explore heterogeneous impacts of renewable
generation considering different intensities in exposures to the polluting source. Additionally,
we lack comprehensive data to explore the impact of solar power generation on global and
other airborne emissions beyond PMs 5. Furthermore, our work estimates the impact of
solar generation prior to the northern and southern grid interconnection in Chile; identifying
the effect once these two grids are interconnected is another potential avenue of research
outside the scope of this paper.®® Finally, complementary insights on the health benefits of
renewable sources can be drawn from other health outcomes as well, such as mortality data.

These avenues remain open topics for future research.
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Appendix

Table Al: Descriptive Statistics - Other Covariates

Variable Mean Std. Dev.  Min. Max.

Panel A. All cities (= 19)
Demographics:

Population 61,802.89 104,603.38 244 395,453

Density 19.43 47.45 0.08  229.51

Poverty Rate 14.11 9.06 2 37

Fertility Rate 11.18 6.32 0 21.6
Weather:

Min. Temp. (C) 7.10 6.34 -25 23

Max. Temp. (C) 10.72 8.65 -11.8 334

Humidity (%) 49.11 13.71 9.68 96.26
Panel B. Cities with fossil fuel generation (= 5)
Demographics:

Population 167,575  140,344.43 11,090 395,453

Density 30.91 32.35 2.92 89.28

Poverty Rate 8.30 3.66 3.12 15.71

Fertility Rate 16.31 2.13 12.19 21.6
Weather:

Min. Temp. (C) 9.03 6.67 -184 23

Max. Temp. (C) 13.46 8.72 -11.8 33.4

Humidity (%) 52.31 14.07 9.69 96.26
Panel C. Cities without fossil fuel generation (= 13)
Demographics:

Population 25,041.19  51,812.2 244 184,543

Density 16.42 53.11 0.08  229.51

Poverty Rate 16.29 9.82 2 37

Fertility Rate 9.40 6.49 0 20.99
Weather:

Min. Temp. (C) 6.40 6.09 -25 22

Max. Temp. (C) 9.98 8.52 -11.8 33

Humidity (%) 47.88 13.68 9.68 95.85

Notes: Data from SINIM. Observations are at the city level. There is one city in our sample, Pica, that

switches from panel C to panel B due to the opening of a new fossil fuel generator. We discard this city
from panels B and C.
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Figure A2: Overdispersion in the Health Outcome Variables

Notes: The left-hand panel exhibits the number of daily hospital admissions due to respiratory conditions
for one of the largest cities in the sample, Antofagasta, while the right-hand panel shows the same variable
for the case of a smaller city, Tocopilla. The overdispersion of this variable is evident in the case of the large
city (left-hand side). The heterogeneity in the size of the pile-up at zero is also clear when comparing the

two cities.
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Table A2: The Effect of Solar on Daily Aggregated Fossil Fuels Generation (Single-Fuel

Engines)
Coal Diesel Fuel oil Fuel oil #6
(1) (2) (1) (2) (1) (2) (1) (2)
Generation (GWh) -0.813** -0.813** -0.017  -0.017 -0.011 -0.011  0.001 0.001
(0.137) (0.137)  (0.011)  (0.011) (0.023) (0.023) (0.001) (0.001)
Capacity factor -0.022%*  -0.022*** -0.009"* -0.009** 0.047  0.047  0.029  0.029
(0.004) (0.004)  (0.004) (0.004) (0.047) (0.047) (0.018) (0.018)
Obs. 1,915 1,915 1,915 1,915 910 910 1,825 1,825
Controls X X X X X X X X
71 fixed effects X X X X
75 fixed effects X X X X

Notes: Marginal effects of 1 GWh of daily solar generation are derived from an OLS on daily aggregated
generation, and from a fractional logit response model on daily capacity factors. Estimations include plants
reporting a single fuel use. Controls include daily temperature, humidity, load and price ratios. Vector
71 includes year, month, and weekend fixed effects. Vector 7 includes year, seasons, year X seasons, and
weekend fixed effects. Bootstrapped standard errors appear in parentheses. Significance levels: *p < 0.10,

5 < 0.05, **p < 0.001.
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Figure A3: Diesel-Fired (Single-Fuel) EGUs and Displacement

Notes: We use all single-fuel EGUs that report diesel as their primary fuel source. We exclude units with
dual engines that run with natural gas or that report using fuel oil as well. The left y-axis shows the marginal
effects of 1 GWh of daily solar generation on plant-level daily generation using OLS. The right y-axis shows
the marginal effects of 1 GWh of daily solar generation on daily capacity factors using a fractional logit
response model. The estimation equation is identical to the one in columns (2) of 4. Dashed lines represent
95% confidence intervals obtained with bootstrapped standard errors.
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Notes: We use all CC EGUs that report natural gas as their primary fuel source. The left-hand panel
shows natural gas use, while the right-hand panel shows diesel use. The left y-axis shows the marginal
effects of 1 GWh of daily solar generation on plant-level daily generation using OLS. The right y-axis shows
the marginal effects of 1 GWh of daily solar generation on daily capacity factors using a fractional logit
response model. The estimation equation is identical to the one in columns (2) of Table 4. Dashed lines

represent 95% confidence intervals obtained with bootstrapped standard errors.
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Table A3: The Effect of 1 GWh of Solar Generation on Hospital Admissions by Age Group
for Cities < 50km and < 100km Downwind of Displaced Fossil Fuel Plants

Cities < 50km Downwind of Displaced Fossil Fuel Plants Cities < 100km Downwind of Displaced Fossil Fuel Plants

Infants Toddlers Children Adults Seniors Infants  Toddlers Children Adults Seniors
Panel A. Cardiovascular
Solar, -0.0002 -0.0004  -0.0004 -0.018 -0.012 -0.0002  -0.0005  -0.0002  -0.019 -0.009
(0.038)  (0.008) (0.003)  (0.026) (0.019) (0.005) (0.003) (0.002)  (0.018) (0.017)
Panel B. All respiratory
Solarg -0.039*  -0.025 -0.012 -0.002 -0.011 -0.031**  -0.022** -0.008 -0.004 -0.009**
(0.022)  (0.032) (0.054)  (0.010) (0.040) (0.009) (0.010) (0.009)  (0.013) (0.004)
Panel C. Upper respiratory
Solarg 0.0003  -0.006 -0.016 0.002 -0.0008 0.0003 -0.003 -0.012*  -0.001 -0.001
(0.003)  (0.008) (0.015)  (0.011) (0.006) (0.002) (0.003) (0.004)  (0.014) (0.003)
Panel D. Lower respiratory
Solarg -0.038 -0.017 -0.002 -0.008 -0.012 -0.030***  -0.018 -0.001 -0.008 -0.011
(0.041)  (0.014) (0.044)  (0.019) (0.085) (0.007) (0.012) (0.013)  (0.013) (0.043)
Obs. 5,745 5,745 5,745 5,745 5,745 7,660 7,660 7,660 7,660 7,660
Controls X X X X X X X X X X
City Fixed Effects X X X X X X X X X X
Ty X X X X X X X X X X

Notes: Marginal effects from ZINB panel-data regressions using 100 iterations. Inflate regressions at count
zero are estimated using a logit estimator. Controls include weather, mining production and demographic
covariates (including population) in both the main and the inflate regressions. Vector 7o includes year,
seasons, year X seasons, and weekend fixed effects. Clustered standard errors by city appear in parentheses.
Significance levels: *p < 0.10, **p < 0.05, ***p < 0.001.
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Table A4: The Long-Term Effect of 1 GWh of Solar Generation on Daily Hospital Admissions

All Cities Downwind of Displaced Fossil Fuel Plants
Cities < 10km < 50km < 100km

t=week t=month t=year t¢=week t¢=month t¢=year {=week ¢=month t¢=year t¢=week {=month {=year

INFANTS

Panel A. Cardiovascular
Solar; -0.0001  -0.0001  -0.0001 -0.0001 -0.0003  -0.001 -0.0002 -0.0002 -0.001 -0.0001 -0.0001 -0.0005
(0.006)  (0.0003) (0.007) (0.002)  (0.005) (0.006) (0.001)  (0.004) (0.010) (0.002) (0.001)  (0.009)
Panel B. All respiratory
Solar, -0.026™  -0.016 0.050  -0.050  -0.054*  -0.013 -0.053**  -0.043 -0.010  -0.041* -0.030 -0.008
(0.013) (0.041)  (0.071) (0.034)  (0.032) (0.102) (0.020)  (0.028)  (0.330) (0.024) (0.090)  (0.042)
Panel C. Upper respiratory
Solar; 0.001 -0.0002  0.00002 -0.001 -0.001 0.001 -0.001  -0.0001  0.0005 -0.0004 0.000002 0.0005
(0.0004)  (0.002)  (0.013) (0.007)  (0.004) (0.004) (0.006)  (0.002)  (0.008) (0.005) (0.001)  (0.003)
Panel D. Lower respiratory

Solar, 0.014  -0.010  -0.004 -0.041  -0.049  -0.008 -0.048  -0.038  -0.010 -0.036"*  -0.031  -0.007
(0.013)  (0.018)  (0.100) (0.180)  (0.030)  (0.080) (0.033)  (0.032)  (0.046) (0.015)  (0.030)  (0.336)
TODDLERS

Panel A. Cardiovascular
Solar, -0.001 -0.001 -0.001  -0.002 -0.001 -0.002  -0.002 -0.001 -0.002  -0.001 -0.001 -0.001
(0.001) (0.005)  (0.142) (0.004)  (0.019)  (0.005) (0.054)  (0.004)  (0.003)  (0.009) (0.007)  (0.004)
Panel B. All respiratory
Solar; -0.008 -0.006 -0.006  -0.027 -0.001 0.030  -0.024 -0.009 0.005 -0.022 -0.011* 0.003
(0.008) (0.009)  (0.017) (0.044)  (0.065)  (0.070) (0.081)  (0.021)  (0.141) (0.028) (0.007)  (0.010)
Panel C. Upper respiratory
Solar; -0.004 -0.008  -0.015* -0.013 -0.007 -0.007  -0.006 -0.002 0.003 -0.003 -0.001 0.001
(0.006) (0.006)  (0.009) (0.012)  (0.084) (0.162) (0.012)  (0.018)  (0.013)  (0.025) (0.193)  (0.056)
Panel D. Lower respiratory

Solar, 20.005  -0.002 00004 -0.013  -0.008  0.009 -0.018  -0.006  0.004 -0.017  -0.009*  0.002
(0.004)  (0.004)  (0.015) (0.042) (0.050) (0.121) (0.016) (0.435) (0.078) (0.020)  (0.005)  (0.016)
CHILDREN

Panel A. Cardiovascular
Solar; -0.001 -0.001 -0.002  -0.0004 -0.0001  -0.001  0.0001 0.0003  -0.0002 -0.00002  0.0001  -0.0003
(0.003)  (0.003)  (0.064) (0.009)  (0.011)  (0.019) (0.003)  (0.020)  (0.022) (0.028) (0.013)  (0.015)
Panel B. All respiratory
Solar; -0.005 -0.004 -0.006  -0.006 0.002 0.008  -0.018 0.007 0.030 -0.008 0.004 0.017
(0.010)  (0.008)  (0.012) (0.047)  (0.105) (0.366) (0.158)  (0.055)  (0.031)  (0.090) (0.020)  (0.081)
Panel C. Upper respiratory
Solar; -0.013 -0.010*  -0.013  -0.010 -0.007  -0.0004 -0.024**  -0.012 -0.004 -0.012**  -0.008 0.012
(0.030)  (0.006)  (0.013) (0.018)  (0.012) (0.069) (0.011)  (0.010) (0.023) (0.005)  (0.008)  (0.029)
Panel D. Lower respiratory
Solar, 0.003 0.002 0.002 0.002 0.0005 0.013 0.002 0.007 0.010 0.003 0.005 0.008
(2.181)  (0.003)  (0.005) (0.008)  (0.606)  (0.209) (0.003)  (0.006)  (0.036) (0.004) (0.006)  (0.016)

Obs. 36,366 36,366 36,366 3,828 3,828 3,828 5,742 5,742 5,742 7,656 7,656 7,656
Controls X X X X X X X X X X X X
City fixed effects X X X X X X X X X X X X
79 fixed effects X X X X X X X X X X X X

Notes: Marginal effects from ZINB panel-data regressions using 100 iterations. Inflate regressions at count
zero are estimated using a logit estimator. Controls include weather, mining production and demographic
covariates (including population) in both the main and the inflate regressions. Vector 75 includes year,
seasons, year X seasons, and weekend fixed effects. Clustered standard errors by city appear in parentheses.
Significance levels: *p < 0.10, **p < 0.05, ***p < 0.001.
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Table A5: The Long-Term Effect of 1 GWh of Solar Generation on Daily Hospital Admissions
(Cont.)

All Cities Downwind of Displaced Fossil Fuel Plants
Cities < 10km < 50km < 100km

t=week t=month {=year {=week t¢=month {=year {=week {¢=month ¢=year {=week ¢=month {=year

ADULTS

Panel A. Cardiovascular
Solar; -0.015 -0.016  -0.033*  -0.035 -0.040 -0.062  -0.028 -0.040 -0.051  -0.030  -0.033**  -0.068***
(0.011)  (0.012)  (0.019) (1.048) (0.092)  (0.143) (0.062)  (0.166)  (0.036) (0.021)  (0.015) (0.012)
Panel B. All respiratory
Solar; -0.005 -0.005 -0.006  -0.010 0.007 0.029 0.002 0.016 0.028  -0.002 0.010 0.021**
(0.087)  (0.050)  (0.019) (0.018) (0.037)  (0.030) (0.108)  (0.022)  (0.074) (0.032)  (0.010) (0.009)
Panel C. Upper respiratory
Solar; -0.005 -0.006 -0.011  -0.002 -0.0003 0.002 0.004  -0.029"**  0.010 -0.0005 0.001 0.001
(0.005)  (0.004)  (0.008)  (0.206) (10.33)  (0.772) (0.009)  (0.006)  (0.012) (0.059)  (0.030) (0.018)

Panel D. Lower respiratory

Solar, 0001  0.001  0.005  0.002 0.008 0020 -0.007 0005  0.016 -0.007  0.001 0.011
(0.005)  (0.005) (0.012) (0.061)  (0.301) (4.227) (0.021) (0.021) (0.030) (0.026) (0.015)  (0.017)
SENIORS

Panel A. Cardiovascular
Solar; -0.006 -0.016 -0.007  -0.021 -0.024 -0.035  -0.013 -0.017 -0.037  -0.012 -0.014 -0.027
(0.014)  (0.017)  (0.042)  (0.042) (0.058)  (0.106) (0.026)  (0.035)  (0.068) (0.015)  (0.051) (0.220)
Panel B. All respiratory
Solar, -0.013* -0.011 0.001 -0.022 -0.020 -0.014  -0.021 -0.017 -0.010  -0.015 -0.013 -0.002
(0.007)  (0.008)  (0.026) (0.071) (0.014)  (0.035) (0.052)  (0.079)  (0.045) (0.010)  (0.043) (0.045)
Panel C. Upper respiratory
Solar; -0.001 -0.001 -0.001 -0.001  -0.001** -0.002 -0.001  -0.001*  -0.002 -0.001 -0.001 -0.001
(0.001)  (0.013)  (0.023) (0.001)  (0.0001) (0.011) (0.003) (0.0004) (0.003) (0.001)  (0.009) (0.015)
Panel D. Lower respiratory

Solar; -0.002  -0.0001 0.005 -0.025***  -0.018 -0.004  -0.021 -0.017 -0.004  -0.018 -0.012 -0.0002

(0.007)  (0.009) (0.046) (0.007)  (0.024) (0.049) (0.015) (0.018) (0.026) (0.014)  (0.10)  (0.024)

Obs. 36,366 36,366 36,366 3,828 3,828 3,828 5,742 5,742 5,742 7,656 7,656 7,656
Controls X X X X X X X X X X X X
City fixed effects X X X X X X X X X X X X
Ty fixed effects X X X X X X X X X X X X

Notes: Marginal effects from ZINB panel-data regressions using 100 iterations. Inflate regressions at count
zero are estimated using a logit estimator. Controls include weather, mining production and demographic co-
variates (including population) in both the main and the inflate regressions. Vector 72 includes year, seasons,
year x seasons, and weekend fixed effects. Clustered standard errors by city in parentheses. Significance
levels: *p < 0.10, **p < 0.05, ***p < 0.001.
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