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Nuclear power: a risky endeavor or an opportunity for the future?
Pedro Cruz

Abstract

In an age where a worldwide climate strategy is needed to mitigate the effects of climate change
and global warming, the use of nuclear power as a source of electricity generation is currently
a topic of discussion, amidst debates over energy decarbonization and security. This dissertation
examines, theoretically and empirically, the effects of the closures of nuclear power plants on
electricity prices and mortality. Using state-level monthly data on temperature, mortality,
demographics, and the electricity market, I perform an event study that quantifies the impact of
the closure of five nuclear power plants that were nearby and stopped operating at roughly the
same time. Following the shutdown of nuclear power plants, it is anticipated that energy prices
will rise, making access to temperature-regulating devices less affordable and exposing more
people to extreme temperatures, which is anticipated to increase mortality rates. Results show
that in almost all regions, residential electricity expenditure and prices decreased and
exogenously increased after the nuclear plants’ closure. As predicted, electricity demand is
inelastic, particularly in the summer months, and increased following the nuclear plant
shutdowns. Importantly, extreme temperatures positively affect mortality, and I estimate that
the coinciding exposure to them and the lower level of electricity expenditure have caused up
to additional 2776 deaths per year. This evidence has important implications for the assessment
of the effects of the USA’s decision to partially move away from nuclear power and the design

of accompanying measures.

Keywords: Nuclear energy, temperature-mortality relationship, decarbonization, green energy,

energy security, energy crisis, perceived risk.



Energia nuclear: uma missao arriscada ou uma oportunidade para o
futuro?
Pedro Cruz

Resumo

Numa €poca em que uma politica climatica mundial € necessaria para mitigar os efeitos das
alteracdes climaticas e do aquecimento global, a utilizagdo da energia nuclear como mecanismo
para a produgao de eletricidade €, atualmente, um tema em discussao, inserido nos debates sobre
a descarbonizagdo da producdo de eletricidade e a independéncia energética. A presente
dissertagdo examina, em termos tedricos € empiricos, o efeito do encerramento de centrais
nucleares na mortalidade e no preco e consumo de energia elétrica. Usando dados mensais, ao
nivel estadual, relativos a temperatura, mortalidade, demografia e ao mercado da eletricidade,
desenvolvo um event study que quantifica o impacto do encerramento de cinco centrais
nucleares geograficamente proximas, cujas operagdes cessaram aproximadamente na mesma
altura. Na sequéncia deste evento, espera-se que a energia se torne mais dispendiosa, expondo
mais pessoas a temperaturas extremas, com potenciais consequéncias para a mortalidade. Os
resultados indicam que, em quase todas as regides, o preco e consumo de eletricidade no
mercado residencial respetivamente aumentaram de forma exodgena e diminuiram, apos o
encerramento das centrais nucleares. A elasticidade da procura de eletricidade € inelastica,
particularmente nos meses de verdo, tendo aumentado aquando do encerramento das centrais
nucleares. Finalmente, mostro que temperaturas extremas fazem a mortalidade subir, e estimo
que a exposicdo as mesmas, coincidindo com um menor consumo de eletricidade, tenham
causado 2776 dbitos adicionais anualmente. Esta evidéncia tem implicacdes importantes para
a avaliacdo dos efeitos da decisdo dos EUA sobre a continuidade da energia nuclear e para o

desenho de politicas publicas.

Palavras-chave: Energia nuclear, relagdo temperatura-mortalidade, descarbonizacdo, energia

verde, seguranga energética, crise energética, risco percecionado.
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1. Introduction

The August 2022 gas crisis reignited the discussion about energy independence and
security. Germany's government and citizens began to reconsider a political decision made eleven
years ago based on significant public hostility to nuclear energy. Nearly three years prior, in
December 2019, the European Union (EU) updated the taxonomy to include nuclear energy as
green: a contentious move for some member states. Thirteen EU nations currently operate nuclear
power facilities for commercial purposes!. The debate over nuclear energy is a subset of a larger
discussion about carbon pollution amid the urgent need to decarbonize the world's energy mix
given that electricity and heat generation account for 25% of the planet's emissions (IPCC, 2014).
Nuclear energy has one of the lowest death rates per terawatt-hour produced, even though it is
perceived to be very dangerous by many?. This dissertation distinguishes between perceived and
actual risks associated with nuclear energy and focuses on how the former are often used to inform
policy choices.

This thesis contributes to the literature by studying, theoretically and empirically, the
effects of the closures of nuclear power plants on electricity prices and mortality. In the theoretical
section, I review the literature on the justifications for considering nuclear energy in the context of
the decarbonization debate, the benefits and drawbacks of classifying it as a green energy source,
and how a shift towards cleaner energy generation sources may affect the dynamics of global
electricity markets. Using an event study, the empirical analysis quantifies the impact of the
closure of five nuclear power plants, that were in close proximity and stopped operating at roughly
the same time, on electrical energy prices and human mortality. Based on the literature, it is
expected that energy prices will rise, making access to temperature-regulating devices less
affordable and exposing more people to extreme temperatures, which is anticipated to increase
mortality rates.

Estimation of the price elasticity of electricity demand relies on the fact that the residential
electricity market is regulated and price changes in that market are brought on by changes in

supply. This enables the estimation of the elasticity in conjunction with the inclusion of fixed

! Belgium, Bulgaria, Czechia, Finland, France, Germany, Hungary, The Netherlands, Romania, Slovakia, Slovenia,
Spain, Sweden

2 Gallup’s 2019 poll, for example, finds half of surveyed Americans see nuclear plants as not safe (Reinhart, 2019).
For a comprehensive review of the evolution of public opinion, see for example Rosa & Dunlap (1994)



effects in the model, which account for constant heterogeneity across states. Effects on mortality
are estimates incorporating state-level fixed effects, which take into account state-level
characteristics that do not change over time, and on strong, random variation in the temperature
distribution across states and over time.

The thesis has three main findings. First, demand is inelastic (-0.264), with prices and
customers’ sensitivity to them increasing after the shutdown of the nuclear power plants. Second,
there is a U-shaped relationship between temperature and mortality — the more extreme
temperatures, the higher the death rate. Women of all ages, as well as adult men, particularly those
aged 45 to 64, are most vulnerable to extreme temperatures. Exposure to very low temperatures is
also strongly linked to an increase in the prevalence of cardiovascular diseases. The data indicate
that, compared to exposure to temperatures between 15 and 19 degrees, being exposed to negative
temperatures for one day would raise the mortality rate for people aged 45 to 64 by about 2%. For
the whole population, that percentage drops to 1.5%. Third, the rise in electricity prices, which
followed the closure of the five nuclear power plants, contributed to an additional 2776 deaths
annually. Lower electricity affordability increases low-income customers' exposure to extreme
temperatures and is associated with a higher mortality rate.

This paper contributes to three strands of the literature. First, on the literature on the effects
of a decrease of nuclear power generating capacity on electricity prices and expenditure. While
most of the literature, such as Neidell et al. (2019) focuses on a shutdown of a country’s complete
nuclear power generating capacity, I study the consequences of partially moving away from this
electricity generation mechanism. I also enrich the analysis of the residential electricity market by
considering one of its main substitutes — natural gas. The analysis of the substitutability between
natural gas and electricity is a less explored branch of the literature. Quantifying the degree to
which consumers will react to changes in electricity prices seems quite relevant, given that many
temperature-regulating devices are gas-powered. Their consumption can be affected by higher
electricity prices. Linn and Muehlenbachs (2018) document, for the USA, a consumer reaction to
a change in gas prices that is heterogeneous across regions. However, consistently throughout the
country, lower wholesale gas prices significantly decrease residential electricity prices, with
additional benefits in terms of GHG emissions and mitigating the negative effects of nuclear plant

closures by making electricity more affordable.
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Second, it contributes to the literature on the determinants of health outcomes and,
specifically, mortality. While most of the literature focuses on how the death rate is influenced by
socio-economic factors, such as pre-existing health conditions, social status or education level, I
focus on the branch of existing research that analyses the link between extreme temperatures and
mortality. Extensive literature has documented the different magnitude of the consequences of
exposure to extreme temperatures, according to country, period and demographic characteristics.
In my study, I contemplate the cause of death, building on Barreca et al. (2016), and disaggregate
the population by other groups than those previously studied in the literature. The same study is
among those that assert the heterogeneous reaction to extreme temperatures to be caused by several
factors, including local climate differences, divergent levels of exposure to extreme temperatures,
dissimilar extents of preparation to deal with abnormal weather conditions, and specific endemic
health conditions of the population. Breaking down the analysis by demographic traits is relevant
to better identify which individuals are most at risk of adverse health outcomes when exposed to
extreme temperatures. Such information may be valuable for policymakers to take steps to protect
this group of people.

Third, it contributes to the literature on whether the exposure to extreme temperatures could
have differential effects on mortality in different economic contexts. In the event of an increase in
electricity prices, access to temperature-regulating devices such as heaters or AC units will be less
affordable. This will cause people to be more exposed to the weather conditions, and if there is a
prevalence of extreme temperatures, there might be an increase in mortality. The magnitude of this
effect depends on several socio-economic factors that extend beyond demographic characteristics,
such as cheapness of access to electricity (Chirakijja et al., 2019), the country’s balance of trade
in electricity generation (Celasun et al., 2022; Zakhari et al., 2022) or people’s living conditions?.
Distinguishing the effect of extreme temperatures on mortality by considering the socio-economic
dimension carries with it significant policy implications, as it can help to quantify and narrow
down the members of the population that are most vulnerable to such situations - Cohen and
Dechezleprétre (2022) show how a health care program provided by the Mexican state has avoided
more than 1500 cold-related deaths each year since 2004.

3 The US Department of Energy estimates that almost half of the electricity expenditure in a household is related to
temperature regulation, namely heaters and AC units (Residential Program Guide, 2022)
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The remainder of this dissertation is structured as follows: section 2 discusses the economic
and social effects of a change in the role of nuclear energy in the energy mix, as well as how it can
affect the energy market, in particular its price. It also analyzes the literature on the determinants
of mortality, with a particular focus on temperature, and highlights how this relationship could be
altered by a change in the price of energy. Section 3 presents the empirical strategy, describing the

data and methods used. Section 4 reviews the results. Section 5 concludes.
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2. Literature review

In this section, I review the literature that addresses the potential future role of nuclear-
generated electricity in the global energy mix and its consequences for the electricity market.
Finally, I examine existing research on the determinants of mortality, focusing on how the climate

and the electricity market influence the death rate.

Moving towards a greener energy mix
A widely disseminated albeit inaccurate position describes renewable and nuclear energy

as substitutes. Nuclear energy is a baseload power source, which implies that, as stated by Suna
and Resch (2016), its substitutes are the fossil fuels currently dominating the global energy mix —
oil (33.1%), coal (27%) and natural gas (24.3%)* 3 (Our World in Data, 2022). Because baseload
power sources are responsible for meeting the fixed, constant portion of the demand, it is difficult
to quickly change their output or capacity in the short term. Renewable energy sources like wind
and solar power are inherently intermittent, meaning they only generate energy when the wind is
blowing or when it is daylight, respectively. Their intermittent nature prevents them from replacing
all polluting energy sources, especially the coal plants, which emit the most CO2 (equivalent).
These could only be replaced by an energy source that is assured to be continuous, such as nuclear
power or renewable energy sources with a storage system. According to Shaner et al. (2018), a
third option, for geographically and climatically diverse countries, is to use renewable energy, but
"overbuild" it by installing more capacity than is necessary. This would ensure that even if some
installed plants are not producing energy (for example, because the wind is not blowing in that
area), there will be enough others to make up for it and therefore satisfy demand.

Ending the use of fossil fuels to generate electricity in the USA would reduce CO2
emissions by two billion tons annually. This would result in savings of $250 billion until 2050,
assuming an underestimated social cost of carbon of $100. Heal (2022) asserts that the elimination

of emissions of other pollutants, such as particulate matter or SO2, would have additional

4 Hydropower is a renewable baseload energy source, but its diffusion is quite small (6.4%), also given its strong
dependence on geographic conditions.

5> The data also show a strong West-East divide, with most nations in Asia, Oceania and the Middle East having only
minor shares of electricity generated by low-carbon sources. The Middle Eastern countries’ energy mix has an average
3.99% of low-carbon electricity generation, while for Europe that value is 57.37%, and in the case of Southern
America, that figure reaches more than two thirds (70.75%) of total electricity generation.
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advantages and result in cost savings of between 361 and 888 billion dollars by mid-century.

The advantages of reducing pollution go beyond mere economic gain.

Tanaka et al. (2021) analyze a change in environmental regulation in the United States.
The battery recycling industry relocated to Mexico because of stricter air quality regulations
(measured by the concentration of lead). While most papers focus on displacement effects with a
nation, this study adds to the literature by documenting the displacement of polluting activities
from the US to Mexico, a country with less strict environmental regulation. The authors
demonstrate how this change had a detrimental effect on Mexican residents who lived close to the
recently opened recycling plants in terms of birth outcomes and health.

They enrich existing literature, by showing how more stringent regulation tends to shift
polluting activities to developing nations, whose norms are less strict. The majority of studies
concentrate on displacement effects within a country, which some researchers even claim to be
uncommon.

To identify an environmental production externality between the two countries and
highlight the significance of collaborative, coordinated environmental policymaking, the
relocation of recycling activities is geographically tracked in this study.

Additionally, low-income families are more likely to live farther from city centers (i.e.,
where factories are most likely to be built) and experience greater financial hardships when moving
away, which makes the health effects of plant relocation more noticeable for them. This is
consistent with environmental justice literature, which notes that the burden of environmental
damage is disproportionately carried by the people in the lower part of the income distribution.

Another example of the non-monetary benefits of pollution reduction is presented by
Hanna and Oliva (2015), who study the effect of pollution (as measured by the concentration of
sulfur dioxide - SOz2) on labor supply in Mexico City, taking advantage of a natural experiment —
the closure of a large refinery.

Theoretically, the expected impact of pollution on work hours is indeterminate — reduced
exposure to pollution is likely to have beneficial health effects, which may result in more hours of
work supplied, but better health may also, for example, translate into a higher preference for
leisure, thereby reducing labor supply.

Using panel data for pollution, climate, and the labor market, and relying on regressions

and treatment effects to use a triple-difference approach — which allows the findings to not be
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susceptible to bias from changes in the labor market - the authors find a positive impact of the
refinery closure on labor supply. It led to a weekly increase of 3.5%, i.e., 1.3 hours in labor
supplied, which would translate to an average yearly gain of around 126§ per worker, for people
living in a 5km radius of the closed plant. Overall, “the economic gains from increased work helped
offset the costs of the refinery closure, (...) [and] demonstrate the importance of accounting for
work effort gains when calculating the economic benefits of environmental regulations” (Hanna
and Oliva, 2015). This has an important policy implication for developing countries, since, as the
authors point out, some economic losses caused by stricter environmental regulation seem to be
offset by an increase in labor supply. The potential for future research lies in finding who

effectively is impacted by the benefits.

Electricity Market: dynamics and development
A change in a nation's energy mix is likely to result in new electricity market dynamics,

including price changes and shifts in demand and consumption. To better anticipate the effects of
the decarbonization of electricity generation, which is after all one of the objectives of my study,
it is crucial to understand how this market functions.

Reiss and White (2005) estimate, through Method of Moments estimators, a model to
analyze the effect of non-linear electricity pricing policies on the behavior of consumers,
developing a model whose effectiveness is not limited by consumer self-selection, tailored tariffs
(such as those offered specifically to low-income consumers) or heterogeneity in customers’ price
sensitivity. The authors underline the unique characteristics of the electricity market, where the
product is consumed indirectly by aggregating the energy requirements of various appliances,
which is how they model electricity demand. This study also supports previous findings that low-
income households are more price sensitive.

Reiss and White base their study's elasticity of demand calculation on the actual marginal
price that customers must pay. Ito (2014) contends that because non-linear tariffs place a
disproportionately high cognitive load on most customers and hinder them from making decisions
based on the margin, consumers tend to base their decisions on average price. Ito exposes the
fallacies of various arguments made by policymakers when arguing for a change in power tariffs,
using panel data from the beginning of this century. Pricing decisions based on marginal prices
may have the opposite effect of what was intended and induce more consumption. The US Cap-

and-Trade mechanism for carbon emissions started by giving out 30% of licenses for free to
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electricity companies, for them to be given to each consumer as a fixed credit, thereby changing
their marginal price of consumption. If consumers react to the average price, keeping consumption
constant, the credit reduces the price they face — incentivizing an increase in demand.

The author identifies two key causes for the lack of influence of marginal pricing on
consumer demand decisions. First, there are random demand shocks that occur without regard to
the final price that must be paid. The lack of real-time data on electricity consumption is another
problem; households only obtain data on this when they receive their bills and only in aggregate
form (rather than at the appliance level). The author contends that customers would begin to base
their decisions on the marginal price if such information were to be made available as consumption
took place.

In their 2014 study, Jessoe and Rapson used a field experiment to support this assertion by
assessing how information about power costs and use affected home electricity demand. 437
families in Connecticut were split into a control group and a treatment group during the course of
the summer of 2011, with the latter receiving exogenous electricity price shocks. Some of these
participants also got real-time access to information about their current electricity usage; for
example, if they turned on a lamp, they immediately received information on the cost and the new
electricity consumption level.

The main finding of the authors is that the elasticity of demand rises as more information
is available. There is evidence of learning: better-informed households tend to adopt more energy-
efficient behaviors, even after the experiment ended, when they no longer had access to real-time
consumption data. This is in addition to the fact that informed households reduced their electricity
consumption by 11 to 14% when faced with a price increase and that their price sensitivity is three
standard deviations higher compared to uninformed households. This has an important policy
implication since lowering the cost of acquiring data on electricity consumption will improve
household energy efficiency over the long term. The authors point out that this persistent
improvement in the way electricity is consumed can reduce global GHG emissions from the energy
sector by up to 2%, not accounting for indirect benefits and savings that arise — one example would
be that there would not be a need for such a large investment in electricity grids, since the amount
of electricity demanded (and hence transported) would be smaller.

Most economic models assume that agents have perfect information, but in reality,

information acquisition is expensive because it requires significant cognitive effort, costs money,
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and faces technological barriers. Making data easily understandable and affordable will assist
consumers in overcoming these barriers and encourage them to make more effective decisions.
The authors use the example of a driver of a car who can easily find out how much it costs to travel
one kilometer in terms of fuel but finds it very difficult to determine how much it would cost in
terms of electricity to cool their home by one degree. Asymmetrical, imperfect cost information
can result in inefficient decision-making.

The liberalization of electricity markets is a trend that has become prevalent in the 21
century. Around the world, an estimated 70 nations had liberalized their energy markets as of 1998
or were moving in that direction (Bacon and Besant-Jones, 2002). This led Cicala (2022) to
evaluate how such choices would affect the price of producing electricity. The author analyzes
how this policy change affected the cost of meeting electricity demand in each region using a
variety of techniques, including regressions and difference-in-difference analysis.

A direct consequence of a liberalized market is the decentralization of grid management.
In the case of the USA, decisions regarding the management of supply beyond baseload are
currently made in each power control area (PCA), which is intuitive given that locally produced
electricity will be more competitive, i.e. less expensive, than energy produced elsewhere.

According to the author, inter-PCA electricity trade profits increase by 55% when power
is managed locally, which results in a three to five billion US dollar drop in electricity production
costs.

More trade can reduce market dominance from state electricity providers and force them
to be more efficient, which gains even more relevance considering that due to their size, nuclear
power plant operators usually have some market power. However, this efficiency improvement
requires a modernization of the US power grid because the existing infrastructure is not set up for
electricity trade or transmission across the nation. Long-term potential for inter-PCA trade can be
amplified even more by a more advanced power grid.

The economics of nuclear energy and its positive and normative share in the energy
mix

In his 2019 paper, Murray’s main goal is to critically assess Germany’s decision to step

away from nuclear power. In the last decades, nuclear power in Germany has always been a

controversial issue, as is described in Summary 2.1 in the Appendix.
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The Chancellor of Germany was compelled to personally decide to extend the lifespan of
the remaining nuclear plants until April 2023, due to the extent of the controversy within the
German government.

Critics of the extension argue Germany to rather have a gas problem, and even an electricity
problem would not be solved by extending the lifecycle of nuclear power plants, as they only
represent 6% of total electricity production. Proponents of the measure point out that shutting down
the nuclear power plants would likely require an increase in fossil fuel use to replace any lost
electricity.

In light of the fact that natural gas is used to generate electricity for most German
households (BMWK, 2022), advocates of nuclear energy also question the existence of complaints
about a gas shortage. According to the Bundesverband der Energie- und Wasserwirtschaft, the
proportion of natural gas in German power production has remained at 15% since last year, despite
the outbreak of war in Europe, which resulted in gas shortages. Shutting down nuclear power
would mean that the generation of more electricity would be needed, eliminating the margin to
reduce gas usage in power production. It is also noteworthy that, also due to design of the European
electricity market, natural gas maintained its share in power production. Due to issues with the
French power grid, there was a greater need for imported German electricity, which resulted in
higher electricity costs in both France and Germany. Higher production of electricity by gas plants
means that it is not being used for purposes such as heating, and implies, by market design, a higher
electricity price.

While currently member states are trying to find short-term alternatives to Russian gas, the
EU Green Deal, announced at the end of 2019, aims to provide a roadmap for the Union to fulfill
its pledge to become the first-climate neutral continent by 2050.

Alternatives to Russian gas have also been found in the extension of nuclear energy —
several countries postponed or completely reversed the closure of nuclear power plants, such as
Belgium, the Czech Republic, and Slovakia. Others, like France, are expanding the share of nuclear
electricity in their energy mix. The interconnection of the European power grid explains why they
view with skepticism a looming shutdown of German nuclear power.

Thierry Breton, the EU commissioner for the single market, expressed a similar opinion
when he emphasized the necessity of maintaining the operation of the last two German nuclear

power plants "at least for some months past the end of this year and ensuring their operation is
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safe" (Koch, 2022). He argued that doing this would be best for Europe because keeping nuclear
energy in Germany can help the country meet one of the Green Deal's goals, which is to reduce
greenhouse gas emissions by at least 55% by 2030 compared to pre-industrial levels. Other goals
include increasing the proportion of renewable energy sources and enhancing energy efficiency.

In 2022, the Russian Federation’s invasion of Ukraine underscored Benea’s 2014 thesis
that energy is a strategic aspect for every state. It highlighted the importance of energy security,
“the ability of (...) households, businesses, and governments to accommodate disruptions of
supply in energy markets” (Metcalf, 2013). The German example is compelling, with their
excessive reliance on Russian gas having led to reactive policymaking to ensure energy security.

“The policy focus on energy security stems from society’s inability to find ready
substitutes for energy in the production of goods and services. (...) The elasticity
of energy demand is low.” (Metcalf, 2013)

Metcalf argues that, particularly for energy-intensive economies - defined by the EEA as
economies that consume relatively more energy to generate their GDP (Tomescu, 2021) - a
diversified energy mix is not only important in geopolitical terms but also vital for the stability of
the economy, a point illustrated with the extreme increase in electricity prices following the
Fukushima nuclear accident and the government’s subsequent decision to shut down nuclear
power, that represented 24.62% of the electricity generation in 2010° (IEA, 2022). A nationwide
strike by transporters of dangerous goods that brought the economy to a standstill in 2019 exposed
Portugal's weaknesses associated with its dependency on oil, which is at the origin of 43.49% of
all consumed energy (Ritchie et al., 2022). The lack of fuel transportation had an impact on many
sectors and industries, including refueling airplanes at airports, stocking supermarkets, and running
emergency medical and fire services, leading the government to declare an energy crisis (RTP,
2019).

The diversification of the energy mix can only be accomplished by combining a number of
instruments, some of which have already been mentioned, such as taxes on the use of fossil fuels
to reduce consumer demand, a decrease in reliance on oil to increase energy independence, and
subsidies for renewable energy sources (and generally green energy sources) to promote their

uptake.

® This percentage dropped to 0.89% in 2015, according to the same source
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If the energy mix needs to be reevaluated, the question is: what is or should be the place of
nuclear power in it? The main justifications for and against a greater proportion of electricity
produced by nuclear power are compiled in Table 2.2. With increased efficiency, public trust, and
waste management options, nuclear power can become more appealing. Its advantages include the
lowering of emissions (EPA, 2019) and the stabilization of electricity prices.

Its main issue is the economics of the plants and their impact on the electricity market: the
LCOE is higher for nuclear than for fossil fuels, and the size of nuclear power plants, which often

also operate at a loss, makes the energy system vulnerable, in case a disruption occurs.

The determinants of mortality
The present dissertation also concerns the determinants of mortality, with a particular focus

on the temperature and the electricity market. The literature in this area is very rich, with studies
performed in several regions and periods.

Yu et al. (2019) use panel data for China, from 2004 to 2012, to confirm the established
hypothesis of a U-shaped relationship between temperature and mortality — as expected, more
extreme temperatures increase the number of deaths, which is particularly prevalent for people at
risk, notably elderly citizens — the authors highlight the significant dominance of cardiovascular
diseases as the cause of death. This study is particularly pertinent because it not only concentrates
on a developing nation, which turns out to experience much more severe effects than the USA, the
most popular choice for this type of research, but also distinguishes for the first time between rural
and urban areas, raising with it a salient policy implication: households are adapting to the higher
frequency of extreme temperatures by consuming more energy towards temperature-regulating
mechanisms for their homes. This raises inequality issues because the lower-income segment of
the population, which in this study turns out to be concentrated in rural areas, might not be able to
afford the higher minimal energy needs.

Gouveia et al. (2003) focus on the Brazilian city of Sdo Paulo to evaluate the effect of
temperature on mortality between 1991 and 1994, finding that the U-relationship also holds in a
sub-tropical climate — in this study, very cold temperatures, affect mortality twice as much as hotter
weather, which suggest local established adaptation to warmer conditions. Again, cardiovascular
disease is responsible for most of the increased number of deaths.

A paper by Barreca et al. (2016) is one that forms the basis of my research. In an effort to

infer conclusions for the present, they examine the temperature-mortality relationship in the US
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over the past century. One of their main findings, in addition to confirming the U-shaped
relationship, is that since the second half of the 20th century, the higher mortality rate associated
with exposure to extreme temperatures has not been as evident in the data (the effect of a hot day
became 80% less strong). The authors conclude that this is because residential air conditioning has
become more widely available, as opposed to their other two hypotheses that it is because of
increased access to electricity or healthcare. Three thousand fewer fatalities than anticipated were
caused by residential AC between 1960 and 2004.

A vicious circle is discovered. For most people, especially those who reside in climate-
sensitive areas, adapting to climate change means using more energy to power climate-controlling
appliances like air conditioners and heaters. However, given the current high proportion of fossil
fuels in the energy mix, increasing energy consumption is probably going to result in higher GHG
emissions, which will exacerbate the effects of climate change and require more energy for
community adaptation efforts, not to mention the likely rise in illnesses and mortality that will go
along with it. According to Yu et al. (2019), the Chinese mortality rate would rise by 14.2% if
GHG emissions kept rising through the end of the century, a scenario known as "business as usual”
among climate scientists.

Chirakijja et al. (2019) focus on the winter months to perform a similar analysis. They
calculate the impact on US mortality of a change in the price of temperature-regulating devices,
namely heating, looking at both the electricity and natural gas markets. Their study examines the
impact across states, over the first decade of the present century.

The authors point out the two dimensions under which the impact an increase in the cost
of home heating on mortality must be analyzed. There is a direct effect, with a predictable decrease
in heating consumption that induces greater exposure to the climate and hence increases the risk
of diseases, with the study pointing to respiratory and cardiovascular problems as the most
prevalent in this setting. However, considering that households will be forced to increase their
expenditure for heating, given the higher prices but the need to keep their consumption as constant
as possible, this will presumably lead to a decrease “in other expenditures that affect health, such
as food and health care”.

This study was the first to analyze the causal link between the cost of heating and health
outcomes, specifically, mortality. The model that is estimated includes controls for air quality (i.e.

pollution), the share of households whose heating is provided by natural gas, the relative price of
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gas and electricity, demographic characteristics, and controls for significant macroeconomic
events such as the Great Recession or the bursting of the housing bubble, as well as fixed effects.

The findings support the hypothesis that lower heating costs reduce wintertime mortality.
Natural gas prices fell by more than 40% in the second half of the studied decade, which led to a
1.6% reduction in the mortality rate for gas consumers, more than 11000 deaths per annum.

A third paper whose reasoning is close to the one I adopt in my study is Neidell et al. (2019)
In it, the authors analyze the aftermath of the 2011 Fukushima nuclear accident. The disaster
caused 1362 deaths, victims of radiation exposure and fatalities occurring during the evacuation
from the area. The authors then quantify the deaths that resulted from the Japanese government’s
decision to shut down all nuclear power plants in the aftermath of the accident. They show that, in
the absence of nuclear energy, electricity prices increased, mostly due to additional imports of
fossil fuels. This price growth reduced electricity consumption, which left more people,
particularly those at the bottom of the income distribution, vulnerable to the weather conditions,
and it has been shown, for example by Barreca et al. (2016), that extreme temperatures positively
affect mortality, since climate control mechanisms such as heating are no longer affordable. Using
regressions estimated through Generalized Least Squares, that relate electricity prices and demand,
temperature and mortality, accounting for fixed effects by region, the authors conclude that, in the
period from 2011 to 2014, the higher electricity prices caused additional 1280 deaths, for data that
only covers 28% of the population. This hints at the conclusion that shutting down nuclear power
caused more harm (as measured by the toll on human lives and on the Japanese energy mix and its
increased dependency on foreign countries) than the actual consequences of the Fukushima nuclear
accident.

Gohlke et al. (2011) explore the relationship between electricity use, coal consumption,
and health and mortality outcomes (as measured by life expectancy and infant mortality), focusing
on 41 countries and the period between 1965 and 2005. With the help of an autoregressive model,
they confirm the theoretical expectations that increased access to electricity reduces infant
mortality, particularly in developing countries (where the marginal impact of more population
having access to electricity is higher). Furthermore, a higher level of coal usage decreases life

expectancy and increases infant mortality, after controlling for electricity access and consumption.
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Research is consistent in finding that fossil fuels have the highest death rate per unit of
electricity production’ (Our World in Data, 2022; Conca, 2012; Casey, 2019). Brown coal causes
almost 33 deaths per TWh of generated electricity, followed by coal (24.6 deaths), and oil (18.4).
On the other end are solar, nuclear, and wind power, all of them causing the death of less than 0.05
people per terawatt-hour.

Reaffirming the difference between perceived and actual risk, and the conclusion made by
Neidell et al. (2019) in their examination of the outcomes of the Fukushima nuclear accident,
statistics show nuclear to be the second safest electricity generation form, possibly due to factors
such as strict(er) regulation, public scrutiny, its large scale and the higher government
accountability in case of issues.

The figures are particularly remarkable considering that in the 2019 global energy mix,
coal and oil generate around 14 times more electricity than nuclear power?®, but are responsible for
10795 times more deaths®. It is also worth pointing out that the share of fossil fuels in the energy
mix does not reflect their efficiency in generating electricity and hence does not quantify the GHG

emissions or perfectly reflect a change in their level.

" Death causes contemplated in this analysis refer to either accidents in operation or air pollution

8 Global energy mix 2019: 33.1% oil, 27% coal, 4.3% nuclear (Our World in Data, 2022)

92019 electricity generation in TWh: Oil — 53620, Coal — 43849, Nuclear — 6923; multiplying these values by the
death rates yield the following estimated deaths for 2019: Coal — 1257150, Oil — 988217, Nuclear - 208 (author’s
calculations based on information from Our World in Data, 2022)
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3. Estimation strategy

In this section, I describe the empirical strategy used. I describe the data and the
identification strategy employed. The analysis has three parts. The focus is on the effect of
electricity prices on the temperature-mortality relationship, to then quantify the number of deaths
that are linked to the closure of the nuclear power plants. I complement the analysis by verifying
if the relationships between temperature and mortality and electricity price and expenditure, which

have been identified by existing literature, hold in this setting.

a. Temperature, electricity prices and mortality
The main relationship I evaluate is the joint effect of temperature and electricity prices on

mortality. For that, the model assessing the temperature-mortality relationship is extended by

adding the price of electricity and its interaction with temperature in a multiplicative way.
l0g(Me) = ) o' Tyt + 8109 (Pag-) + ) ATset 109 (Paeoie) + 0Koe + ¥ + vy
l l

The prime in the parameters is used to reinforce the distinction between all three models.

The dependent variable of this regression is the mortality rate (out of 100,000 people), in
state s and month t.

T,:; indicates the temperature over the previous couple of months, to reflect lagged
physiological effects of weather conditions — persistent cold temperatures, for example, can have
negative repercussions on health, as is demonstrated by several studies including Barreca et al.
(2016). Following that study, these temperatures are divided into seven bins — negative
temperatures, 0-4, 5-9, 10-14, 20-24, 25-29 and 30 or more degrees Celsius. I, therefore, exclude
the bin that corresponds to temperatures between 15 and 19 degrees. Hourly temperatures are
chosen to avoid having to distinguish between minimum, maximum and mean temperatures, as
opposed to several climate models such as those presented in the quoted paper).

The variable P corresponds to the average electricity price in state s and month t-k, with
k € {0,1,2}. Including a lag of the price accounts for what the literature describes as rational
inattention — a theory initially proposed in 2003, and built on by several papers, such as Sallee
(2013), Aufthammer and Rubin (2018), which document that consumers are not capable of
processing all available information, at least immediately, and may hence take some time until
noticing (or becoming sensitive to) a price change. The price change between months takes some

time to be reflected in the electricity invoice - according to Neidell et al. (2019), the electricity
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invoice in the USA arrives about one and a half months after the consumption period, which is
when the price might have changed - and therefore to be noticed by the consumer, hence, the
reaction to a price change may only be reflected in the data up to two months later. The choice of
the average price, rather than the marginal one, is based on the recognition that customers tend to
be more responsive to the average price as it minimizes the cognitive burden of understanding the
tariff, as discussed in Section 2.

¥s: includes fixed effects of two types: state-by-month fixed effects reflect seasonal
characteristics that are expected to influence mortality (such as seasonal weather conditions that
are specific to a state) and year-by-month fixed effects account for factors whose effect is
experienced in the same way across the country (such as macroeconomic shocks).

X, accounts for unexpectedly high or low precipitation (which I define as dummy
variables for when the precipitation in a month is in the first or fourth quartile of the average over
the entire period under analysis.

Standard errors are clustered at the state level, with regressions being weighted by the
population of each state.

The parameter of interest is A, reflecting the effect on mortality of the interaction between
temperature and price. Neidell et al. (2019) point out that this parameter should indicate “whether
price moderates the effect of temperature on mortality”. 1 expect that in a period of extreme
temperatures, mortality should increase with a rise in electricity prices. The intuition for this
expectation is that, in the presence of extreme temperatures, a price increase will reduce the
purchasing power and the ability to use temperature control devices (such as AC units or heaters),
which leaves people more exposed to the weather conditions, hence, mortality is expected to
increase.

This intuition implies that A should not be significant in the absence of extreme
temperatures. In that scenario, and given an increase in electricity prices, its consumption should
decrease, however, mild temperatures are not expected to influence mortality. The definition of
what is a mild or extreme temperature follows from the second equation, considering which bins
were significant at explaining changes in mortality.

The subject of my analysis is a quantification of the number of deaths resulting from

exposure to each of the relevant temperature bins, and out of that number, how many people died
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because of the change in the electricity price, following the nuclear plant shutdowns. I therefore
focus on the period between 1996 and 1999.

The number of deaths from exposure to any temperature bin is calculated by multiplying
the relevant coefficient & from the second model, by age group j for the bin in question, the number
of hours where temperatures in that bin were registered, the mortality rate by month, state and age
group, and the population by month, state and age group. I sum across states, age groups, and years
and divide to find the annual average number of deaths.

Number of deaths from exposure to a temperature bin = Z Z @j x Tse * Mgy * Popg;
j ot

As for deaths that are attributable to exposure to temperatures in the bin in question and to
the change in the electricity price, I calculate the same product of temperature, mortality and
population, multiplying it also by the year-to-year percentage change in electricity prices in each
state AP;,, and by the relevant coefficient A that was estimated in the first model for each age
group. I sum across states, age groups and years and divide to find the number of annual deaths
that is expected to be due to the change in electricity prices.

Number of deaths from exposure to a temperature bin and the change in electricity prices
= Z Aj * Tse ¥ Mgej * Popge; * APsy
t

j
b. Temperature and Mortality

The previous analysis relies on evaluating the relationship between temperature and

mortality. In the spirit of Barreca et al. (2016), I estimate the following regression.

log(Mg,) = ZiaiTsti + 0Xse + Voo + Use

All variables are defined above.

The expectation is that, as discussed in Section 2, extreme temperatures increase mortality,
the parameter of interest, a., is therefore only expected to be significant for the first and last one or
two temperature bins.

In this model, the identification strategy for the impact of temperatures on mortality relies heavily
on the incorporation of fixed effects, associated with the existence of significant, aleatory,
exogenous variations in each state’s monthly recorded temperatures.

Standard errors are once again clustered at the state level, with regressions being weighted

by the population of each state.
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I extend the model developed by Barreca et al. (2016) by performing separate estimations
by gender (male or female), age (0-4, 5-19, 20-44, 45-64 or above 64 years of age), ethnic
background (white, black or neither), population density of residence area'?, and cause of death

(focusing on cardiovascular, chronic respiratory and non-communicable diseases).

¢. Electricity Prices and Demand
Building on Auffhammer and Rubin (2018), I also evaluate the effect of electricity prices

on electricity expenditure by estimating the following regression.
log(EXPy) = 6log(Pse—) + BXse+pse + &st

In this equation, the dependent variable is the average household electricity expenditure in
state s and month t. As a proxy, I divide the revenue from each state provider’s electricity sales by
the number of customers.

X includes several other time-varying, state-level controls that are expected to help to
explain the variation in electricity expenditure. They include a vector of household and
demographic characteristics of each state (the averages of the number of household members, of
the share of children in the household, of the percentage of employment, of the age of the head of
the household, and the percentage of home ownership). Also included, in the same way as in the
first model, are controls for unexpectedly high or low precipitation. as well as the absolute
frequency of registered hourly temperatures in each month.

pst designates the fixed effects that I include in the model, to reflect the seasonality
dimension of electricity consumption in each state (in the form of state-by-month fixed effects)
and to account for time-varying events that affect all states at once, such as economic shocks or
public policy (in the form of year-by-month fixed effects).

&, designates the error term. Standard errors are clustered at the state level. Regressions
are weighted by the number of households in each state.

The key condition for the successful identification of the parameter of interest is the non-
liberalization of the residential electricity market. Consumers are unable to choose between
electricity suppliers, and, crucially, tariffs, meaning that a change in pricing is attributable to the
supply side and is independent from demand. In addition to that, the usage of fixed effects ensures
that the heterogeneity across states that derives from constant characteristics is properly accounted

for and does not bias the results.

10 A proxy for Yu et al. (2019)’s considerations on the relevance of a rural or urban environment.
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The parameter of interest is &6 — 1, which designates the elasticity of electricity demand,
measuring how reactive consumers are to a change in the price. As electricity is assumed to be an
ordinary good, this value is expected to be negative, following the law of demand, which expresses
that, for such goods, higher prices decrease the demanded quantity.

In a separate analysis, I evaluate the dynamics of the gas market, using the same model,
although replacing the electricity price and expenditure by the respective values in the residential
gas market. The parameter of interest remains the same, as is the theoretical expectation for its
sign and magnitude.

Finally, I calculate the cross-price elasticity between electricity expenditure and gas prices,
to evaluate whether the two are complements or substitutes, discriminating further by season, since
the theory leads to the expectation that in the summer, a change in gas prices should not affect

electricity consumption significantly, as few heating devices work with gas.
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Data and Methods
In this section, I review my data sources, the way through which I treated them, and I go

through some relevant descriptive statistics.

My analysis concerns the period between 1993 and 1999, focusing on the effect of the
closures of the nuclear power plants Millstone 1, Maine Yankee, Zion 1, Zion 2, and Big Rock
Point. A summary of the pertinent data about these plants is shown in Table 3.1; it is important for
my analysis to note that they are concentrated in an area of very close proximity and that, except
for one plant, the electricity they produced was significant, indicating that they had a significant
impact on the local energy market. The year 1993 was chosen as the analysis's starting point to
allow for data variability and reflect the status quo just before the first nuclear power plant under
study was shut down. The decision to stop the analysis in 1999 stems from the explicit intention
to calculate the short-term response to the closure of the nuclear power plants, in line with Reiss
and White's (2005) reasoning, as well as Neidell et al. (2019), who analyze the consequences of
Japan's nuclear power plants for the three years after the implementation of the measure. I extend
the analysis through the end of 1999 because Zion 1 ceased operations in 1997.

I do not include 2000 because of the global macroeconomic environment, which saw the
start of a recession in Europe before spreading to the USA as the "dot-com crisis" and might have
impacted the findings of my analysis.

By focusing on a number of closing plants rather than the total demise of nuclear power in
the United States, my research stands out from similar studies in the literature. The nuclear power
plants I selected all shut down within a relatively short period—Iess than two years—with the first
shutting down without any prior closures for three years. Further, while Zion 1 shut down in 1997,
Crystal River 3, the following nuclear power plant to close didn't do so until 2009. Therefore, there
are no closures of additional plants that might bias the results.

Based on Neidell et al. (2019), most of the plants on my list are located in the same region,
serving as a good proxy for Japan, where the most severe effects of the end of nuclear energy were
felt in the regions where electricity production was most nuclear-intensive. Additionally, these
nuclear power plants were selected with consideration for the fact that the states in which they
were situated at the time of the analysis had electricity markets that were regulated. This is a crucial

requirement for my study because it means that price changes are due to the supply side of the
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market - customers do not have access to a variety of suppliers - this enables the identification of
the coefficient from which the elasticity is derived.

The data for average monthly residential electricity prices were taken from the U.S. Energy
Information Administration, from a database that includes information on prices (cents’kWh),
electricity sales to residential customers (MWh), and sales revenue ($). The latter can be identified
as a proxy for electricity expenditure since it is the result of the product of prices and electricity
sales. The required variable is per-customer expenditure. Hence, I divide sales revenue by the
number of electricity customers, data that is provided yearly (except for 1993, where I assume the
same values as for 1994) by the same entity. As for population, I do not believe that the monthly
changes in the number of electricity customers in each state will be large enough to bias the results.
Considering the regulated nature of the electricity market, electricity prices are uniform within
each state.

For the analysis I conduct on the gas market, [ use monthly, state-level data for residential
gas prices and expenditure, also sourced from the Energy Information Administration database,
with the dataset including information on the two variables I indicated.

The monthly data for state-level mortality are retrieved from the Center for Disease
Control’s Multiple Cause of Death Files. This dataset lists all deaths together with several
additional data, such as cause of death, sex, race, age or population density of the place of
residence, which I take advantage of in my analysis to extend the models developed in papers such
as Barreca et al. (2016). For the second and third models, which use mortality as the dependent
variable, I estimate them using the total mortality rate, but also the mortality rate from
cardiovascular diseases, non-communicable diseases and chronic respiratory diseases.
Cardiovascular diseases were the leading cause of increased mortality due to exposure to cold
temperatures, chronic respiratory diseases turned out not to be relevant in the analysis in Japan
(which prompts me to want to see if that conclusion holds in my study), and there are several
studies - such as Bunker et al. (2017) - that associate exposure to extreme temperatures to a risk of
developing non-communicable diseases.

For information regarding population by state, I use the U.S. National Cancer Institute’s
data.

Hourly temperature and wind data are sourced from lowa State University’s lowa

Environmental Mesonet. To improve precision and the state-level validity of the results, as well as
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to minimize the impact of possible missing or faulty data, the values used for each state in my
analysis are an average of the measurement of five stations, except in the cases of Delaware and
Rhode Island, where data was only available for, respectively, three and four stations. The choice
of these stations is random, constrained by both the availability of data for the period under
analysis, and the avoidance of using two weather stations in the same vicinity. For wind, I apply
the same reasoning as for precipitation, using a dummy variable to signal wind speed that is in the
bottom or top quartile of the entire sample for the state in the period under analysis. In the case of
temperature, following the literature, I sort the temperature by bins, counting the hourly frequency
of measurements for each of them.

The hourly state-level precipitation dataset comes from the National Oceanic and
Atmospheric Administration. As for other climate metrics, the measurement used is also an
average for five randomly selected weather stations, respecting the constraints previously
highlighted. For the states of Delaware and Rhode Island, only two weather stations gathered this
data for the period under analysis.

Hourly pollution data are gathered through EPA’s Air Quality Index (AQI), a composite
indicator that evaluates air quality, contemplating the concentration of ground-level ozone,
particulate matter, carbon monoxide, sulfur dioxide, and nitrogen dioxide. Similarly to temperature
data, I work with AQI data by calculating the frequency of hours where the registered measurement
falls into each of the six bins defined by the EPA (“good”, “satisfactory”, “moderate”, “poor”,
“very poor”, “severe”). The first category is excluded. The last category is also excluded, given
that in all states and the period under analysis, the recorded AQI never reached that level. To
enhance precision, the AQI used for a state is the average measurement across all available stations
within that state, which are usually five.

As for the household characteristics, I use the Panel Study of Income Dynamics (PSID) to
gather state-level, annual data. The PSID is conducted by the University of Michigan and
comprises, in the period I am studying, around twenty to thirty thousand individuals. The panel is
kept up to date and ensured to be representative at the state level. The survey was not conducted
in 1998; in that year, lacking better information, I use the same data that had been gathered for
1997. Since I adopt this procedure for all states, this should not significantly impact the results of

my analysis.
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Seasonally adjusted, state-level, monthly unemployment rates are taken from the FRED
database.

In terms of the methodology to treat and analyze the data, some important aspects should
be highlighted.

My analysis, over the three models, covers 48 out of the 50 US States. Both the District of
Columbia and US territories such as Puerto Rico or the Virgin Islands are excluded from my
analysis, considering missing information and a different operation of electricity markets.
Maryland and Rhode Island are not considered, because in these states the liberalization of the
electricity market occurred before 1999. I categorize a state’s energy market as regulated until
three criteria are met: The enactment of the legislation liberalizing the market, customer choice is
extended to most of the customer base, and more than 10% of the consumers must have left the
regulated market and entered a contract with one of the possible suppliers. Nevertheless, in Section
4 1 show that my study’s results are robust to a looser definition of a regulated market, whereby a
market is liberalized after the corresponding bill is enacted. In that case, three additional states are
excluded from the analysis: Massachusetts, New York, and Pennsylvania.

In a separate analysis of the gas market, which I perform in the context of the first model,
I contemplate 41 out of the 50 states. Besides the two I exclude from the analysis of the electricity
market, I also do not include data from California, Georgia, Massachusetts, Montana, Nebraska,
New Mexico, and Ohio, since all these states liberalized their gas market before 1999!!. This notion
of liberalization fulfills both the stricter and the looser criteria I applied for the selection in the
analysis of the electricity market.

For PSID data, I remove from the dataset all entries that have any missing or inconsistent
information (such as negative values for age). I also redefine the variable that describes the age of
the head of the household, for it to be coherent across years — 97 years old becomes at least 97

years old; this top-coding was already done for some of the survey years.

Descriptive Statistics
My main dataset is composed of 4032 observations, corresponding to monthly data during

seven years for 48 states. I use separate datasets for the analysis in the second model, whose size

depends on the characteristic under analysis (demographic background, cause of death, etc.) and

1t should be highlighted that these states are geographically dispersed, meaning that their exclusion should not
significantly bias the results or the estimates for the elasticity of a particular region.
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the number of deaths per state-month. Hence, in both datasets, an observation corresponds to a
month in a state. Table 5.2 summarizes the main dataset and contains basic data for the entire
nation.

The mean nationwide monthly electricity expenditure per customer over the seven years
was 67.7$ but ranging from 24.93§ to 152.858. The electricity price has demonstrated a smaller
variation, averaging at 8.36 cents/kWh, and peaking at 16.13 cents/kWh. During the seven years
and over the fifty states, the fourth quartile of the recorded electricity prices was 9.65 cents/k Wh.

The data indicates heterogeneous weather conditions across the country over the period.
On average, there were 371 logged instances of extreme wind, but range between 24 and 1084
hours.

Analyzing AQI data, it is noticeable that the pollution levels have been low, according to
EPA’s standards. Nationwide, air quality levels only reached “very unhealthy” levels for a total of
eight hours over the 7 years, in Connecticut, Delaware, and Maine. Unhealthy levels were recorded
for 199 hours, and moderate air quality was registered for 925 hours in that period.

The average electricity price had an increasing trend until 1997, with an average growth of
6.5 cents per year. From 1997 to 1999, the mean nationwide price decreased by 17 cents, returning
to 1994 levels. Midwestern states experienced a minor variation in the mean price, 6 cents above
and below the average of 7.66 cents/kWh. The biggest variation happens in the region of the
Northeast, which is also the region where, in the period under analysis, most nuclear power plants
closed. It should also be pointed out that in this region, the average price increased by more than
one cent between 1993 and 1997. In comparison to the other regions, the Northeast was also the
region with the highest average electricity price in all years under analysis.

Over the seven years, the states with the highest average electricity price are New York
(13.66 cents/kWh), Hawaii (13.6 cents/kWh), and New Hampshire (13.37 cents/kWh). The lowest
mean price in that period was recorded in Washington —4.92 cents/kWh.

The heterogeneity in electricity prices across the USA is underlined if looking at Figures
3.3 and 3.4, that not only show a strong difference in prices by region but also across time. The
graphs show a cyclical pattern in prices, particularly in the gas market. In the electricity market,
the cyclicality is less present in the Middle Atlantic and West regions, which display, respectively,
higher and lower deviations than expected. However, the magnitude of the changes in the

electricity price was also similar across all regions.
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4. Results

In the following section, I present and briefly comment on the results that come from the
estimation of the three models.

The first model looks at the effect of electricity prices on the temperature-mortality
relationship, with the results reported in Table 4.1. With exception of the seventh temperature bin,
temperatures are no longer significant on their own in explaining mortality. Their interaction with
prices, however, is particularly significant for temperatures in the 0-4 and 5-9 C° range, for both
the current period and lagged electricity prices.

Figure 4.2 shows that the parallel trend assumption holds in this event study. As expected,
the effect of the closure of the nuclear power plants becomes noticeable in 1996, with a similar
trend than the one observed prior to the shock.

Following Neidell et al. (2019), the calculation of the number of deaths from exposure to
extreme weather conditions is based on logged temperatures between 0 and 4 degrees, because it
was the most significant bin in the second model. The data predict around 16.652 annual deaths
due to exposure to temperatures in that range. When accounting for the joint effect of temperature

and the electricity price, the number of annual deaths averages 2.776.

The second model aims to confirm a widely established U-shaped relationship between
temperature and mortality. I repeat my analysis changing, successively, the mortality rate. I
distinguish between total mortality, and mortality rate due to cardiovascular disease, chronic
respiratory disease, and non-communicable disease.

Starting with the total mortality rate, the coefficients associated with high temperatures are
not significant, which may suggest a high penetration of non-electricity-powered cooling devices.
Contemporaneously, the first and second bin are the only significant negative is 0.000397, which
means that one-hour exposure to temperatures in that range is predicted to increase mortality by
about 0.0397% versus one hour exposed to temperatures in the 15-19 C° range, ceteris paribus.

As opposed to literature, no coefficients associated with lagged temperatures are significant
in explaining mortality, which may be due to local regional climate differences, health
characteristics, or more advanced infrastructure to deal with extreme temperatures, such as better

insulated houses.
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Looking at the three causes of death under analysis, I find that for the US, in the period in
question, people suffering from chronic respiratory diseases are more susceptible to death from
exposure to extreme temperatures in the present or the two previous months. People suffering from
non-communicable diseases see a higher mortality rate be related to exposure to medium
temperatures, which goes against the general expectation, while cardiovascular diseases, which
yielded the anticipated effect in Neidell et al. (2019), only display a significant coefficient for a
current-period exposure to negative temperatures. The full tables are presented in the Appendix
under the references 4.2 and 4.3.

I also look at how several demographic characteristics influence total mortality. Looking
at the effect of age, it’s noticeable that for any gender and almost all age groups, exposure to low
temperatures is significant in explaining a change in mortality. In the case of negative
temperatures, for almost any ethnic background and illness causing death, this relationship holds
as well in the case of low temperatures. The graphs show that older and black people are among
the groups where the exposure to negative temperatures is most significant in explaining a
variation in the mortality rate. For better visualization, the results are reported in Figures 4.4 and
4.5.

As for the third model, the correlation coefficient between electricity prices and
expenditure is, on average, 0.2175, with the coefficients by year listed in Table 4.6. This very low,
albeit positive value, leads to the hypothesis that the electricity demand seems to be inelastic.

This possibility is confirmed by previous literature, which has consistently, over time,
found (residential) electricity demand in the USA to be inelastic. Some of the studies reaching that
conclusion include Burke and Abayasekara (2018), as well as Bernstein and Griffin (2006). Using
different methods, and for different periods, these studies find short-run elasticity values of -0.1 to
-0.2 and long-run elasticities between -0.3 and -1.

The nature of the energy market in the U.S. is underscored by studies such as the Energy
Information Administration’s 1997 Residential Energy Consumption Survey, which indicates
electricity and natural gas to both be dominant, suggesting that electricity consumers should be
more sensitive to price changes, given the wide diffusion of a substitute product. The study found
more households use electricity than natural gas (101.4 versus 61.9 million). The dominance of
these two power sources is highlighted by the fact that the third-ranking energy source, fuel oil, is

only used by around ten million households.
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Despite having fewer customers than electricity, natural gas dominates in the number of
households that use it for space (54.5 versus 42 million) and water heating (52.8 versus 40.5
million). A possible explanation for the low price sensitivity of electricity consumers is that some
appliances, including temperature regulation mechanisms like AC units, do not work with any
other power source except for electricity.

To recall, the first model aims to evaluate the nature of the relationship between electricity
price and expenditure. The parameter of interest will help to confirm or discard the established
hypothesis.

Table 4.7 presents the estimates for the price elasticity of residential electricity demand, by
subtracting one unit from the coefficient associated with the main regressor. The key independent
variable, the logarithm of electricity prices, is successively the price in the same in the previous
two periods. The coefficients associated with the logarithm of price, regardless of the lag, are all
statistically significant at the 1% level. As expected, following the law of demand, the elasticities
are negative, and broadly consistent with estimates from the literature, showing signs that demand
is inelastic. The slightly higher elasticity for the current period, if compared with previous research,
may be due to the shorter period of analysis.

With this baseline specification, I also estimate the price elasticities for winter and summer
periods. Winter is defined as the months from October to March, while summer is defined from
June until August, although the results are robust to alternative definitions of these seasons. This
analysis will help to find whether consumers are most price sensitive to electricity prices if they
are using it for heating or cooling purposes. One might expect price sensitivity to be lower in the
summer months, since, as previously discussed, there are no easily accessible substitutes to air
conditioning units that function with a power source different from electricity. The same cannot
be said for heating mechanisms, for which there is a significant number that work based on oil,
and, as previously highlighted, oil has a significant market share in the US. While in both cases
the seasonal elasticities are higher than the values estimated for the entire period under analysis,
the results turn out to match the theoretical expectation, in that the consumers’ electricity price
sensitivity is much higher in winter periods, except for a slightly higher value for the 2-period
elasticity, which is marginally higher in the summer.

Table 4.8 shows the results of robustness checks to the main specification of the model,

which deals with the electricity market. They show the estimates to be robust to different
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specifications, as long as these include the fixed effects'?. All coefficients associated with the
logarithm of electricity prices are statistically significant at the 1% level. I also find that a more
narrow, strict definition of states with regulated electricity markets, as discussed in Section 3, still
yields a similarly estimated elasticity of electricity demand.

Table 4.9 presents the calculation of the price elasticity of electricity demand broken down
by two periods, which are built following two criteria: first, only in the second period are the
effects of the closure of the nuclear plants expected to be noticeable, and second, the periods are
also meant to be of similar length. Only the contemporaneous elasticity increases with the period
change, and by a smaller magnitude than the decreases in price sensitivity for one and two lags.

The latter are somewhat surprising results since the theoretical expectation was to observe
a higher price sensitivity faced with an increase in prices following the closure of the nuclear power
plants. Consumers might have become less sensitive to the prices of the previous period since they
were lower than the contemporaneous prices.

Breaking down the estimated contemporaneous elasticities by region and period, one can
see in Table 4.10 that for all regions except the Midwest, customers become more price-sensitive
towards the end of the century. The two regions where nuclear power plants were shut off, display
contrasting effects. While in the Northeast the elasticity increases, the opposite, albeit mild, effect
is observed in the Midwest. A possible explanation may reside in the fact that at the beginning of
1997, prices increased much more in the Northeast region than in the Midwest. It should be noted
that this analysis is somewhat limited considering the small, uneven number of states per region.

To gain a better understanding of the energy market, I analyze the dynamics of residential
gas consumption, with the estimation of similar parameters to those I calculated for the electricity
market.

Table 4.11 shows the estimated price elasticity of gas demand over the 7-year period and
additionally by season. The conclusions one can reach are somewhat restricted due to the different
nature of the industry and consumption habits. In the gas market, the customers’ price sensitivity
is much higher than in the electricity market, also if we disaggregate the estimation by season. As
expected, the elasticity is higher during summer months, possibly reflecting the lower demand

during that period. Overall, the higher customer sensitivity observed in the gas market, if compared

12 The significant difference in the estimated elasticity in the absence of fixed effects underlines their importance in
the identification strategy.
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with the electricity market, can be related to the more specific use of gas — as discussed above,
electricity can power more temperature-regulating devices, while gas is mostly associated with
heat-generating appliances. Also noteworthy is the non-significance, at a 5% level, of the lagged
gas prices on the current period consumption.

Looking at the development of the elasticity by period and region, one notices in Table
4.12 that in all regions of the USA, the customer sensitivity to gas prices increases. The theoretical
expectation was ambiguous since on the one hand, the closure of nuclear power plants stimulated
an increase of electricity supply by gas plants, which would imply a decrease in gas prices
assuming constant demand, but the latter effect turns out to dominate this relationship.

Finally, I also perform the estimation of the Cross-Price Elasticity of Demand, and find, as
is shown in Table 4.13, that, as expected, natural gas and electricity are substitutes, although this

relationship is only statistically meaningful for the two lagged periods.
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Discussion
The first model’s results bring significant differences if compared with the theoretical

expectations, since some values of A are not insignificant for what the second model defines as
mild temperatures. Nevertheless, the results are consistent across the two models for temperatures
between five and nine degrees, for both the contemporaneous period and the two lags. This is an
additional indicator of regional differences, like climate or preparedness for dealing with low
temperatures, if we compare my study with other papers in this area.

The results of the last two models are generally consistent with the literature:

In the case of low temperatures, I confirm the U-shaped relationship between temperature
and mortality, which holds regardless of age, gender, or race. Specifically, my results are consistent
with studies such as Yu et al. (2019), who found patients with cardiovascular diseases to be most
vulnerable to the temperature-mortality relationship, particularly when exposed to low
temperatures. [ also confirm that, as anticipated, the price elasticity of demand for residential
electricity is negative but close to zero, which makes sense, considering it is a necessity good.
Given the greater availability of alternatives to electricity-powered temperature-regulating
mechanisms, the elasticity is higher in the winter.

In-depth, there are some differences, though. One somewhat unexpected outcome of the
first model was the observation of a price decline in one of the regions where nuclear power plants
were shut down, with the elasticity also moving towards zero. In the second model, I do not find
that exposure to high temperatures significantly explains mortality. This is consistent with some
existing studies such as Cohen and Dechezleprétre (2022), who also find cold temperatures to have
a more pronounced impact on mortality than warm weather conditions. Possible causes are
variations in local weather patterns, or customers' homes that are better equipped to withstand

higher temperatures, as argued by Barreca et al. (2016).

Limitations
As for limitations of the empirical part of my study, some issues should be highlighted.

The primary point is that it is impossible to guarantee the external validity of my
conclusions. When determining whether nuclear power will continue to be used in a European
state, policymakers should not assume similar results to occur if nuclear power were to be shut
down in their country. Not only are all EU member states smaller than the US (which also means

fewer regional differences within the nation, for example in terms of electricity prices, but also
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demographics), but they also have a different climate from the US, a much higher interconnection
to other countries’ electricity grids, a liberalized energy market, and diverse endemic health
situations.

However, the urgency of decarbonizing the energy mix and the methods for doing so
(increasing the penetration of renewables, modernizing the electrical infrastructure, and adequately
replacing baseload power sources with renewables and storage technologies or less polluting
baseload energy sources like nuclear energy) are shared. The goal of this dissertation is to inform
policymakers about a previous instance in which another country took a similar step, rather than
trying to forecast the changes that will occur after a country shuts down its nuclear energy.

The conflicting results of some studies in the literature, such as whether electricity prices
are reduced by the presence of nuclear energy in the electricity mix, also hint at the inexistence of
a “one-size-fits-all” solution, with nuclear energy being more adequate in some regions than in
others.

Furthermore, my study, by design, only focuses on the short-to-medium-term reaction to
the closure of the nuclear power plants. As Reiss and White (2005) make clear, there are two types
of reactions to a change in electricity price. The consumer might change how they use the device
in the short term, but they might decide to buy an energy-efficient product in the long run.

In terms of data, some issues might slightly bias the results, among them the fact that the
PSID was not conducted in 1998, or the risk that the five weather stations used for each state do
not adequately represent its climate diversity, which might be at the origin of the non-significance
of extremely warm temperatures in explaining mortality.

The body of knowledge regarding the financial and non-financial effects of a nation's
nuclear energy program may be further enhanced by additional research, conducted in a different
context and/or period. Analyzing the opening of nuclear power plants in a country to see if the
outcomes are the opposite of those in the present thesis—a decrease in mortality and electricity
prices—would be an unexplored branch in this field.

Future research in this area might also examine the sensitivity to different pollutants. It can
also relax the assumption that the effect on mortality is equal for temperatures inside the same 5-

degree bin.
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5. Conclusion
Amidst a debate in Germany, that extends to the EU and to most of the world, over

which role nuclear energy should have in the energy mix, this dissertation aimed to evaluate
the effect, in monetary and non-monetary terms, of shutting down nuclear power plants in the
US, and thus provide insights that a policymaker in any country should consider before deciding
on this topic. Decarbonizing electricity production would mean reducing GHG emissions from
the most polluting activity, and at the global scale, is one of the keys to achieving the target of
limiting the global temperature increase to two degrees relative to preindustrial levels.

In the empirical section of my work, using regressions that contemplate controls for
demographics, climate, and pollution, I reach results that are generally consistent with previous,
existing studies — I partially confirm the expected U-shaped relationship between temperature
and mortality, demonstrating that when people are exposed to extremely low temperatures, an
increase in mortality can be observed, particularly related to chronic respiratory diseases. In
terms of how the price of electricity affects spending (and subsequently demand), I find that, as
anticipated, the demand for electricity in the US during the relevant period is inelastic.
Customers are significantly more price sensitive in the gas market.

The elasticity increases in most regions following the closure of the nuclear power
plants, as it does in winter months, given the wider availability of substitutes powered with
fuels other than electricity. Herein lies one of the factors limiting the external validity of this
study: the diffusion of non-electric temperature control devices varies to varying degrees across
different nations. This influences the sensitivity to electricity price changes. For the case of the
USA, I estimate that the closure of the five nuclear power plants in the last decade of the
previous century caused up to additional 8.725 deaths per year.

In the theoretical section of the current dissertation, I begin by highlighting the
importance of decarbonizing the energy mix, given that the activity that emits the most GHGs
is the production of electricity and heat. Reviewing the literature, I find that nuclear and
renewable energy are complementary. Because of two problems—their intermittency and the
need for an improved power grid that is equipped for a longer transmission of the generated
power—renewables do not replace baseload power sources like coal plants, even though they
frequently replenish gas plants. Given that electricity is a necessity, policymakers ought to
exercise extreme care when causing or managing supply shocks because these can reduce the

availability of electricity. This may increase the risk of diseases brought on by increased
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exposure to extreme temperatures, which has implications for both the demand for electricity
and the demographics.

Politicians seem to make decisions regarding nuclear energy based on perceived risk
rather than fully considering the safety of this electricity generation form (both in absolute terms
and relative to other power generation sources), which is largely ensured by a regulation
standard that is much higher than for any other element of the energy mix.

Despite having one of the safest records among all electricity generation methods,
nuclear energy is currently not required to be a part of a future decarbonized energy mix due to
economic reasons. However, the other options currently available are either not yet
commercially developed (storage mechanisms) or are deemed unacceptable by society (e.g.,
fully relying on renewable energy sources, which run the risk of leaving no power if production
conditions are unfavorable).

As long as there is a viable and acceptable alternative, such as one of those mentioned,
or progress in the field (in the form of the commercial development of fusion technology, which
is predicted to be safer and not produce waste - Videmsek, 2022), societal opposition to nuclear
energy seems a legitimate justification for its end in a nation. This is true regardless of whether
the opposition is based on precedent, such as in Germany, or concerns about economics, non-
competitiveness, market dominance, excessive vulnerability due to dependence on individual
plants, security, nuclear waste storage, or other of the drawbacks discussed in this study. |
contend that until such an alternative exists, nations that already use this power source shouldn't
abandon it because, in addition to the concerns about energy security, experience with other
countries suggests that doing so would have detrimental effects on mortality and the cost of
electricity. Furthermore, if there are no viable alternatives, nuclear energy will be replaced by
fossil fuels. With the well-known effects that continued global warming and failure to meet the
2-degree warming threshold would have on the human race (McCarthy, 2021), these are not

only less safe but also more harmful to the environment.
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Appendix
Summary 2.1 - Key notes on nuclear energy in Germany

Protests against nuclear energy in Germany date back to the 1970s and they influenced
the decision of no new plants being built since 1989. In 1998, the Government led by Gerhard
Schroder put in to law the Afomgesetz, legislation that stipulated the end of nuclear power in
Germany by 2022. Chancellor Angela Merkel’s government partially reversed the measure
once she took office in 2009. Public protests followed the decision of an extension of the plants’
operating licenses for eight to fourteen years. However, the pro-nuclear government soon
walked back on what became known as the phase-out of the nuclear phase-out: in 2011,
following the Fukushima accident, the Bundestag overwhelmingly voted (513:79) in favor of a
measure proposing the immediate permanent shutdown of half of the nuclear power plants, with
the other half due to close by the end of this year.

The decision to close all remaining nuclear plants by the end 0of 2022 seems thus to have
been politically motivated and justified with the security risks that were demonstrated by the
Fukushima accident, but, besides the point made by Neidell et al. (2019) in their paper —
shutting down nuclear power in Japan following the Fukushima accident caused more deaths
than the accident itself - Murray (2019) points out that Germany’s geographical and geological
conditions are very different than those encountered by Japanese nuclear power plants: the
small coast line decreases significantly the danger of a tsunami, and being on the center of the
European tectonic plate makes the earthquake risk negligible.

As of August 2022, and amidst a gas shortage, Germany started rethinking its decision
and has begun reconsidering the future of nuclear power in the country (Girschick and Gill,
2022; Reisin, 2022). The long-term plan for the Germany energy sector relied on a combination
of renewable energy — which requires a still pending upgrade of the power grid — and Russian
gas (Bundesministerium Klimaschutz, 2022; Bundeszentrale fiir politische Bildung, 2022),
whose supply to the EU is steadily decreasing. The public perspective changed, with an
estimated four fifths of the population now supporting an extension of the nuclear power plants
licenses (ARD, 2022a; ARD, 2022b), as opposed to a strong divide in the government, with the
anti-nuclear green party opposing such a step, having reportedly expressed a preference to
rather reactivate coal plants, which would strongly go against IPCC research and EU’s policy.
This deadlock in the German government forced Chancellor Scholz to personally intervene,

deciding an extension of the remaining nuclear plants’ lifetime until April 2023.
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Table 2.2
Expanding the role of nuclear energy  Reducing the role of nuclear energy

| economic nature - calculating the LCOE for coal, gas and nuclear,
| even without the risk premium of nuclear energy and with a
carbon tax, nuclear energy is still the most expensive (Davis 2012)

Benefits in GHG emission reductions (Marl 2014) . The key factor preventing a more widespread diffusion is of

Public perception regarding climate change is increasing (Lake 2002) Nuclear power plants often-oparata st a foss, mostly caused by a

. high penetration of gas and renewables, which drive down the
price of electricity; regardless of the gas price, (only) multi-

Mitigation of price volatility that results from fossil fuels(where there || reactor - hence large - plants avoid CO; emissions at a cost lower
are market-based emission control initiatives such as the European than the social cost of carbon, which puts the idea of smaller
Emissions Trading System and where fuel, whose price is inherently nuclear plants into question (Roth and Jaramillo 2017)

volatile, represents a signifcant portion of the electricity generation

costs - 75% for gas versus 8% for nuclear energy) and the higher | Building nuclear power plants is unattractive - uncertainty over
penetration of intermittent electricity generation sources (Mari 2014) future economic scenario (e.g. decrease in fossil fuel prices),

| shortage of professionals/suppliers during the construction period,

r Contract responsibillity is a way to help keep brojects under budget technological and financing risk, regulatory process (Davis 2012)

(Mari 2014) From the policy-making side, there is modest evidence of learning-by-
. . doing or economies of scale, and no evidence these benefit the whole
Development of the industry can make it more attractive: operation industry; other electricity generation mechanisms such as wind also
efficiency (high concentration uranium, use heat from nuclear power | have these benefits. This means subsidizing nuclear energy doesn't have
— plant to provide residential heating, etc.), ending nuclear insecurity by E;f":;‘":':? f;_"““di “’;‘_‘jh‘h:ef“m";?”_m "‘;zs‘j"!;;;“'d a"‘: “F""'"‘E‘!
. . { r P standaraization [Wnic! I5INCENTIVIZES L apment of mare

designing reactors that can't n_wlt, solving the waste_( earcel 2012) ¢l powerful, efficient and safe units) (Davis 2012)

Ll cooling water or develop fusion-based plants, which don't produce

waste), regaining of the public trust in the industry (which is key to build | . Their large size and hence non-neglible market share means the
closer to residential areas) (Pearce 2012) existence of nuclear power plants sustains a non-competitive energy

| market, making it easier to keep prices at a higher value, In Germany
there is also no correlation between the diffusion of nuclear power

Construction times and costs can be reduced building smaller reactors
Il ! ptomg and lower electricity prices. (Nestle 2012)

closer to residential areas, but it requires full public trust (Pearce 2002)

The large size of nuclear plants. makes the energy system vulnerable. There was an

exopenecus shutdown for five months, short notice, of plants generating one fifth of the
] total French nudear power, for an irspection of reactors that were potentially

compromised with & security faull Electricity prices rose by 27% in France and due 1o
| crossborder trade by 11% in Germany [respectively 17.41€ and 4.58€/MWh) (Rinne 2019)
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Table 3.1

Nuclear Type of | Location Gross Lifetime Years  in | Periods
power reactor™® capacity electricity | operation without
plant supplied** electricity
production
Millstone 1 | BWR Connecticut - | 684 MW | 101.37 1970-1998 | before
Northeast TWh 1971 and
after 1995
Maine PWR Maine -1 900 MW | 118.72 1972-1997 |in 1972
Yankee Northeast TWh and 1997
Zion 1 PWR [llinois - | 1085 MW | 124.41 1973-1998 | in 1998
Midwest TWh
Zion 2 1085 MW | 124.5 TWh | 1973-1998 |in 1973
and after
1996
Big Rock | BWR Michigan - | 71 MW 12.74 TWh | 1962-1997 | before
Point Midwest 1971
*BWR —  Dboiling water reactor;, PWR —  pressurized water reactor

**For reference, in 2000, Chicago, the state capital of Illinois, consumed 113.98 TWh of
electricity (ACEEE, 2017)

Table 3.2— Descriptive Statistics

(1) 2) 3) (4) 5)
VARIABLES N Mean St. Dev. Minimum Maximum
Freq. of temperatures in bin 1~ 4,032 25.06 54.84 0 216
Freq. of temperatures in bin 2~ 4,032 17.78 31.50 0 167
Freq. of temperatures inbin 3 4,032 18.46 28.59 0 158
Freq. of temperatures in bin 4 4,032 21.90 30.38 0 175
Freq. of temperatures in bin 5 4,032 27.95 36.92 0 204
Freq. of temperatures in bin 6 4,032 17.44 29.01 0 178
Freq. of temperatures inbin 7 4,032 6.492 16.85 0 109
Electricity Price 4,032 8.36 2.33 4.34 16.13
Electricity Expenditure 4,032 67.7 19.57 24.93 152.85
Total Mortality Rate 4,032 0.000276 7.02e-05 0.000135 0.000688
Extreme Precipitation 4,032 0.498 0.500 0 1
Frequency of extreme wind 4,032 370.9 82.07 24 1,084
Freq. of AQI in level 2 4,032 3.493 6.418 0 31
Freq. of AQI in level 3 4,032 0.765 1.950 0 17
Freq. of AQI in level 4 4,032 0.0667 0.398 0 8
Freq. of AQI in level 5 4,032 0.00124 0.0417 0 2

Frequencies in hours
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Figure 3.3
Residential electricity price development by Region, in cents/kWh
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Figure 3.4
Residential electricity gas price development by Region, in $/cubic feet
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Table 4.1 — Effect of electricity on
the temperature-mortality

relationship
)
Temperature bins
7 -0.00137*
(0.000743)
3 x contemp. price -0.00390**
(0.00151)
5 x contemp. price -0.00193*
(0.00107)
3 x price with lag 1 0.00392**
(0.00186)
5 x price withlag 1~ 0.00387***
(0.00112)

Robust standard errors in parentheses
% p<0.01, ** p<0.05, * p<0.1
Only significant coefficients are reported

Figure 4.2

Parallel trend analysis

Development of the number of deaths caused by exposure to cold temperature

— Mortality -+ Trend
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Table 4.3 — Analysis of the temperature-mortality relationship

(1) 2) 3) “4)
Temperature Total Cardiovascular diseases  Chronic respiratory diseases Non-communicable
bin mortality diseases
1 0.000397*** 4.20e-05%* -9.11e-06 2.34e-05
(0.000113) (2.00e-05) (2.76e-05) (1.64e-05)
2 0.000370%*** 1.28e-05 -4.65e-05** 6.39e-06
(9.54e-05) (2.36¢e-05) (2.29¢-05) (2.14e-05)
3 7.25e-05 -4.33e-05 -5.80e-05%* -4.41e-05**
(9.86¢-05) (2.87e-05) (2.33e-05) (2.08e-05)
4 0.000138 -2.26e-05 -3.21e-06 -2.25e-05
(0.000125) (1.95e-05) (2.42e-05) (1.48e-05)
5 3.67e-05 -3.68e-05 3.11e-05 -2.16e-05
(0.000114) (2.67¢-05) (3.20e-05) (2.06e-05)
6 7.18e-05 -3.75e-05 -2.11e-05 -3.49¢-05
(0.000156) (3.32¢-05) (2.97e-05) (2.50e-05)
7 0.000110 -1.02e-05 0.000181** 2.58e-05
(0.000169) (4.06e-05) (6.94e-05) (2.79¢-05)
1, with 1 lag -0.000141 3.17e-05 -5.51e-05%* 1.45e-05
(0.000143) (2.01e-05) (2.44¢-05) (1.81e-05)
2, with 1 lag -8.27e-05 -1.03e-05 -7.87e-05%** -1.34e-05
(0.000209) (1.97e-05) (2.25¢-05) (1.67e-05)
3, with 1 lag -6.23e-05 -3.72e-05 -7.51e-05%** -4.72e-05%*
(0.000137) (3.62¢-05) (2.60e-05) (2.70e-05)
4, with 1 lag -5.52e-05 -1.39¢-05 7.08e-07 -1.60e-05
(0.000181) (2.36¢-05) (2.39¢-05) (1.62e-05)
5, with 1 lag -8.87¢-05 -3.03e-05 3.64¢-05 -1.52e-05
(0.000129) (2.81e-05) (2.85e-05) (2.29¢-05)
6, with 1 lag -7.48e-05 -1.83e-05 -1.16e-05 -1.96e-05
(0.000149) (2.72e-05) (2.64e-05) (2.01e-05)
7, with 1 lag -3.18e-05 -1.76e-05 0.000123%*: 1.06e-05
(0.000186) (4.11e-05) (3.23e-05) (2.80e-05)
I, with 2 lags ~ -0.000161 -2.12e-05 -9.69e-05*** -2.90e-05*
(0.000136) (2.09¢-05) (2.90e-05) (1.72e-05)
2, with 2 lags 3.39¢-05 -3.38e-05 -9.89e-05%*** -3.54e-05
(0.000106) (2.45e-05) (3.41e-05) (2.15e-05)
3, with2 lags  -0.000119 -6.43e-05* -9.07e-05%*** -6.79e-05**
(0.000112) (3.66¢-05) (3.07¢-05) (2.91e-05)
4, with 2 lags 9.92¢-05 -3.79e-05* -1.79¢-05 -3.88e-05**
(0.000114) (2.12e-05) (2.92e-05) (1.49¢-05)
5, with 2 lags -2.90e-05 -3.64¢e-05 3.38e-05 -1.93e-05
(0.000115) (2.31e-05) (2.46¢-05) (1.94e-05)
6, with 2 lags ~ -0.000175 -3.62¢-05 -3.51e-05 -4.00e-05**
(0.000141) (2.75e-05) (3.44¢-05) (1.97e-05)
7, with 2 lags 0.000105 1.20e-05 0.000158*** 3.78e-05
(0.000127) (3.35¢-05) (3.65e-05) (2.36e-05)

Robust standard errors in parentheses

#x% p<().01, ** p<0.05, * p<0.1
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Table 4.4 — The temperature-mortality relationship by US region

(1) (2) (3) (4) (5) (6)
VARIABLES Northeast Middle Atlantic South Midwest Southwest West
1 6.98¢e-05 -0.00228 0.000299 -6.23e-05 -4.38e-05 0.000474
(0.000976) (0.00121) (0.000347)  (0.000256)  (0.000364) (0.000491)
2 0.000574 -0.00201* 0.000467 -0.000192 -0.000258 0.000449
(0.000437) (0.000659) (0.000286)  (0.000366)  (0.000301) (0.000523)
3 6.88e-06 -0.000409 0.000257 -0.000247 0.000133 -0.000119
(0.00117) (0.000332) (0.000249)  (0.000273)  (0.000213) (0.000322)
4 0.000495 -0.000674 0.000222 1.30e-05 -0.000134 0.000358
(0.000255) (0.000582) (0.000152)  (0.000254)  (0.000474) (0.000531)
5 -0.000590 0.000417 0.000170 -0.000228 2.89¢-05 3.58e-05
(0.000569) (0.000922) (0.000181)  (0.000208)  (0.000118) (0.000556)
6 -0.000604 0.000865 0.000259 0.000152 -0.000359 4.30e-05
(0.000387) (0.0004438) (0.000250)  (0.000384)  (0.000576) (0.000538)
7 -0.00305 0.00123 -5.92e-05 -0.000859 -0.000193 0.00108***
(0.00367) (0.00129) (0.000190)  (0.000503)  (0.000241) (0.000251)
1, with 1 lag 0.000788 0.00111%** 0.000320 -0.000183 -0.000250 5.24e-05
(0.00104) (0.000330) (0.000300)  (0.000297)  (0.000493) (0.000341)
2, with 1 lag 0.000239 0.00101** 0.000175 8.80e-05 0.000742 -0.000322
(0.000962) (0.000174) (0.000245)  (0.000298)  (0.000532) (0.000458)
3, with 1 lag 0.000902 0.000238 8.87e-06 -0.000548 -0.000275  0.000368%***
(0.000743) (0.000223) (0.000292)  (0.000330)  (0.000213) (9.52¢-05)
4, with 1 lag -0.000853 0.00128** 0.000118 -6.80e-05 -1.74e-05 -0.000403
(0.000576) (0.000356) (0.000264)  (0.000180)  (0.000553) (0.000295)
5, with 1 lag -0.000867 -0.00136* -0.000113 -8.16e-05 0.000319 1.33e-05
(0.00140) (0.000468) (9.55e-05) (0.000168)  (0.000791) (0.000366)
6, with 1 lag -6.26¢-05 -0.00160%** 1.15e-05 -1.78e-05 -0.000658 0.000487*
(0.00105) (0.000335) (0.000228)  (0.000504)  (0.000344) (0.000236)
7, with 1 lag -0.00231** -0.000838 -0.000187 -4.80e-06 0.000202 -0.000653**
(0.000565) (0.000695) (0.000133)  (0.000610)  (0.000255) (0.000267)
1, with 2 lags 0.000875 -0.000959 -0.000322 -0.000131 0.000387 0.000245
(0.000530) (0.000883) (0.000320)  (0.000290)  (0.000532) (0.000397)
2, with 2 lags 0.000653 -0.000123 -0.000119 0.000219 0.000140 0.000723**
(0.000941) (0.00102) (0.000247)  (0.000282)  (0.000439) (0.000238)
3, with 2 lags 0.000273 -0.000119 -0.000183 -0.000464* -0.000318 0.000558
(0.000454) (0.000305) (0.000281)  (0.000256)  (0.000477) (0.000311)
4, with 2 lags 0.00104 0.000255 0.000186 2.94e-05 0.00119 0.000520
(0.000517) (0.000177) (0.000202)  (0.000267) (0.00124) (0.000440)
5, with 2 lags 0.000198 -0.000826%** 5.14e-05 -0.000228 -0.000521 0.000841%*
(0.000660) (0.000148) (0.000156)  (0.000248)  (0.000766) (0.000428)
6, with 2 lags -0.000472 -0.00219%** -0.000244 -0.000139 -0.000189 -0.000145
(0.000463) (0.000467) (0.000159)  (0.000299) (0.00125) (0.000419)
7, with 2 lags 0.00150 0.000289 1.23e-06 5.73e-06 7.63e-05 0.000742
(0.00275) (0.00106) (0.000196)  (0.000792)  (0.000504) (0.000599)

Robust standard errors in parentheses

#x% 50,01, ** p<0.05, * p<0.1
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Figure 4.5

Estimated effect of an additional hour of exposure to negative
temperatures on mortality, relative to one hour exposed to temperatures
between 15 and 19C°

Global Estimate 0.01692% @ ® 0.06254%

Age

20-44 years old 0.04042% @ ® 0.07849%

45-64 years old 0.06243% @ ® 0.09626%
above 64 years old 0.03614% @ @ 0.06864%

Gender
Male 0.00365% @ ® 0.06864%
Female 0.01291% @ ® 0.07486%

Race
White 0.01378% @ ® 0.05983%
Black -0.00507% @ ® 0.12023%

lliness

Cardiovascular disease 0.00006% @=@ 0.00808%

Cardiovascular disease (Men) -0.00082% @@ 0.00894%
Cardiovascular disease (Women) -0.00006% @@ (.00872%
Non-communicable disease -0.00058% @@ 0.00573%
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Figure 4.6

Estimated effect of an additional hour of exposure to
temperatures in the 0-4 C° range on mortality, relative to
one hour exposure to temperatures between 15 and 19C°

General Estimate 0.01782% @ ® 0.05621%

Age

20-44 years old -0.06891% @ @ 0.00037%

45-64 years old 0.05751% @ ® 0.09420%
above 64 years old 0.04337% @ ® 0.07177%

Gender

Male 0.00806% @ ® 0.06583%

Female 0.00601% @ ® 0.06639%

The 25% Confidence Interval range Is displayed,

Table 4.7
Year Correlation coefficient between Electricity Price and Expenditure
1993 0,235
1994 0,214
1995 0,225
1996 0,211
1997 0,252
1998 0,171
1999 0,212
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Table 4.8 — Elasticity Estimates

(1) (2) (3)
Contemporaneous Period 1 Lag 2 Lags
Price Elasticity of -0.264%** -0.520%** -0.645%**
Electricity Demand (0.0625) (0.0602) (0.0476)
Winter Price Elasticity of -0.252%%* -0.557%** -0.673%**
Electricity Demand (0.0872) (0.110) (0.0951)
Summer Price Elasticity of -0.240%** -0.398%** -0.713%%**
Electricity Demand (0.123) (0.0967) (0.0980)
Number of States 48 48 48
Robust standard errors in parentheses
*Ex p<0.01, ** p<0.05, * p<0.1
Table 4.9 — Robustness Checks
ey (2) 3) (4) (5) (6) (7
Price Elasticity of
Electricity Demand
Current Period -0.264%** 0 277*F*¥*  -0.276%** -0.263*%** -0.278*** -0.0583*** (.0890%**
(0.0625) (0.0654)  (0.0648) (0.0623) (0.0667) (0.115) (0.133)
1 Lag -0.520%**  -0.525%**  (0.524%** _(0.520%** -(0.509%** _03]11***  -(Q.]172%**
(0.0602) (0.0621)  (0.0609) (0.0594) (0.0655)  (0.0825) (0.0955)
2 Lags -0.645%**  _0.647*F**  -0.645%** -0.644%** -(0.625%** _(0.593***  _(0.496%**
(0.0476) (0.0473)  (0.0473) (0.0474) (0.0468)  (0.0735) (0.0747)
Observations 3,936 3,936 3,936 3,936 3,690 3,936 3,936
Number of States 48 48 48 48 45 48 48
Precipitation and Wind Yes Yes No No Yes Yes Yes
Household Characteristics Yes No No Yes Yes Yes Yes
Narrower definition of No No No No Yes Yes Yes
'regulated market'
Year-Month Fixed Effects Yes Yes Yes Yes Yes No Yes
State-Month Fixed Effects Yes Yes Yes Yes Yes No No

Robust standard errors in parentheses
*#% p<0.01, ** p<0.05, * p<0.1
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Table 4.10 — Elasticity by Period

(1) ()
Price Elasticity of Price elasticity 1993-1996 Price elasticity 1997-1999
Electricity Demand
Contemporaneous -0.268%** -0.312%%**
(0.0936) (0.0649)
1 Lag -0.708%*** -0.488***
(0.0775) (0.0779)
2 Lags -0.738*** -0.667***
(0.0566) (0.0872)
Observations 2,304 1,632
Number of States 48 48
Robust standard errors in parentheses
*H% p<0.01, ** p<0.05, * p<0.1
Table 4.11 — Elasticity by Period and Region
(1 (2) (%) (6)
Price elasticity of Northeast Middle Atlantic Midwest  Southwest West
residential
electricity demand
1993-1996 -0.261%** -0.22]%** -0.230%**  -0.269%***  -(.208***
(0.0848) (0.0870) (0.0688) (0.0863) (0.0815)
1997-1999 -0.300%** -0.276%** -0.212%*%*  -0.301***  -0.304%**
(0.0611) (0.0726) (0.0643) (0.0537) (0.0627)
Observations 2,474 2,440 2,678 2,440 2,678

Robust standard errors in parentheses
*H%k p<0.01, ** p<0.05, * p<0.1
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Table 4.12— Gas Elasticity Estimates

(1) (2) 3)
Contemporaneous Period 1 Lag 2 Lags
Price Elasticity of -1.437% %% -0.991 -0.976
Residential Gas Demand (0.0662) (0.0812) (0.0760)
Winter Price Elasticity of -1.299%** -1.083 -0.998
Residential Gas Demand (0.0638) (0.0748) (0.0873)
Summer Price Elasticity of -1.480%** -0.935 -0.958
Residential Gas Demand (0.0981) (0.110) (0.0848)
Observations 3,357 3,357 3,357
Number of States 41 41 41

Robust standard errors in parentheses
**% p<0.01, ** p<0.05, * p<0.1

Table 4.13 — Gas Elasticity by Period and Region

Price elasticity of (1) (2) (3) 4) (5) (6)

residential gas Northeast Middle Atlantic South Midwest  Southwest West

demand

1993-1996 -1.407%** -1.464%** -1.416%*%*  -1.362%**  -].345%*% ] 485%**
(0.0566) (0.0613) (0.0532) (0.0621) (0.0621) (0.0767)

1997-1999 -1.493%*** -1.520%** -1.464%%% 1 407F**%  -1.434%%% ] 5] 5%H*
(0.0893) (0.0823) (0.0817) (0.0920) (0.106) (0.0822)

Robust standard errors in parentheses
*x% p<0.01, ** p<0.05, * p<0.1
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Table 4.14 — Substitutability of Electricity and Gas

(D (2) (3)

Contemporaneous Period 1 Lag 2 Lags
Cross-Price Elasticity -0.00612 0.485%**  (.347%**
of Electricity Demand (0.0315) (0.0629) (0.0494)
Winter Cross-Price -0.0120 0.497%%** 0.344%%*
Elasticity of Electricity (0.0565) (0.120) (0.121)
Demand
Summer Cross-Price 0.0108 0.498%** 0.247%%**
Elasticity of Electricity (0.0431) (0.0682) (0.0808)
Demand
Number of States 41 41 41

Robust standard errors in parentheses
*E* p<0.01, ** p<0.05, * p<0.1
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