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Abstract
Access to electricity is a crucial determinant of quality of life and productivity. The United 
States has a highly reliable electricity grid, but it faces new resilience challenges due to 
more intense disasters and ambitious green power requirements. Over the past decade, 
utilities have faced tradeoffs between achieving carbon mitigation goals, offering reliable 
power access, and keeping retail prices low. Using a generator panel dataset from 2013 to 
2022, we document that electricity generation from renewables declines during extreme 
weather events. Based on an electric utility panel dataset over the same period, we find that 
disasters also disrupt electricity distribution. Although utilities have made some adaptation 
progress, investments in green and reliable green power are associated with higher electric-
ity prices.

Keywords  Energy transition · Intermittent renewables · Grid reliability ·  
Electricity markets

Introduction

In 2017, Hurricane Harvey in Texas left more than 13 million people without access to elec-
tricity for days. The hurricane had devastating effects on services that relied on electricity 
such as water treatment and home heating. The power outage was estimated to have caused 
$6.7 to $9.7 billion economic losses (Rafi et  al. 2024). In February 2021, power supply 
in Texas was knocked out again by a severe winter freeze. In summer 2022, heat waves 
strained the electric grid in the American West and led to large-scale blackouts. As these 
extreme weather events become more frequent, the annual power outage time for an average 
American household has increased from 240 minutes in 2013 to 342 minutes in 2022.

Going forward, the United States electricity grid faces increasing risks posed by extreme 
weather and by the ramping up of state level renewable power generation requirements 
(Bushnell and Noval 2018; Stock 2020). Numerous recent disasters provide us with a set of 
natural experiments to test the resilience of our electric infrastructure. These events disrupt 
electricity generation, transmission, and distribution. In this paper, we study their impact 
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on each of these three stages and test whether the negative impact has shrunk over time as 
American utilities adapt to these shocks.

In the generation stage, increased reliance on intermittent renewables poses challenges 
for electricity system operators tasked with achieving long-term resource adequacy for ser-
vice delivery (Wolak 2022). The Renewable Portfolio Standard (RPS) is the percentage of 
sold electricity that each retailer is required to procure from renewable sources. This target 
is binding and is usually set by the state Public Utilities Commission (PUC).1 The average 
standard across states has increased from 4.1% in 2013 to 11.4% in 2022.

The “green grid” features a lower carbon emissions factor, but an unintended conse-
quence is that the short-term electricity generation becomes more volatile (Shaner et  al. 
2018). From data provided by the Energy Information Administration (EIA), we create a 
generator panel dataset by month from 2013 to 2022. We document that disasters triggered 
by natural hazards, especially storms, are negatively correlated with renewable generation 
and positively correlated with fossil fuel based power generation. This suggests that utili-
ties turn on dispatchable generators to meet the reliability targets when renewables fail to 
deliver.

To benchmark the reliability of transmission and distribution networks, we use the two 
primary measures adopted by the EIA: the System Average Interruption Duration Index 
(SAIDI) and the System Average Interruption Frequency Index (SAIFI).2 For a given util-
ity, SAIDI is the average interruption time per customer, and SAIFI is the percentage of 
customers affected by any power outage.3 We construct a panel dataset spanning 2013 to 
2022, comprising annual reliability indices for over 500 US utilities and the corresponding 
count of weather shocks experienced by each utility in each year. Using this comprehen-
sive dataset, we find that US transmission lines are overall resilient, and local distribution 
failures account for most of the power blackouts.4 We show that each disaster is associated 
with a smaller increase in SAIDI over time, which we interpret as evidence of adaptation.

In addition to intertemporal dynamics, at any given time, we study how service reli-
ability varies based on utility attributes and the spatial characteristics of the areas in which 
the utility operates. Our cross-sectional analysis indicates that SAIDI and SAIFI tend to be 
higher in states with a high RPS, where utilities are tasked to produce reliable and green 
power simultaneously. It is costly to comply with a high local RPS mandate. Utilities have 
to purchase green power at the wholesale market price or invest in capitals needed for 
renewable generation, both of which may lead to a higher cost per unit of electricity pro-
vision than in states with a less stringent RPS. If electric utilities do not raise rates, this 

1  In California, for example, failing to comply with the RPS incurs a fine of $50 per MWh of green power. 
That is, if a utility sells 1000MWh of brown power and no green power, given a 30% RPS, it has to pay a 
fine of $15,000.
  https://​www.​cpuc.​ca.​gov/-/​media/​cpuc-​websi​te/​indus​tries-​and-​topics/​docum​ents/​energy/​rps/​rps-​compl​
iance-​faq_​2020.​pdf
2  These indices only refer to sustained interruptions. As defined by the Institute of Electrical and Electron-
ics Engineers (IEEE), sustained interruptions last at least five minutes.
3  Utilities’ customers include residential, commercial, and industrial ones. SAIDI gives each customer an 
equal weight, regardless of their electricity consumption. Because most customers are residential, SAIDI is 
a valid measure of residential electricity reliability. Previous electrical engineering has casted doubt on the 
accuracy of SAIDI when used to evaluate grid reliability for non-residential sectors (Schuerger, Arno, and 
Dowling 2016). We acknowledge that our results in this paper apply mostly to the residential sector.
4  This is consistent with what engineering studies have found. For example, see Veloza and Santamaria 
(2016).

https://www.cpuc.ca.gov/-/media/cpuc-website/industries-and-topics/documents/energy/rps/rps-compliance-faq_2020.pdf
https://www.cpuc.ca.gov/-/media/cpuc-website/industries-and-topics/documents/energy/rps/rps-compliance-faq_2020.pdf
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expenditure reduces the budget resources available for resilience projects such as hardening 
the local distribution network.

This highlights a tradeoff between providing quality services and keeping electricity 
retail prices low. Investor-owned utilities report their expenditure to the FERC every year. 
Based on variations in each utility’s maintenance expenditure over time, we find that more 
ambitious RPS goals and more disasters are associated with higher costs of infrastructure 
maintenance. By instrumenting the lagged maintenance spending with lagged weather 
shocks, we find suggestive evidence that utilities pass down their capital upgrade expendi-
ture to consumers through higher rates.

Our paper focuses on the supply of reliable power and complements recent works that 
estimate firms and households’ willingness to pay for stable power access. In China, in 
response to disruptions to electricity provision, firms outsource the production of energy-
intensive intermediate goods (Fisher-Vanden et  al. 2015). Allcott et  al. (2016) find that 
electricity scarcity reduces producer surplus in India. In Africa, one fifth of firms own self-
generators as backup power sources during outages, even though self-generation raises the 
production cost (Steinbuks and Foster 2010; Cole et  al. 2018). We extend this literature 
by studying the resilience challenge in a developed country, emphasizing the new risks 
brought by intermittent renewables.

We also build on research that has used different measures to benchmark climate change 
adaptation progress. Using a global panel dataset, Kahn (2005) documents that the death 
toll from disasters has shrunk, especially in richer nations. Studies such as Barreca et al. 
(2016) and McRae (2023) document that the mortality risk as a function of heat waves has 
flattened over time due to increased access to air conditioning. Gandhi et al. (2022) docu-
ment shrinking flood damages based on local lights at night dynamics.

This paper is organized as follows. We start by introducing our main datasets. 
Then  we discuss how extreme weather affects each stage of the power supply chain 
and a utility’s incentives to supply reliable power. Building on the conceptual frame-
work, we quantify the effects of disasters on generation, transmission, and distribution, 
respectively. We end by studying the tradeoff between reliable, renewable, and afford-
able power.

Data

The Electric Utility Panel

To study electricity transmission and distribution, we compile an electric utility by year 
panel from 2013 to 2022. We restrict our sample of utilities to investors-owned utilities 
(IOUs), publicly owned utilities (POUs), and cooperative distributors (i.e. no individual 
power retailers or Generation & Transmission cooperatives). Our core data is from the US 
Energy Information Administration (EIA).5 The EIA data is reported at the utility/year 
level, where each utility supplies power to a single state.6 The data includes each utility’s 

5  https://​www.​eia.​gov/​elect​ricity/​data/​eia861/
6  If an electric company delivers power to multiple states, then it is listed as multiple utilities in the data. 
For example, Appalachian Power Company supplies power to both Virginia and West Virginia. In our data, 
Appalachian Virginia and Appalachian West Virginia are listed as two different electric utilities.

https://www.eia.gov/electricity/data/eia861/
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reliability in terms of SAIDI and SAIFI. The EIA provides these indices both when includ-
ing and excluding transmission failures. This allows us to separately benchmark the resil-
ience of transmission and distribution networks. The dataset also reports information such 
as sales, retail prices, and the count of customers enrolling in dynamic pricing.

We supplement the EIA data with utilities’ annual expenditure data from the FERC 
Form 1 that each IOU submits every year.7 Each IOU reports its annual spending on opera-
tion and facility maintenance, and our variable of interest is the total spending on transmis-
sion and distribution lines maintenance. We are interested in how this expenditure changes 
in response to disasters and stricter renewable mandates.

We obtain the state RPS data from Berkeley Lab.8 This state by year panel informs us 
about the minimum percentage of generation that a power retailer has to procure from 
renewable sources. We merge it into the utility by year panel based on the state that each 
utility delivers power to.

The Generator Panel

To study the electricity generation mix, we compile a dataset by generator/energy source/
month. For each generator in the US, the EIA provides data on its capacity, energy source, 
county location, the power plant it belongs to, and monthly generation.9 Using variation in 
monthly generation for a generator, we test whether fossil fuel generators contribute to a 
larger share of power production when disasters take place.

Disaster and Demographic Data

We obtain the disaster data from the Federal Emergency Management Agency (FEMA).10 
The FEMA data lists every disaster from 2013 to 2022. The dataset provides the date, type, 
and location of each disaster. We aggregate the thirteen disaster categories into four catego-
ries: hurricane, storm, fire, and other. For each category, we calculate its count by county/
month and by county/year. We merge the monthly disaster data into the generator panel.

Each utility typically supplies power to multiple counties within the same state, and 
the EIA provides the list of counties within each utility’s service territory. We define a 
utility’s disaster exposure as the average disaster count across counties in its territory. For 
example, if a utility serves counties A and B in a given year, with two hurricanes reported 
in A and zero in B, then its hurricane exposure is one. We follow this approach to convert 
our county/year disaster data to the utility/year level. Table 1 presents summary statistics of 
utilities’ reliability, attributes, and disaster exposure.

We also merge county level cross-sectional data into our panel dataset. We use home 
prices data in 2013 from Zillow as a measure of each county’s income level.11 Our climate 
belief data come from Yale Program on Climate Change Communication.12 Specifically, 
our chosen measure is the percentage of residents believing climate change is real in each 

7  https://​data.​openei.​org/​submi​ssions/​489
8  https://​emp.​lbl.​gov/​proje​cts/​renew​ables-​portf​olio
9  https://​www.​eia.​gov/​elect​ricity/​data/​eia923/
10  https://​www.​fema.​gov/​openf​ema-​data-​page/​disas​ter-​decla​ratio​ns-​summa​ries-​v2
11  https://​www.​zillow.​com/​resea​rch/​data/
12  https://​clima​tecom​munic​ation.​yale.​edu/​visua​lizat​ions-​data/​ycom-​us/

https://data.openei.org/submissions/489
https://emp.lbl.gov/projects/renewables-portfolio
https://www.eia.gov/electricity/data/eia923/
https://www.fema.gov/openfema-data-page/disaster-declarations-summaries-v2
https://www.zillow.com/research/data/
https://climatecommunication.yale.edu/visualizations-data/ycom-us/
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county in 2021. Lastly, we obtain data such as county population and educational attain-
ment from the American Community Survey.13

Disasters and Power Supply Reliability

Effects of Disasters on Generation, Transmission, and Distribution

Extreme weather has caused more than half of the large-scale blackouts in the US (Hines 
et al. 2009). Figure 1 shows each county’s total count of disasters from 2013 to 2022. All 
disasters tend to be regional (i.e. hit a contiguous set of counties). While storms are more 
evenly distributed across the nation, hurricanes concentrate in the Southeast, and wildfires 
take place mostly in the West. In Fig. 2, we plot the average log(SAIDI) between 2013 and 
2022 by county. These graphs indicate a positive correlation between SAIDI and disaster 
counts, especially hurricanes and storms. SAIDI has a correlation of 0.46 with the total 
hurricane count and a correlation of 0.28 with the storm count.

The electricity supply chain consists of three stages: generation, transmission, and dis-
tribution. Blackouts can occur when electricity generation falls short of real-time demand 
or when transmission and distribution networks are disrupted by extreme weather (e.g. 
trees falling onto overhead lines). Because of the NERC (North American Electric Reli-
ability Council) reliability standards, there is redundancy in generation and transmission, 
yet typically not in distribution (Albert et al. 2004; Ward 2013). Redundancy refers to the 
presence of backup generators and alternative transmission routes, which ensure that a sin-
gle failure does not lead to the collapse of the entire network. Compared with the other 
two phases, electricity distribution is more vulnerable to climate shocks in the absence of 
backup facilities. Electric utilities make costly investments to maintain the reliability of 
their distribution lines. For example, in California, Pacific Gas and Electricity (PG&E) is 
spending $6 billion burying 10,000 miles of overhead power lines to reduce the risk of 
wildfire ignition.14

In the generation phase, conventional fossil fuel power plants can be ramped up quickly 
to meet the peak demand, while adverse environmental conditions reduce the productiv-
ity of renewable power plants. Wind speed of hurricanes is too high for turbines to safely 
operate. There is little solar power during hurricanes or storms, and solar panels’ efficiency 
declines under extreme heat. The increasing penetration of intermittent renewables thus 
poses new challenges to resource adequacy (Shaner et  al. 2018; Wolak 2022). Regional 
transmission organizations (RTO) require electric utilities to maintain excess capacity. 
Such generation plannings minimize the likelihood that power outages occur due to an 
imbalance in electricity supply and demand. However, the "missing money" problem pos-
its that utilities tend to underinvest in the backup capacity required for the peak demand 
(Cramton et al. 2013).

13  https://​data.​census.​gov/​cedsci/
14  https://​www.​wsj.​com/​busin​ess/​energy-​oil/​pg-​es-6-​billi​on-​plan-​to-​preve​nt-​wildf​ires-​is-​in-​peril-​df873​fde

https://data.census.gov/cedsci/
https://www.wsj.com/business/energy-oil/pg-es-6-billion-plan-to-prevent-wildfires-is-in-peril-df873fde
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Incentives to Supply Reliable Power

The NERC establishes the set of reliability standards that electric utilities are mandated to 
follow. Such standards range from the planning of the bulk power system to the standards of 
power lines.15 These regulations target the electricity wholesale market and interstate trans-
missions, ensuring that a few isolated failures could not bring down the whole system (Albert 
et al. 2004; Ward 2013; Veloza and Santamaria 2016). They do not extend to local distribution 
and the retail market, which are often regulated by state authorities. Disruptions to transmis-
sion capacity are costly as they can lead to regional blackouts, whereas local distribution fail-
ures usually affect only the local electricity customers. Utilities have an incentive to comply 
with these federal and state rules to avoid potentially enormous penalties (Watson 2017).16

Utilities’ adaptation progress can differ by their ownership structure. Electric utilities 
in the US can be categorized into three major ownership types: investor-owned, publicly 
owned (e.g. municipal), and cooperative. IOUs are private companies that operate with the 
goal of maximizing shareholder value. They are typically regulated by state PUCs, which 
oversee their rates and service quality. Municipal utilities are established by cities, counties, 
or other governmental entities to provide electric services to the local community. They are 
non-profits and focus on meeting the needs of the community they serve. Electric coop-
eratives are owned and governed by their consumers. They predominantly operate in rural 
areas. There are two types of cooperative utilities: Generation & Transmission (G&T) co-
ops and cooperative distributors. Distributors purchase electricity in the wholesale market 
(usually from their contracted G&T co-ops) instead of generating power by themselves.17

IOUs are profit-maximizing agencies subject to rate-of-return regulations. The 
Averch and Johnson (1962) model implies that they have an incentive to invest in capital 
to improve grid resilience. However, because shareholders of IOUs are not their custom-
ers and IOUs face little threat of customer switching in regulated retail markets, they 

Table 1   Summary Statistics

The summary statistics are calculated using our utility/year panel

Obs Mean SD Min Max

Total SAIDI 5575 364.58 858.78 0.13 31626
Total SAIFI 5215 1.71 1.41 0 36.6
Distribution SAIDI 5567 314.38 758.82 0 30260
Distribution SAIFI 5144 1.43 1.26 0 36.6
Customer count 5543 1,028,972 7,310,284 40 224,000,000
RPS 5576 0.04 0.07 0 0.59
Hurricane 5577 0.17 0.7 0 7
Storm 5577 0.12 0.39 0 3
Fire 5577 0.07 0.5 0 10
Other disaster 5577 0.31 0.89 0 7

15  https://​www.​nerc.​com/​pa/​Stand/​Pages/​USRel​Stand.​aspx
16  https://​www.​nytim​es.​com/​2022/​04/​11/​busin​ess/​energy-​envir​onment/​pge-​wildf​ire-​settl​ement.​html
17  https://​www.​coope​rative.​com/​remag​azine/​artic​les/​Pages/​Go-​Co-​op-​elect​ric-​coope​rative-​gener​ation-​trans​
missi​on-​relat​ionsh​ip.​aspx
  Based on the EIA data, 78% of the American electricity customers are served by IOUs, and municipal and 
cooperative utilities each serve half of the rest of the customers.

https://www.nerc.com/pa/Stand/Pages/USRelStand.aspx
https://www.nytimes.com/2022/04/11/business/energy-environment/pge-wildfire-settlement.html
https://www.cooperative.com/remagazine/articles/Pages/Go-Co-op-electric-cooperative-generation-transmission-relationship.aspx
https://www.cooperative.com/remagazine/articles/Pages/Go-Co-op-electric-cooperative-generation-transmission-relationship.aspx
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may have weak incentives to improve reliability beyond meeting the reliability standards 
(Joskow and Tirole 2007).

Municipal utilities are kept accountable by their customers (de-factor shareholders) 
through political elections. Cooperative utilities have a similar structure, except that 
they are run by an elected executive board instead of the local government. Local utili-
ties including the municipal and cooperative ones face greater pressure from consumers 
as they could show up to the utilities and protest. IOUs are non-local and anonymous. 
Instead, local regulators bear the anger from customers.18

Fig. 1   The Geographical Distribution of Disasters

Fig. 2   Average Electric Utility Reliability from 2013 to 2022

18  In California, instead of protesting against PG&E, consumers protested in front of the California PUC 
to express their concerns about rising energy bills and the frequent disruptions in services. In Puerto Rico, 
people marched along a main highway to pressure the state regulators to end the contract with the private 
electricity provider LUMA Energy.
  https://​www.​nbcne​ws.​com/​news/​us-​news/​rauco​us-​prote​sts-​again​st-​calif​ornia-​utili​ty-​pg-e-​facing-​wildf​ire-​
claims-​n9573​51
  https://​www.​nytim​es.​com/​2021/​10/​19/​us/​puerto-​rico-​elect​ricity-​prote​st.​html

https://www.nbcnews.com/news/us-news/raucous-protests-against-california-utility-pg-e-facing-wildfire-claims-n957351
https://www.nbcnews.com/news/us-news/raucous-protests-against-california-utility-pg-e-facing-wildfire-claims-n957351
https://www.nytimes.com/2021/10/19/us/puerto-rico-electricity-protest.html
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Figure 3(a) shows the empirical distribution of SAIDI over time by utility ownership. 
Publicly owned utilities provide the most reliable services. Cooperative utilities seem to 
be the least reliable, as benchmarked by their 75th percentile and maximum SAIDI. Nota-
bly, the median SAIDI does not vary a lot from year to year, but the empirical distribution 
becomes more right-skewed. This suggests that extreme weather has increased the prob-
ability of tail events (Hines, Apy, and Talukdar 2009).

Although SAIDI at high percentiles has been increasing, this could simply be a result of 
the growing intensity and frequency of disasters. Figure 3(b) shows that the average annual 
count of disaster per county has increased by 50% from 2013 to 2022. Since the average 
SAIDI has increased less, this suggests adaptation progress as each shock is correlated with 
a shorter blackout over time.

The Performance of the Electricity Supply Chain Under Extreme 
Weather

Renewable Power Generators

In the past, the electricity generation phase has been overall resilient to weather shocks 
because fossil fuel generators can always be ramped up to full power quickly to fill in an 
existing power shortage. As an increasing share of electricity is generated from wind and 
solar resources, environmental disasters may give rise to new challenges in generation 
management. These intermittent renewables lead to long-term resource adequacy prob-
lems as their productivity decline under extreme weather events (Shaner et al. 2018; Wolak 
2022). Regional electricity planning entities such as the RTOs determine the generation 
mix to meet the reliability targets. If renewable generators feature poor performance during 
critical times, a larger proportion of electricity needs to be generated from dispatchable but 
dirtier energy sources such as coal and natural gas.19 To test this claim, we estimate the fol-
lowing regression on generator i in year/month t:

where disaster is a vector of disaster counts, and green is a dummy indicating whether 
the generator is powered by renewables (i.e. hydro, solar, wind, nuclear, or geothermal). β1 
represents how generation from brown generators changes when disasters take place, and 
β2 represents the difference between the changes in brown and green generation. A positive 
β1 implies more fossil fuel generators are used to produce power. If β1 + β2 is negative, this 
would suggest that electricity production from renewables declines when a disaster takes 
place. We include different fixed effects. The standard errors are clustered by generator. 
Results are reported in Table 2. The omitted category in the table is fossil fuel.

In column (1), we include generator/year fixed effects and year/month fixed effects. Our 
estimation is thus based on each generator’s monthly variation in generation in a given 
year. For example, if a hurricane hits in August but in no other months during the year, our 
specification isolates the effects of the hurricane by testing whether green generators pro-
duce less power in August relative to their generation in other months. We find that storms 

(1)log
(

Generationit
)

= β1
�
Disaster

it
+ β2

�Disasterit ∗ Green
i
+ FEs + εit

19  Due to potential heat waves that could knock out power, Californian governors have proposed to extend 
the life of gas-powered plants as electricity reliability reserves during high-demand times.
  https://​www.​latim​es.​com/​opini​on/​story/​2022-​06-​24/​calif​ornia-​elect​ricity-​relia​bility-​reser​ve

https://www.latimes.com/opinion/story/2022-06-24/california-electricity-reliability-reserve
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and fires are respectively associated with an 8% and a 7% increase in generation from fossil 
fuels, while storms and other disasters are correlated with a 4% and a 5% decline in green 
generation, respectively. All are statistically significant at the 1% level. Electricity demand 
may surge when cooling or heating need increases during extreme weather events (McRae 
2023). The rising demand along with the declining productivity of green generators imply 
that more fossil fuel generators have to be used, resulting in higher carbon emissions from 
electricity generation.

In column (2), instead of generator/year fixed effects, we include plant/year fixed 
effects and energy source fixed effects. Each power plant hosts multiple generators. We 

(a) SAIDI

(b) Average disaster count per county 

The bar graph shows the minimum, maximum, median, 25th percentile, and 75th percentile 
of SAIDI across all utilities in our sample each year.

Fig. 3   The Empirical Distribution of SAIDI and the Natural Disaster Count
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benchmark the productivity of green generators against brown generators within the same 
power plant. Renewable generators tend to feature lower marginal cost than fossil fuel 
ones. The merit order principle thus indicates that green generators are more likely to be 
called upon to produce power as long as they work (Cicala 2022). The statistical results 
are similar to those in column (1) where we report evidence of changes in generation mix 
during disasters.

Transmission and Distribution Networks

As discussed in Sect. "Disasters and Power Supply Reliability", failures in local distribu-
tion contribute to most of the power outages. To study the effects of disasters on the reli-
ability of power delivery facilities, we use two different measures: SAIDI and SAIFI. These 

Table 2   Generation Mix 
Composition Shifts and Extreme 
Weather

Standard errors are clustered at the generator level
The omitted category is the fossil fuel generator. Green is a dummy 
indicating whether the generator is powered by hydro, wind, solar, 
nuclear, or geothermal
***  p < 0.01, ** p < 0.05, * p < 0.1

(1) (2)
log(Generation)

Hurricane -0.00363 0.00929
(0.00806) (0.0112)

Storm 0.0823*** 0.0728***
(0.0174) (0.0187)

Fire 0.0717*** 0.0783***
(0.0192) (0.0171)

Other -0.0167 -0.0344**
(0.0118) (0.0141)

Hurricane x Green 0.0101 -0.0111
(0.00897) (0.0149)

Storm x Green -0.122*** -0.106***
(0.0204) (0.0225)

Fire x Green -0.0130 0.0105
(0.0247) (0.0273)

Other x Green -0.0656*** -0.0736***
(0.0122) (0.0165)

Green 0.889***
(0.249)

Constant 7.169*** 6.688***
(0.0141) (0.132)

Generator/year FE Yes No
Plant/year FE No Yes
Month Yes Yes
Observations 1,112,020 1,112,020
R-squared 0.964 0.792
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are commonly used in the engineering literature to benchmark power lines’ reliability. We 
estimate Eq. (2) for each utility i in year t:

where logged reliability can be log(SAIDI) or log(SAIFI), X is a vector including utility’s 
exposure to each disaster category, and trend refers to the annual time trend. We have also 
controlled for time-varying covariates such as utilities’ customer counts. The coefficient of 
interest is β2 . A negative coefficient would indicate that an additional disaster is associated 
with a smaller increase in SAIDI/SAIFI over time. We estimate this equation for distribu-
tion and transmission lines separately. Standard errors in this and later table are clustered at 
the utility level. The results are reported in Table 3.

In the first two columns, we find that disasters significantly reduce the reliability of 
the distribution network. Each storm is correlated with a 46% increase in outage dura-
tion (SAIDI) and a 9.2% increase in the proportion of customers affected by power black-
outs (SAIFI). These large numerical values imply that extreme weather has been posing 
severe threats to the US power system. In column (1), we find that utilities are adapting 
to these shocks. The effect of each disaster on blackout duration has been shrinking by 
1.12% per year. From 2013 to 2021, major US utilities’ spendings on distribution networks 
have increased from $40 billion to $60 billion.20 The negative time trend we document may 
be explained by utilities’ investments in burying overhead power lines and increasing the 
redundancy of the network (e.g. building in backup lines). Although such investments have 
shrunk the duration of an average blackout, column (2) implies that they do not reduce the 
proportion of customers affected by power loss.

In the last two columns, we show that the transmission network is resilient to disasters. 
Each storm is correlated with a 19.6% increase in the blackout duration caused by trans-
mission failures. This is less than half in magnitude when compared to the coefficient in 
column (1). Other disasters have statistically insignificant coefficients in both columns (3) 
and (4). The interaction between the time trend and the disaster count is negative but sta-
tistically insignificant, indicating no adaptation to storms. Currently, transmission lines are 
facing new resilience challenges. These high voltage power lines can spark wildfires when 
touching vegetation, especially on dry and windy days.

Cross‑Sectional Comparison of Reliability

Each utility’s reliability can be benchmarked over time or across space at a given point in 
time. In Table 4, we study the cross-sectional determinants of the reliability of distribution 
and transmission lines. We estimate Eq. (3) for utility i in year t:

where X is a vector of variables of interest, including local demographics and utility own-
ership dummies, and Z is a vector of controls such as customer counts and total generating 
capacity. The omitted category of ownership is a public utility. We include NERC fixed 
effects and year fixed effects.

(2)log
(

Reliabilityit
)

= β1
�Xit + β2Trend ∗

∑

Xit + �i + �t + εit

(3)log
(

Reliabilityit
)

= β1
�Xit + β2

�Zit + �nerc + �t + εit

20  https://​www.​eia.​gov/​today​inene​rgy/​detail.​php?​id=​48136

https://www.eia.gov/todayinenergy/detail.php?id=48136
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In columns (1) and (2), disaster counts are positively correlated with SAIDI and SAIFI 
as shown in Table 3. We find that electricity is more reliable in areas where home prices 
are higher and where people are more worried about climate change. Residential sorting 
could explain this correlation. If households are concerned about disasters, they would 
choose to live in neighborhoods with resilient infrastructure and are more likely to pay a 
premium for homes in such neighborhoods (Baldauf et al. 2020).

The RPS has a significantly positive coefficient in both column (1). A one percentage 
point increase is associated with a 0.86% increase in SAIDI. This estimated correlation is 
consistent with the environmental science literature documenting that renewable energy is 
unreliable when used for a large share of electricity generation (Shaner et al. 2018). We 
interpret this as electric utilities’ tradeoff presented in Table 2. Given a hard budget con-
straint, utilities have less money for resilience when they are mandated to comply with a 
higher RPS.21

We also find that public utilities supply more reliable power than do electricity coopera-
tives and IOUs. POUs face more intense customer pressure and are thus more incentivized 
to respond to customers’ demand. Another explanation is based on the cost of upgrading 
infrastructure. IOUs often have transmission and distribution lines spanning across large 
areas, and cooperative utilities import electricity through long-distance transmission lines 
instead of generating their own power. In contrast, public utilities are locally run by munic-
ipal governments. The smaller scale of operation indicates lower infrastructure upgrade 
costs.

Energy Storage and Dynamic Pricing

In competitive wholesale electricity markets, storage developers make profits by engaging 
in energy arbitrage. They store electricity when the wholesale price is low, selling it during 
peak hours or electricity shortages. Energy storage complements green generation. While 
renewable generators are more productive in the early morning, electricity demand tends 
to be low at such time. This has led to negative wholesale prices and the curtailment of 
renewable generation. Energy storage can store power during this time and thus increase 
the usage efficiency of green generation.

Energy storage developers’ private incentives are aligned with the public interests of 
grid resiliency and cheaper power generation (Carson and Novan 2013). Additionally, 
energy storage systems can provide ancillary services such as frequency control. Fre-
quency instability can damage components of the grid and reduce its resilience. Energy 
storage can inject power into the grid instantly to stabilize the frequency.

While energy storage is a supply-side solution to the reliability challenges, dynamic 
pricing is a demand-side solution. In the past decade, an increasing fraction of retail cus-
tomers substituted mechanical metering (that had to be read manually) to smart metering, 
and this enabled them to opt into dynamic pricing of electricity. From 2013 to 2022, the 
proportion of dynamic pricing customers has doubled for IOUs and tripled for POUs.

Wolak (2011) has documented that dynamic pricing can reduce electricity demand at 
peak hours. This reduces the likelihood of power outages cost-efficiently. Without dynamic 

21  We acknowledge that the budget constraint may not be hard for regulated utilities. As predicted by 
Averch and Johnson (1962), utilities have an incentive to invest in green and reliable capitals if they can 
earn a rate of return on their investments.
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pricing, electricity demand does not respond to the scarcity of resources, so electricity sup-
ply has to catch up to avoid power outages. In capacity auctions, profit-maximizing genera-
tors bid to produce power and the optimal choice for them is to bid their marginal cost of 
generation. If peak demand does not shrink when supply drops, more backup capacity will 
be needed. This may increase the market clearing price in the capacity market, leading to a 
higher cost of keeping the lights on (Cramton et al. 2013).

The second effect is that dynamic pricing can reduce the marginal emissions from the 
grid. The average emissions intensity of the grid has dropped as more renewable genera-
tion is used to meet the base load. Yet, the marginal emissions have risen because fossil 
fuel power plants are now used to fulfil the marginal increase in demand (Holland et al. 
2022). As dynamic pricing reduces this marginal demand, fewer brown power plants would 
be needed during peak hours, leading to lower marginal emission rates.

In columns (3) and (4) of Table 3, we test whether electricity is more reliable in states 
with more utility-scale energy storage capacity and for utilities that have signed more cus-
tomers up for dynamic pricing. The storage capacity has a significantly negative coefficient 
in column (3). A 10% increase in storage is associated with a 0.7% drop in SAIDI. We find 
that each ten percentage points increase in the percentage of dynamic pricing customers is 
associated with a 2.5% drop in SAIDI. The results are statistically insignificant when we 
use SAIFI as the metric. We caution that these relationships are not causal because not a 
random subset of utilities install storage or implement dynamic pricing. Omitted variables 
may include a utility’s manager quality (Bloom et al. 2010).

Table 3   The Correlates of Electric Power Grid Reliability

Standard errors are clustered at the utility level
***  p < 0.01, ** p < 0.05, * p < 0.1

(1) (2) (3) (4)
Distribution Transmission

log(SAIDI) log(SAIFI) log(SAIDI) log(SAIFI)

Hurricane 0.304*** 0.0498*** 0.0921 -0.0000503
(0.0452) (0.0125) (0.0738) (0.0109)

Storm 0.462*** 0.0923*** 0.196** 0.0138
(0.0504) (0.0170) (0.0837) (0.0141)

Fire 0.0989** 0.00696 0.0232 0.000203
(0.0419) (0.0114) (0.0652) (0.00938)

Other 0.134*** 0.0261*** 0.0473 0.00145
(0.0286) (0.00867) (0.0524) (0.00811)

Trend x Total disaster -0.0112** -0.00163 -0.00411 0.000600
(0.00527) (0.00143) (0.00921) (0.00135)

Utility FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes
Observations 5,533 5,109 5,533 5,110
R-squared 0.650 0.706 0.600 0.542
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The Trade‑off Between Reliable, Green, and Affordable Power

Electric Utilities’ Resilience Investments

If utilities face a hard budget constraint, larger investments in adding renewable power plants 
would leave utilities with less money to spend on resilience, such as hardening the overhead 
distribution lines. Also, when local renewable generators are knocked down by disasters, utili-
ties need to avoid blackouts by importing green electricity from non-affected regions through 
long-distance transmission (Davis et al. 2023). Hagspiel et al. (2018) have documented such 
cross-border balancing effects that increase power reliability in the European electricity mar-
kets. The increasing utilization of transmission lines incurs higher maintenance costs.

Table 4   The Cross-Sectional Correlates of Service Quality

Standard errors are clustered at the utility level
The omitted category is a publicly owned utility
***  p < 0.01, ** p < 0.05, * p < 0.1

(1) (2) (3) (4)
log(SAIDI) log(SAIFI) log(SAIDI) log(SAIFI)

Hurricane 0.225*** 0.0365*** 0.240*** 0.0385***
(0.0302) (0.00903) (0.0335) (0.00960)

Storm 0.472*** 0.114*** 0.464*** 0.111***
(0.0418) (0.0142) (0.0457) (0.0158)

Fire 0.0358 0.0149 0.0710*** 0.0213**
(0.0264) (0.00931) (0.0271) (0.00959)

Other 0.0667*** 0.0147** 0.0513*** 0.0135*
(0.0173) (0.00654) (0.0188) (0.00731)

log(Home price) -0.440*** -0.116** -0.437*** -0.152***
(0.119) (0.0454) (0.131) (0.0491)

Climate belief -0.0160** -0.0104*** -0.0100 -0.00860***
(0.00751) (0.00296) (0.00790) (0.00311)

RPS 0.864** 0.242 1.196** 0.291*
(0.426) (0.160) (0.468) (0.169)

log(Dynamic pricing) -0.244** -0.0195
(0.123) (0.0557)

log(Storage capacity) -0.0658*** -0.00385
(0.0206) (0.00736)

Cooperative 1.031*** 0.311*** 1.063*** 0.309***
(0.0804) (0.0307) (0.0823) (0.0312)

Investor-owned 0.805*** 0.220*** 0.847*** 0.142***
(0.107) (0.0414) (0.106) (0.0370)

NERC FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes
Observations 5,106 4,808 4,537 4,251
R-squared 0.351 0.324 0.347 0.328
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Using the maintenance expenditure from a sample of over 100 IOUs in the US, we estimate 
the following equation for utility i in year t:

where disaster is a vector of disaster counts, and we include utility fixed effects ( �i ) and 
year fixed effects ( �t ). The results are reported in Table 5.

Column (1) shows that a higher RPS is associated with higher maintenance costs of 
power infrastructure. In columns (2) and (3), we estimate the same specification using the 
maintenance expenditure on transmission lines and distribution lines separately. Consist-
ent with our expectation, RPS is significantly positive in column (2) but not in column 
(3). Renewable power is transported across regions through high-voltage transmission 
lines. The growing utilization accelerates the depreciation of such capitals and thus raises 
the maintenance expenditure. Based on the estimate in column (2), a one percentage point 
increase in state RPS is associated with a 1.7% increase in annual transmission mainte-
nance costs. Although generation from renewables may feature lower marginal costs, the 
green facilities could be more expensive in operation and maintenance.

In all columns, we document that a utility’s maintenance expenditure is higher in years 
when more disasters take place, especially hurricanes and fires. It is costly for utilities 
to fix or upgrade their infrastructure after they are damaged by extreme weather. That 
said, these investments are crucial to supplying reliable power. In columns (4) and (5), we 
study whether higher lagged maintenance expenditure is correlated with a lower SAIDI 
in the coming year. Our results suggest that SAIDI drops by roughly 3% following a 10% 
increase in maintenance spending on transmission and distribution networks.

The Economic Incidence of Supplying Reliable Green Power

To recover the lump-sum expenditure on resilience, utilities need transfers from the 
government or have to raise retail rates. We test whether electricity prices are higher in 
states where the RPS is higher and where utilities invest more in infrastructure mainte-
nance. Put simply, do electricity consumers pay more for reliable green power? When 
utilities seek to pass the capital costs on to consumers, such electricity price increases 
could disproportionately affect low-income households. To test our hypothesis, we esti-
mate the following regressions for utility i in year t:

where the � s are the coefficients of interest. Positive coefficient estimates would support 
the claim that utilities pass down their capital expenditure to consumers. The vector of 
covariates ( Xit ) includes disaster counts in the current year and utility attributes. We also 
control for NERC fixed effects and year fixed effects.

One concern is that the lagged maintenance expenditure may be endogenous. Thus, we 
also report the estimation of Eq. (5) with 2SLS where we instrument lagged maintenance 
costs with lagged disaster counts (hurricanes, storms, fire, and other). The key identifica-
tion assumption is that the lagged disasters change electricity prices only through mainte-
nance cost pass-through. This is plausible because lagged disasters tend not to affect the 
other factors that could determine the current prices, such as the demand and the opera-
tion cost in the current year. In the first stage, the counts of hurricanes and storms have 
significantly positive coefficients as expected, and the counts of fire and other disasters are 

(4)log
(

Expenditureit
)

= β1
�Disasterit + β2RPSit + �i + �t + εit

(5)log(Retailpriceit) = β1RPSit + β2log(Expenditurei,t−1) + ��Xit + �nerc + �t + �it
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positive but statistically insignificant. The OLS and the second-stage results are reported 
in the first two columns of Table 6. We restrict the sample to IOUs whose maintenance 
cost data is available.

In both columns, we find that retail electricity prices are higher in states with a higher 
RPS and for utilities that have invested more in infrastructure maintenance in the past year. 
A one percentage point increase in RPS is associated with a 0.77% to 0.87% increase in 
prices.22 A 10% increase in maintenance spending is correlated with a 0.5% increase in 
prices based on OLS and a 1.98% increase based on 2SLS. PG&E in California provides 
an example of cost pass-through. It buries overhead powerlines to reduce wildfire risk and 
uses this to justify its rate hike request.23

The downward bias of OLS implies that the lagged maintenance expenditure is posi-
tively correlated with unobserved shocks that reduce prices. For example, suppose a utility 
upgrades its generators and power lines so that the future cost of generating and transport-
ing power declines. Then the lagged maintenance cost could be high, while the decreasing 
marginal cost of production can drive down future electricity prices.

We do not observe the maintenance expenditure of public and cooperative utilities. In 
column (3), we use OLS to estimate a reduced-form version of Eq. (5) where we replace 
the lagged maintenance cost by the lagged disaster count. This allows us to include all 

Table 5   The Correlates of Maintenance Expenditure

Standard errors are clustered at the utility level
***  p < 0.01, ** p < 0.05, * p < 0.1

(1) (2) (3) (4) (5)
Total Transmission Distribution Total Distribution

log(Maintenance expenditure) log(SAIDI)

RPS 0.721** 1.795*** 0.409 4.351*** 4.293***
(0.317) (0.571) (0.368) (1.592) (1.596)

Hurricane 0.0221** 0.0376 0.0247** 0.305*** 0.306***
(0.0105) (0.0282) (0.0113) (0.0490) (0.0490)

Storm 0.00431 0.0468** -0.00251 0.244*** 0.242***
(0.0114) (0.0201) (0.0127) (0.0704) (0.0708)

Fire 0.0128* 0.0320 0.0117* 0.0428 0.0434
(0.00648) (0.0204) (0.00681) (0.0359) (0.0360)

Other -0.00209 -0.00765 0.000271 0.0535** 0.0552**
(0.00474) (0.00706) (0.00565) (0.0270) (0.0270)

Lagged log(Maintenance) -0.308** -0.298**
(0.151) (0.117)

Utility FE Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes
Observations 711 711 711 611 611
R-squared 0.988 0.982 0.987 0.637 0.637

22  Results are largely similar when we drop California. When we estimate the same specification with util-
ity fixed effects and year fixed effects on the whole sample, RPS still has a significantly positive coefficient.
23  https://​apnews.​com/​artic​le/​calif​ornia-​pge-​power-​bills-​incre​ase-​rate-​propo​sals-​9a7de​70dc0​ebebb​963dc​
cb62c​b32d4​c9

https://apnews.com/article/california-pge-power-bills-increase-rate-proposals-9a7de70dc0ebebb963dccb62cb32d4c9
https://apnews.com/article/california-pge-power-bills-increase-rate-proposals-9a7de70dc0ebebb963dccb62cb32d4c9
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utilities in our sample. We test whether disasters in the previous year are associated with 
higher retail prices in the current year. We find that the lagged count of storms and fires 
are both correlated with an increase in electricity prices, consistent with evidence from the 
first two columns. While utilities have an incentive to invest in resilience, consumers bear 

Table 6   The Determinants of 
Electricity Prices

Standard errors are clustered at the utility level
The omitted category is a publicly owned utility
***  p < 0.01, ** p < 0.05, * p < 0.1

(1) (2) (3)
OLS IV OLS

log(Price)

RPS 0.874*** 0.772*** 0.895***
(0.255) (0.216) (0.252)

Lagged log(maintenance) 0.0528*** 0.198***
(0.0193) (0.0345)

Lagged hurricane -0.000162
(0.00444)

Lagged storm 0.0193***
(0.00716)

Lagged fire 0.0235***
(0.00655)

Lagged other -0.0157**
(0.00631)

Hurricane 0.000878 -0.00456 0.000876
(0.00590) (0.00811) (0.00558)

Storm 0.0292** 0.0347** 0.0115
(0.0121) (0.0142) (0.00730)

Fire 0.0245*** 0.0102** 0.0248***
(0.00659) (0.00405) (0.00621)

Other -0.0148** -0.0135 -0.0141**
(0.00608) (0.00837) (0.00584)

log(Customer) -0.00962 -0.0690*** 0.0122
(0.00863) (0.0240) (0.00820)

log(Home prices) -0.0106 -0.142 0.0214
(0.108) (0.109) (0.0546)

Climate belief 0.00685 0.0105 0.00447
(0.00529) (0.00651) (0.00288)

Cooperative 0.0876***
(0.0246)

Investor-owned 0.0238
(0.0259)

NERC FE Yes Yes Yes
Year FE Yes Yes Yes
Sample IOUs IOUs All utilities
Observations 678 600 4,434
R-squared 0.592 0.408 0.534
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the cost of such capital upgrades. Our findings sketch out a tradeoff between supplying reli-
able, renewable, and affordable electricity.

Conclusion

In the United States today, every sector of the economy seeks to decarbonize and to become 
more resilient in the face of rising physical climate risks. Given that both carbon mitiga-
tion and climate change adaptation require new investments, do fundamental tradeoffs arise 
between mitigation goals and adaptation goals? Using a decade’s panel datasets both at the 
generator and the electric utility level, we have quantified the effects of extreme weather on 
power generation, transmission, and distribution. Due to binding budget constraints, utili-
ties must confront the opportunity cost of "over-investing" in either. Based on IOUs’ main-
tenance expenditure and retail price data, our analysis indicates that utilities petition the 
state regulators for a price hike to pass the capital costs on to electricity consumers.

In the electricity sector, expanding transmission access has the potential to reduce the 
risk of power loss while scaling up renewable generation (Davis et al.2023). However, mul-
tiple transmission projects have encountered political hurdles. Some alternatives include 
energy storage and dynamic pricing. We provide suggestive evidence that both of them can 
attenuate the tradeoff between adaptation and mitigation.

Compared with the electric utility industry, we know less about firms’ investment in 
carbon mitigation versus climate resilience in other sectors. For example, in the aviation 
sector, Brueckner et al. (2023) have shown that each airline’s carbon footprint shrinks over 
time, but we know little about its climate resilience investments (e.g. how it protects its 
commercial buildings from extreme weather). Future research can collect better data on 
firms’ resilience investments and test whether the tradeoffs in mitigation versus adaptation 
are present in industries other than electricity provision.
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