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Household electrification is thought to be an important part of a carbon-neutral future
and could also have additional benefits to adopting households such as improved
air quality. However, the effectiveness of specific electrification policies in reducing
total emissions and boosting household livelihoods remains a crucial open question
in both developed and developing countries. We investigated a transition of more
than 750,000 households from gas to electric cookstoves—one of the most popular
residential electrification strategies—in Ecuador following a program that promoted
induction stoves and assessed its impacts on electricity consumption, greenhouse gas
emissions, and health. We estimate that the program resulted in a 5% increase in
total residential electricity consumption between 2015 and 2021. By offsetting a
commensurate amount of cooking gas combustion, we find that the program likely
reduced national greenhouse gas emissions, thanks in part to the country’s electricity
grid being 80% hydropower in later parts of the time period. Increased induction
stove uptake was also associated with declines in all-cause and respiratory-related
hospitalizations nationwide. These findings suggest that, when the electricity grid
is largely powered by renewables, gas-to-induction cooking transitions represent a
promising way of amplifying the health and climate cobenefits of net-carbon-zero
policies.

residential electrification | climate change | environmental epidemiology | policy evaluation

Residential electrification is a key component of most net-carbon-zero strategies.
Globally, residential buildings are responsible for 10% of greenhouse gas emissions
(1). Household electrification and electricity grid decarbonization are also increasingly
thought to have cobenefits in terms of improved indoor air quality and health (2-6).
Thus, most plans to get societies on low-carbon pathways include ambitious residential
electrification policies (7, 8). The approach to reducing emissions from residential
buildings is conceptually straightforward: electrify everything and decarbonize electricity
production (9). Modeling studies suggest that residential electrification could yield large
“win-win” reductions in both greenhouse gas and air pollution emissions in both wealthy
and resource-poor regions of the world (2, 10-12).

However, despite substantial policy attention on residential electrification in general,
we still lack careful ex post evaluation of to what extent available residential electrification
policies actually spur adoption, reduce emissions, and generate cobenefits. Ex post policy
evaluation is important, given the frequent gulf in results between ex ante and ex post
analyses of energy policies, with differences often driven by behavioral responses to
these policies (13-17). For example, in an experimental evaluation of 30,000 homes
participating in the Weatherization Assistance Program in Michigan, USA, Fowlie et al.
(15) show that model-projected savings exceeded observed savings by more than three
times, at least partly due to low take-up (18) and smaller-than-predicted energy efficiency
gains. In another example, Davis et al. (16) show that a program that helped 1.9 million
households in Mexico replace their refrigerators and air conditioners with energy-efficient
units reduced electricity consumption by 8%, only one-quarter of the ex ante predictions.
These differences are explained by most retired appliances being comparatively younger
and more efficient than expected and an increased use of air conditioners among enrollees
(the “rebound effect”). In some cases, lower-than-expected benefits lead the costs of
these programs to outweigh the benefits. And yet, despite their clear limitations, ex
ante engineering estimates are widely used to measure the benefits of energy efficiency
programs, with comparatively little attention to rigorous ex post evaluation (19).

While the specific policies that will maximize both climate and health benefits remain
unknown, one promising strategy is replacing gas cookstoves with electric induction
cookstoves (20, 21). When the grid is powered by renewables, induction is the gold
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The potential for replacing
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electric ones to reduce
greenhouse gas emissions and
improve health is often cited as a
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electrification policies, but ex post
evaluations of such efforts do not
yet exist. Here, we assess the
climate and health impacts of
Ecuador's nationwide induction
stove promotion program.
Between 2015 and 2021,
one-tenth of all Ecuadorian
households acquired an induction
stove. We find evidence that both
greenhouse gas emissions and
hospitalization rates likely fell
over the first 6 y of the program
in lockstep with increased
induction stove adoption and use.
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standard for clean cooking because it has zero combustion at the

point of use and produces minimal greenhouse gas emissions (6).
Induction is also more efficient than gas cooking. Cooking with
gas has a typical energy efficiency of 50% (i.e., half the energy
from the gas is transferred to usable heat for cooking) (22). In
comparison, induction stoves use electromagnetic induction to
directly heat ferromagnetic cookware and can have an efficiency
of 90% when used, well above even a typical electric coil stove
(60% to 75% efficiency). Cooking with induction could also
improve health for residents as compared to cooking with gas.
Gas-based cooking has been identified as an environmental healch
risk factor for several decades (23—26) because it increases indoor
concentrations of air pollutants—especially nitrogen dioxide
(NOj)—that have been linked to poor health outcomes (27-32).
Recent research has also documented both the presence of toxic
chemicals like volatile organic compounds and benzene in natural
gas samples from US homes and substantial leakage of these
chemicals even when stoves are not in use (33—35). Somewhat
more limited evidence has directly documented associations
between cooking with gas and poor health (36-40), though
studies with strong causal identification are lacking.

Given these potential benefits, governments are promoting the
transition from gas to electric cooking in many regions around the
world, including in parts of the United States, the Netherlands,
Nepal, Indonesia, and Australia (41). However, the extent to
which such transitions will yield climate and health benefits once
implemented, and whether the benefits of policies that induce
these transitions exceed costs, remains unknown. Benefits depend
on a range of factors, including human behaviors such as the
extent to which households take up the new program, the extent
to which they use new technologies, and the extent to which the
new technology displaces the old one. These behavioral responses
cannot be quantified ex ante.

Here, we evaluate the impact of a large program in Ecuador, the
“Program for efficient cooking” (PEC), which aimed to reduce
liquefied petroleum gas (LPG) consumption and replace it with
electricity powered by the nation’s growing hydroelectric capacity
by subsidizing households to adopt and use induction stoves.
As in many other developing and middle-income countries, the
Ecuadorian government has a history of subsidizing cooking
fuel—although to a greater extent than most other countries.
These subsidies have encouraged a transition away from more
polluting cooking fuels (42), but at large budgetary cost (43).
While LPG was originally subsidized in the midst of a petroleum
boom in the 1970s, Ecuador now imports roughly 80% of all its
LPG. Volatile international petroleum prices, a fixed internal sale
price, and growing demand have combined to result in ballooning
government expenditures on the LPG subsidy, at times reaching
60 million USD per month (87 Appendix, Fig. S1). Begun in
2014, PEC aimed to connect 3 million households, and by
2020, it had induced about 750,000 households (or 12% of the
population) to purchase an induction cookstove. This program
represents one of the most ambitious of such programs to date
in a middle-income country, yet there have been no evaluations
of its impact on household energy use, greenhouse gas emissions,
or health.

Using multiple datasets and two approaches to isolating
the causal impact of the program, we evaluate the effect of
PEC on electricity consumption, LPG consumption, greenhouse
gas emissions, and health. We quantify changes in electricity
consumption from PEC using a combination of 130 million
monthly household utility bills from Ecuador’s two largest
udilities over the last 8 y, monthly nationwide parish-level data
on electricity consumption changes, and administrative data
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on program enrollment. We use both an event study design
and a differences-in-differences analysis to estimate the effects
of program enrollment on household electricity consumption.
Next, we quantify the changes to net greenhouse gas emissions
from houschold fuel combustion nationwide associated with
induction stove uptake. To do so, we directly estimate how much
PEC-related electricity consumption is associated with reduced
LPG sales in panel fixed-effects regressions. Then, we combine
these data with detailed information on Ecuador’s electricity grid
fuel mix to provide estimates of how greenhouse gas emissions
have changed with program expansion.

Next, we examine how population health has changed with
program enrollment. We join data covering all 9.6 million
hospitalizations in Ecuador between January 2012 and March
2020 with program enrollment, both aggregated to the canton
level, to estimate the response of both all-cause and respiratory-
related hospitalization rates to program enrollment in panel fixed-
effects regressions. We assess the robustness of the association to
alternative approaches, including in a difference-in-differences
model, modeling the outcome as a count, accounting for po-
tential confounding by measures of wealth, healthcare resources,
political support, and air pollution, and implementing recent
statistical techniques that inform the likelihood that estimated
treatment effects are likely explained by factors other than
program enrollment.

Results

Patterns of Induction Stove Program Enrollment. PEC enroll-
ment grew quickly after its inception in 2015, reaching its existing
size—about 600,000 active customers in a given month—
within three years. In 2021, 12.6% of all residential electricity
customers were enrolled in PEC (Fig. 1 and SI Appendix,
Table S1). Given that PEC did not target specific demographics
for enrollment, intuition might suggest that enrollment would
be most common among wealthy households in urban centers.
However, multiple measures suggest that the program was
taken up by households across the wealth spectrum. While the
majority of PEC enrollees reside in or near Ecuador’s two major
cities, Quito and Guayaquil, many rural parishes across the
country have similar enrollment rates as their urban counterparts
(SI Appendix, Fig. S2). Canton-level enrollment in PEC was
negatively associated with the prevalence of a needs-based poverty
alleviation program (a proxy for deprivation) but not with other
measures of socioeconomic status like income-based poverty or
extreme poverty (SI Appendix, Table S2 and Fig. S3). Finally,
leveraging our billing data, we observe that program adoption
was positively correlated with pre-enrollment baseline electricity
consumption but that both low- and high-baseline energy users
also adopted at meaningful rates (S/ Appendix, Fig. S4).

Program Enrollment and Increased Electricity Consumption.
To understand program impacts on electricity consumption,
we first use customer-level billing records from all customers
in Ecuador’s two largest utilities—the Corporacion Nacional de
Electricidad—Guayaquil (CNEL-Guayaquil) and the Empresa
Electrica de Quito (EEQ)—which together cover 40% of all
households in Ecuador—to estimate the impact of enrollment in
PEC on average monthly household electricity consumption (see
SI Appendix, Tables S3 and $4 for summary statistics). Enrolling
in PEC s associated with a 31.3-kWh-per-month increase in total
electricity consumption (95% CI, 30.6 to 32.0) in the CNEL-
Guayaquil sample and 23.6 kWh per month (95% CI, 23.0 to
24.1) in the EEQ sample, controlling for month-by-year, billing
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Fig. 1. Enrollment in Ecuador’s induction promotion program (PEC) and average household electricity consumption among enrollees and nonenrollees. (A)
Temporal variation of PEC enrollment across Ecuador in terms of total customers and the fraction of residential customers from January 2015 to September
2021. (B) Spatial variation in the fraction of residential customers enrolled in PEC across parishes averaged between September 2019 and September 2020 (N =
935). Gray parishes are missing data (N = 106). (C) Temporal variation of average household electricity consumption in kilowatt hours (kWh) by PEC customers,
general (non-PEC) customers, and all customers (combined PEC and general customers) from January 2015 to October 2021. (D) Spatial variation in average
kWh per all customers between September 2019 and September 2020 (N = 935). Gray parishes are missing data (N = 106).

system, and customer fixed effects with standard errors clustered
at the customer level (Fig. 2). In other words, customers in
both samples increased their electricity consumption by roughly
15% after enrollment. In an event study analysis, customers
increased their overall electricity consumption by 10 kWh 3
mo after enrollment relative to the month of enrollment, 15
kWh 6 mo after enrollment, and steadily increased consumption
until reaching a 20-kWh increase about 24 mo after enrollment
(Fig. 2). The observed increasing effect of enrollment in PEC
on electricity consumption appears to be partially explained
by an increasing number of customers beginning to use their
induction stoves over time, in addition to adaptive behaviors
whereby individual customers increase their consumption over
time (S/ Appendix, Fig. S5), though we cannot be certain exactly
how households use their electricity. These findings are robust
to a range of alternative sample selections and modeling choices
(Materials and Methods) (SI Appendix, Table S5).

We also analyze program impacts using nationwide parish-
level data on the universe of household electricity use. In these
data, general customers and PEC beneficiaries both consumed
roughly 140 kWh per month in 2016, but by 2019, PEC
beneficiaries were consuming an average of 25 kWh per month
more than the average general customer (165 kWh vs. 140 kWh).
We estimate that each percentage point increase in the proportion
of all residential electricity customers that are enrolled in PEC is
associated with an increase in average monthly kWh per customer
0f 0.64 (95% CI, 0.14 to 1.15) (8] Appendix, Table S6). In total,

we estimate that increased PEC enrollment is associated with an

PNAS 2023 Vol. 120 No. 34 e2301061120

excess consumption of 2.9 billion kWh of electricity between
January 2015 and October 2021, a 5% increase in residential
electricity consumption (Fig. 3 A and B; median estimate 5.2%
increase, interquartile range 3.5% to 6.5% increase). Our model-
based estimate exceeds the utility-calculated PEC subsidy amount
over the same time period of 1.9 billion kWh (171 million
USD), which is estimated as the kWh a household consumes
over and above its 12-mo average prior to PEC enrollment to
overcome a lack of appliance-specific metering. Thus, absent this
empirical analysis, total impacts of the program on electricity
consumption would be underestimated by one-third. Our results
are consistent when this analysis is repeated at the canton level
and when controlling for measures of income, wealth, and voting

patterns (SI Appendix, Table S6 and S7).

Reduced LPG Sales from Increased Induction Stove Use. In-
creased electricity consumption for cooking is likely a substitute
for LPG consumption. To understand the extent of substitu-
tion induced by PEC, we regress monthly country-level total
kilograms of domestic LPG sales on monthly total kWh of PEC-
related electricity subsidized, using fixed effects for month and
year (subnational data on LPG sales are unavailable for our
full study period). We find that each additional kWh of PEC
electricity is associated with a decline of 0.27 kg LPG sold (95%
CL, 0.09 to 0.45) (Fig. 3C). We propagate uncertainty in our
chain of estimates by separately regressing LPG sales on the 1,000
bootstrapped estimates of excess KkWH of PEC electricity; each
of these is then bootstrapped 1,000 times sampling months with

https://doi.org/10.1073/pnas.2301061120
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Fig. 2. PEC enrollment is associated with higher household electricity consumption across Ecuador’s two largest electricity utilities. (A) Temporal variation in
median monthly electricity consumption among never enrolled, not yet enrolled, and enrolled customers in the Corporacion Nacional de Electricidad (CNEL-
Guayaquil) from January 2013 to July 2021. Electricity consumption is shown only when the group is larger than 2,000 customers. Temporal variation in the
monthly numbers of customers is shown below. Peak sizes for each group are never enrolled 434,554 customers, enrolled 104,817 customers, and not yet
enrolled 97,751 customers. (B) Main estimate and 95% CI (which are small and difficult to see) from a two-way fixed-effects model where the reference group
is not yet enrolled and never enrolled customers, with fixed effects for customer, billing system, and month of study and SEs clustered at the customer level.
(C) Monthly change in average household electricity consumption relative to the month of PEC enrollment among PEC enrollees where the reference group is
not yet enrolled customers with fixed effects for customers and month of study period, with SEs clustered at the customer level. The solid black line indicates
month-specific estimates, and the gray ribbon indicates the 95% ClI. (D, E, and F) illustrate the same as A, B, and C but for customers in the Empresa Electrica
de Quito from January 2016 to August 2021. Peak sizes for customers enrolled in each group for EEQ are never enrolled 815,224 customers, enrolled 185,925

customers, and not yet enrolled 105,640 customers.

replacement. Across these 1,000,000 draws, we estimate that
PEC-related excess electricity consumption was associated with a
total reduction in LPG sales of 706 million kg (median estimate,
IQR: 522 to 927), equivalent to roughly a 7.5% decline (Fig.
3D). In a secondary approach, we use monthly province-level
sales data that begin in 2018, which misses half of our study
period including the critical first 3 y when PEC enrollment grew
most. In this analysis, we find that an additional estimated kWh
of PEC electricity is associated with a decline in 0.16 kg LPG
sold for residential purposes (95% CI, 0.01 to 0.22)—somewhat
smaller than our national estimate—resulting in an estimated
national-level total LPG sales reduction of 423 million kg LPG
(IQR, 388 to 2,630). A third approach using Government of
Ecuador data on conversion factors between electricity and LPG
yields an estimated reduction in LPG sales between the national
and provincial estimates (Materials and Methods).

Program Impacts on Greenhouse Gas Emissions. Since 2015,
Ecuador’s energy sector has emitted around 40,000 kilotons of
carbon dioxide equivalent (ktCO2e) each year, of which 8 to
10% come from residential energy consumption (44). While
LPG and electricity account for 50% and 40% of residential
energy consumed, respectively, LPG dominates emissions from
this sector because Ecuador’s national grid is largely hydropower.
Whether PEC has reduced greenhouse gas emissions depends
on not only our estimates of excess electricity consumption

4of 12 https://doi.org/10.1073/pnas.2301061120

and associated reductions in LPG consumption but also on
the intensity of emissions from the electricity grid and gas
combustion.

Using a yearly emissions factor (EF) for Ecuador’s national
grid, defined as kg CO2e emitted per kWh electricity consumed,
we estimate that the PEC program was responsible for about 400
additional ktCO2e between January 2015 and November 2021
from extra household electricity consumption. Over the same
time frame, however, reduced LPG sales led to 2,070 keCO2e
averted (Fig. 3F). Net, across the 1 million paired estimates of
PEC-associated increased residential electricity consumption and
reduced LPG consumption, we estimate a median net reduction
of 2,370 ktCO2e (IQR, 1,812 to 3,037) between January 2015
and November 2021—roughly a 7% decline in residential energy
emissions (Fig. 3F). We observe small net increases of CO2e
emissions in 0.2% of model estimates. Alternative approaches
led to similar, albeit smaller, estimated declines in CO2e emitted
nationwide (Materials and Methods).

Impacts of Induction Program on Health. To estimate program
impacts on health, we used administrative data on the universe
of hospitalizations between January 2012 and March 2020
(representing 9.5 million hospitalizations) (S Appendix, Fig. S5
and Table S8). We analyzed the association between monthly
cause-specific canton-level hospitalization rates and PEC enroll-
ment using fixed-effect regression that controlled for canton and
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Fig. 3. Excess household electricity consumption, reduced LPG sales, and changes to greenhouse gas emissions attributable to increased induction stove
enrollment and use. (A) illustrates a counterfactual scenario of household electricity consumption in the absence of PEC enroliment derived from Eq. 3. N =
94,982 parish-month observations. (B) summarizes the total excess kWh consumed from PEC enrollment across 1,000 bootstrapped runs of the analysis using
random sampling of parishes with replacement in a boxplot and with dashes for each total estimate. (C) illustrates a counterfactual scenario of LPG sales in
the absence of the PEC program using an OLS regression with the outcome total monthly national LPG sales in kilograms, and the independent variable is the
model-based monthly excess kWh from PEC, with fixed effects for year and month-of-year. N = 83 observations. (D) summarizes total reduced LPG sales from
PEC-associated increased electricity consumption across 1,000,000 bootstrapped runs of the analysis produced from 1,000 estimates of excess PEC-related
electricity consumption, each bootstrapped 1,000 times using random sampling of months with replacement. (£) shows changes to national greenhouse gas
emissions associated with excess electricity consumption and reduced LPG sales based on monthly emissions factors for the Ecuadorian grid and an average
emissions factor for CO2e emitted from burning LPG from Eq. 6. (F) summarizes 1,000,000 estimates of the total changes to greenhouse gas emissions based
on the paired excess kWh and averted LPG sales scenarios.

month-of-sample fixed effects (Materials and Methods), with Cls
estimated by bootstrapping (1,000 runs, sampling cantons with
replacement).

We found that each additional percentage of the customers
in a canton enrolled in PEC was associated with a 0.74-percent
decline (95% CI, 0.22 to 1.19) in the all-cause hospitalization
rate, a 0.74-percent decline (95% CI, 0.11 to 1.38) in respiratory-
related hospitalization rates, and 2.11 percent decline (95%
CL, 0.64 to 3.37) for chronic obstructive pulmonary disorder

PNAS 2023 Vol. 120 No. 34 e2301061120

(COPD) hospitalization rates (Fig. 4). Estimates for associations
with the rate of hospitalizations for influenza and pneumonia
and asthma were negative but had wide CIs. We observed no
clear associations between PEC enrollment and hospitalizations
for other cause-specific outcomes (S7 Appendix, Fig. S7).

These observed effect sizes imply substantial improved public
health from induction stove uptake and warrant close attention.
We address concerns about time-trending unobservables driving
both induction uptake and declines in hospitalization rates using

https://doi.org/10.1073/pnas.2301061120
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Fig.4. Changein monthly all-cause and cause-specific respiratory-related hospitalizations associated with increased canton-level PEC enroliment. The response
in all-cause, respiratory-related hospitalizations, and cause-specific hospitalization rates are estimated from canton-level linear models and the fraction of
electricity customers that are enrolled in PEC in the same month, with fixed effects for canton and month and SEs clustered at the canton level (Materials
and Methods). Adjusted models control for time-varying canton-level median income per capita, the fraction of individuals who receive money from a poverty
alleviation program, per capita nurses and doctors, per capita healthcare facilities, voting patterns, and ambient PM, 5 concentrations. Coefficient estimates
represent the percent change relative to the national monthly base rate, with 95% Cls shown. N = 21,885 and N = 19,800 canton-month observations in the

unadjusted and adjusted main specification, respectively.

three tests (Materials and Methods). First, we isolated cantons
that had high PEC enrollment at the end of the study period
(>85th percentile from June 2019 to March 2020; 18% average
enrollment in N' = 33 cantons) and compared them to those
that had low PEC enrollment (<15th percentile; 4% average
enrollment NV = 33) over the same time frame. Prior to PEC’s
inception in January 2015, these cantons had similar trends in all-
cause hospitalization rates after conditioning on covariates, i.e.,
had parallel trends (SI Appendix, Fig. S8). Second, we identified
and directly controlled for a set of canton-level time-varying
factors that might plausibly covary with enrollment and health,
including measures of wealth, urbanization, political targeting
(i.e., areas that may have received attention due to political
motivations), and ambient air pollution. Adjusting for time-
varying canton-level mean per capita income, the fraction of
households that benefit from a needs-based poverty alleviation
program, the cantonal rate of doctors and nurses and medical
facilities per person, population size, voting patterns, and mean
ambient PM; 5 concentration marginally attenuated the observed
effects (Fig. 4 and SI Appendix, Fig. S7 and Table S9). Third, we
implemented a formal approach to bound the potential influence
of any remaining unobserved confounders (45, 46) (Materials
and Methods). The results from this procedure indicated that if
there existed an unobserved confound with the same predictive
power as all of the included covariates currently in the regression,
we would still conclude that PEC enrollment had a negative
effect on all-cause hospitalization rates (SI Appendix, Fig. S9).
To drive our effect size to zero, we calculate that a confound
would have to be so strong as to yield an overall regression
model that explained 95% of the total variance in hospitalization
rates. We view this possibility as unlikely, given that several
important drivers of hospitalization rates and PEC enrollment
(particularly population) are already included and that there is
likely substantial idiosyncratic variation in local hospitalization
rates unlikely to be explained by any model. We note that this
test evaluated how much selection would be needed to drive
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the coefficient estimate to zero, which is distinct from selection
needed to render the coefficient no longer statistically significant
at a given level; less selection would be required for the latter.

We also tested the association between PEC and hospi-
talization rates in a difference-in-differences (DiD) approach
in which we compared high-enrollment cantons to lower-
enrollment cantons (Materials and Methods). In comparison
to our preferred model described above, the DiD approach
may have greater internal validity because, based on recent
advancements in the econometrics literature, implementing the
DiD estimator of Callaway and Sant’Anna (47) eliminates so-
called “negative weights” (48) and produces valid estimates of the
average treatment effect on the treated (Materials and Methods).
The DiD approach presented here serves as a complement to our
main approach because we use only a subset of all cantons, and
thus, it might not represent the larger sample. We found that
high enrollment cantons had 11% (95%, 2% to 20%) and 8%
(95%, 0% to 17%) lower hospitalization rates in the post-PEC
period as compared to low enrollment cantons in unadjusted
and adjusted models, respectively (SI Appendix, Fig. S10). The
event study plot illustrates that there are no pre-PEC trends in
hospitalization rates and that hospitalization rates decline over
the first year following PEC’s inception and stabilize thereafter
(SI Appendix, Fig. S10).

Results were additionally robust to controlling for long-term
time trends using a natural spline and month of year and year
fixed effects, to alternative choices for potential confounding
variables, and to alternate temporal or geographic aggregations
(Materials and Methods) (SI Appendix, Figs. S11-S17 and Table
S10). Hospitalization rates were more negatively associated with
PEC enrollment in cantons where the average household PEC-
related electricity subsidy use was higher, providing suggestive
evidence that our observed associations are driven by induction
stove use (SI Appendix, Fig. S18).

The direction and patterns of reductions in hospitaliza-
tions with cause-specific outcomes were consistent with our
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expectations for PEC enrollment reducing indoor air pollution
and improving health; ie., we observed our largest effects
for respiratory-related causes known to be impacted by NO,
exposures. Still, given wide Cls in bootstrapped analyses, we
cannot rule out smaller effects. We conclude that, at the canton
level, increased PEC enrollment is negatively associated with
hospitalization rates, especially for respiratory conditions like

COPD.

Discussion

Although substantial policy attention and investments have been
made in increasing residential electrification and promoting clean
cooking in recent decades, there is remarkably little real-world
evidence on both the climate and health impacts of such efforts.
Instead, most investments and policies have been motivated by
engineering estimates of the purported benefits of electrification
policies and cleaner cooking solutions. Cleaner cooking, in
particular, transitioning away from inefficient combustion of
biomass like firewood, has long been heralded as an opportunity
to reap both climate and health benefits (2, 49). However,
many ex post evaluations of efforts—in particular those that
focus just on one dimension of a program (i.e., climate or
health)—have found much more limited benefits (and even zero
benefits) relative to ex ante estimates (17). Thus, the ex post
analysis presented here of a large gas-to-electric cooking program
represents a substantial advancement for our understanding of the
potential climate and health benefits of residential electrification
programs. We capitalize on a remarkable policy environment
in Ecuador where several decades of subsidies have led to the
majority of the country using gas for cooking and natural
resources have enabled the country’s electricity grid to be 90%
renewables. Across multiple approaches and leveraging both
micro and publicly available administrative data, our results
illustrate that Ecuador’s recent initiative to replace gas with
induction electric cooking has likely both reduced greenhouse
gas emissions and yielded health cobenefits.

The potential for residential electrification programs to provide
climate benefits depends on both the extent to which they
offset fossil fuel combustion, the carbon-intensity of the relative
operating margin of the grid that supplies electricity, and certain
aspects of grid readiness to deliver sufficient electricity for
household use at scale. Based on a set of common energy
conversions and assumptions about efficiencies of gas and electric
cooking (Materials and Methods), we estimate that much of
western Europe, central and South America, and parts of sub-
Saharan Africa have sufficiently clean grids such that a gas-to-
induction cooking transition would be emissions-reducing in
terms of cooking energy use (SI Appendix, Fig. $19); however,
there is likely to be substantial subnational heterogeneity. For
example, in the United States, New England, California, Idaho,
and Florida have sufficiently clean grids to support a combustion-
related emissions-neutral transition; in India, much of north and
eastern India, along with Kerala, have sufficiently clean grids.
However, the large geographic majority of these two example
countries require cleaner grids before a program to electrify
cooking would reduce net emissions.

While further growth in renewable energy capacity expected in
the near term should make gas-to-induction cooking transitions
viable in even more regions, beyond facilitating shifts toward
electricity generated from renewable resources, investments must
also be made to ensure that electrical grids can support the
temporally correlated demand associated with a widespread
transition to electric cooking (50, 51). In the past decade,
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Ecuador has invested more than 1 billion USD in grid upgrades
to broadly support electrification efforts and ensure consistent,
reliable electricity for the population, although these upgrades
may have been made in the absence of PEC. Similarly, households
themselves may need to make changes to support induction
cooking. In Ecuador, households must have 220-v connections
and dedicated circuits installed to use induction stoves. Delays
in installing these connections have reportedly been a barrier to
using induction stoves after purchase (42). Emerging economies
with recently expanded electricity grids should recognize the
additional capital investments required to support large-scale
residential electrification projects. Indeed, it is possible that
some countries with sufficiently clean grids cannot yet support
widespread residential electrification projects because of inade-
quate service and reliability concerns (52, 53).

Our study lacked individual and household-level data on
health outcomes and cooking appliance use, thus limiting us
to an ecological analysis. Additionally, we are limited by a lack
of representative longitudinal indoor air quality measurements.
Therefore, we can make no inference about the individual
household-level impacts of gas-to-induction cooking transitions
on health risks. Nevertheless, mindful of the limitations of
ecological analyses, our findings suggest that widespread replace-
ment of gas with induction cooking could yield health benefits,
especially for the acute exacerbation of chronic respiratory
diseases. To our knowledge, no study has analyzed the health
gains from widespread replacement of gas with electricity as we
do here, which makes it difficult to compare our work to the
existing literature. One meta-analysis of 19 studies concluded
that children living in households with gas stoves had a 32%
higher risk of having asthma as compared to those living in
households with electric stoves (38). Elsewhere, a simulation
study estimated that replacing gas stoves would reduce severe
asthma attacks by 7% in an urban population (54). Our effect
estimates are larger than what we might expect given anticipated
air pollution exposure reductions from gas to induction cooking
transitions and existing estimates of the health effects from NO,
exposures (Materials and Methods). We urge caution in directly
interpreting our effect estimates as they have wide Cls, and we
cannot rule out smaller effects. The large benefits observed here,
and the body of evidence supporting the relationships between gas
cooking, elevated air pollution exposures, and health, emphasize
the need for randomized or quasi-experimental evaluations of
gas to electric cooking transitions, especially at the household or
individual level.

Our study has additional limitations. First, we analyze the
impacts of enrollment in PEC on total household electricity
consumption using customer-level data from Ecuador’s two
largest utilities and using aggregated data with nationwide
coverage; however, both datasets lack a direct, objective measure
of stove use. Second, our estimation of the changes in greenhouse
gas emissions associated with PEC are somewhat sensitive to our
calculation of the reduction in cooking-related gas combustion
associated with the program and choice of emissions factors.
With that said, across a range of specifications, we observe
that either the program has been roughly emissions neutral
or yielded reductions in GHG emissions. Nevertheless, our
effort to propagate uncertainty from the chain of estimations of
excess PEC-related kWh electricity consumed to LPG sales offset
yielded a range of scenarios, including a small number where
CO2e increased due to PEC—though even in these scenarios,
we might expect PEC to result in emissions declines moving
forward due to the increased role of hydropower in recent years.
Our approach to evaluating combustion-related emissions may
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underestimate the benefits of the electrification program because
the emissions associated with the life cycle of gas typically exceed
those for electricity (e.g., gas is transported on trucks in cylinders);
however, estimates for life cycle emissions for gas combustion
in Ecuador are unavailable. This limitation—i.e., our inability
to directly quantify the CO2e associated with gas transport—
extends to our analysis of whether hypothetical global residential
electrification programs are technically viable. Third, our analysis
is focused on a single middle-income country, and our results
may not be generalizable to other contexts. Still, it is plausible
that the transition in Ecuador represents a conservative estimate
for the potential climate and health benefits of similar programs
elsewhere because it is likely that a substantial proportion of
PEC enrollees continue to use gas to some extent, in part
because gas continues to be so heavily subsidized. Transitions
that are driven by policies focused on preventing gas appliance
use in new construction would more completely replace gas
with electricity leading to potentially greater cooking-related air
pollution exposure reductions and health benefits than we observe
in our study.

While Ecuador’s induction promotion program remains
unique as of 2023, other residential electrification projects
are likely to follow. Gas remains the most popular cooking
fuel in the world, with roughly three billion daily users, and
demand is increasing in many low- and middle-income countries.
However, policies around the world in high-income countries
and cities propose to eliminate gas appliances from residential
homes as a means of reaching net-zero greenhouse gas emissions.
Investments in clean electricity and flexible and robust electricity
systems that can meet the necessary projected increased electricity
demand are essential to reach a net-zero emissions future. Here,
we show that when these renewable energy investments do come,
capitalizing on the opportunity and replacing gas with electricity
in residential homes holds promise for achieving both climate

and health benefits.

Materials and Methods

Estimating Changes to Customer Electricity Consumption after Induc-
tion Stove Promotion Program Enroliment. We obtained all residential
customer monthly electricity consumption and cost records from Ecuador's two
largest electricity providers through a private use agreement. Data from the
Electricity Utility of Quito (EEQ) totaled 1.07 million unique customers-161,000
of whom enrolled in PEC at some point-and ranged from January 2015 to
July 2021, yielding 65 million observations. Data from the National Electricity
Corporation for Guayaquil (CNEL) totaled 818,692 unique customers-of whom
115,832 enrolled in PEC at some point-and ranged from January 2013 to
July 2021, yielding 66 million observations. Together, the two datasets cover
approximately 40% of all electricity customers in Ecuador. For each customer,
we have data on whether they enrolled in PEC at some point during the study
period (and, if so, the date of enrollment), whether they benefit from a reduced
electricity tariff, and their location. For PEC customers in EEQ, we additionally
have a utility-provided measure of PEC-specific electricity subsidy consumption
in kWh, which is defined as excess household electricity consumption over and
above their pre-enroliment 12-mo average consumption. Customer data were
provided in two files by both electricity utilities, with the first file covering the
period until December 2017 and the second file covering the period after, due
to the utilities switching billing management systems.

We estimate the effect of PEC enrollment on electricity consumption using
the following fixed-effects regression separately for customers in EEQ and CNEL:

Yimd = BEimg + #i + vm + 84 + €img, [1]

using ordinary least squares where i indexes customers, m indexes month-of-
study, and d indexes the billing system the data were collected under. y;p, is the
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electricity consumption in kWh for customer i in month m, and E;p, is a dummy
variable for whether customer i is enrolled in PEC in month m (“Not enrolled”
vs. "Enrolled"”). The reference category of “Not enrolled” includes customers
that never enroll (general customers) and customers that eventually enroll but
are not yet enrolled in month m. In this approach, the impact of program
enrollment on electricity consumption is identified by using within-household
variation over time in consumption, after accounting for any average differences
in consumption between months in the study sample. The coefficient f can be
interpreted as the effect of the program on consumption under the assumption
that program adoption is not correlated with other unobserved household-
level behavior or characteristics that vary over time and also affect electricity
consumption. Any average differences in consumption between early and later
(or non-) adopting customers are accounted for by the customer fixed effect.

We next estimate the change in electricity consumption in each month
relative to enroliment in PEC among customers that enroll in PEC at some point
using an event study design, estimated with the following equation:

r
Yitmy = Z BMit + Am + vy + €itmy, (2]
t=—q

using ordinary least squares where i indexes customers, tindexes month relative
to enrollment, m indexes month of year, and y indexes year. Our outcome
is the electricity consumption in kWh for customer i in month m, year y, and
month relative to enrollment t. Mj; is a vector of dummy variables for each
month relative to that customer's month of enrollment (reference group: month
before enrollment t = —1). —q is the customer's earliest month observed, and
ris the customer's latest month observed. The resulting 80 Bs (from 20 mo
before enrollment to 60 mo after enrollment) can be interpreted as the average
difference in monthly electricity consumption relative to electricity consumption
in the month before enrollment.

We use these event study plots to illustrate two key facts: 1) electricity
consumptionamong PECenrollees does not change meaningfullyin the months
leading up to PEC enrollment (i.e., point estimates and their 95% Cls are
relativelyflat)and 2) electricity consumptionincreases dramaticallyinthe months
following PEC enrollment (i.e., point estimates steadily increase, and 95% Cls
do not include zero as time moves forward). The resulting event study plot
gives us confidence that our study design isolated the causal effect of PEC
enrollment on household electricity consumption; however, it is worth noting
that this extension of our main analysis only includes customers who eventually
enroll in PEC (roughly one-tenth of our total sample). Furthermore, in the case
of the EEQ sample, we only have data from 2016 onward, meaning that our
"pre-enrollment” period is substantially more limited because many customers
had already enrolled prior to the data beginning.

Results were robust to a number of alternative specifications and subsamples
generated during data cleaning processes (SI Appendix, Data Cleaning
Procedures for Customer-Level Billing Records).

Parish-Level Electricity Consumption and Enroliment in the Induction
Stove Program. As a complement to the individual customer-level data, we
obtained data from the Agency for the Regulation and Control of Energy and
Non-Renewable Natural Resources (ARCONEL) on monthly residential electricity
consumption forall parishes in Ecuador since 2015, detailing: 1) the total kWh of
residential electricity consumption and associated USD billed; 2) total residential
customers; 3) total kWh of residential electricity consumption for PEC customers
and associated USD billed; 4) total kWh of PEC-related electricity subsidized
and associated USD subsidized; and 5) total PEC customers. Data cleaning
procedures focused on identifying and unifying parishes across the study time
period by manual matching to address different spelling, capitalization, and use
of accents. In total, there were 1,188 unique parishes and 94,972 parish-month
observations in our sample.

We estimate the change in average household electricity consumption
associated with changes in PEC enrollment using the following fixed-effects
regression:

Ypem = PPpem + Hp + Sem + €pem, (3]

via ordinary least squares where p indexes parishes in canton ¢ (parishes are
smaller than cantons). ypcm is the average household electricity consumption in
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kWh per month in each parish-month observation, and Ppcm is the proportion
of customers enrolled in PEC in the same parish-month. up is a vector of parish
fixed effects to account for locality-specific time-invariant characteristics drivers
of PEC enrollment and household electricity use. To account for both seasonal
and longer-term trends in PEC enrollment and household electricity use that
could differ across regions, we include a vector of canton-by-month-of-study
fixed effects 5¢m (.9., "Cuenca, Azuay January 2015"). To aid in interpretability,
we estimate the change in average household electricity consumption per 10-
percentage-point increase in PEC enrollment, with SEs clustered at the parish
level.

We develop a counterfactual scenario without PEC enrollment to estimate
excess kWh of electricity consumed by households from increased PEC
enrollment. To do so, we subtract the product of our estimated coefficient
of interest (the change in average household electricity consumption per unit
increase in PEC enrollment) and the number of PEC customers from total
parish-month kWh. We quantify uncertainty in this analysis by bootstrapping
the estimates of the relationship between PEC enrollment and electricity
consumption (1,000 times, sampling parishes with replacement) and applying
these coefficients to observed consumption to construct 1,000 total excess
electricity consumption estimates.

Estimating Trade-Offs with LPG Consumption. We estimate the trade-off
between electricity for cooking and LPG a few different ways. First, we obtained
monthly national-level data since 2007 on the volume of Ecuador's LPG imports,
the volume of Ecuador's internal LPG production, the volume of total internal
LPG sales, the cost of LPG imports per barrel, and the country’s internal sales
price. We estimate the extent to which LPG consumption is associated with PEC
enrollment in the following regression via OLS:

Yym = BKym + py + om + eym, (4]

where y indexes yearand m indexes month of year. The outcome ym is the total
kilograms of LPG sold to residences in Ecuador each month between 2015 and
2020. The independent variable #Kym is the total nationwide predicted kWh
attributable to increased PEC enrollment in a given month from Eq. 1. Given
that #Kym itself has uncertainty, in addition to our central estimate, we use the
bootstrapped coefficients from Eq. 1 to generate 1,000 scenarios and trade-offs.
For each of these 1,000 scenarios, we bootstrap 1,000 times sampling at the
month-of-sample level with replacement. Similar to our approach for estimating
excess electricity consumption, we then use the resulting 1 million coefficients
from this regression to estimate reduced LPG sales from the additional electricity
consumed from PEC enrollment.

We also tested three alternative strategies. In the first, we obtained
monthly province-level LPG sales data by sector (residential, industry, vehicular,
agriculturalindustry) between 2018 and 2021 and repeat our principal approach
of directly regressing PEC-related electricity consumption on residential LPG sold,
here using province-level aggregations and province and month of study fixed
effects. Second, we draw on an engineering approach to assessing the expected
trade-off between cooking with electricity and with gas. Third, the Government
of Ecuador has equated 80 kWh with 1.2 fifteen-kg LPG tanks in designing its
PEC-related electricity subsidy. Results from all three approaches support the
conclusion that PEC reduced household LPG consumption.

Net Changes to Greenhouse Gas Emissions Associated with the Induc-
tion Stove Promotion Program. To estimate GHG emissions impacts, we first
estimate additional emissions from PEC-related electricity consumption using
a yearly average emissions factor for public electricity generation in Ecuador,
calculated by dividing yearly total electricity consumed (kWh) by the CO2e
emitted by electricity production (44).

As an illustration of our approach to inferring net CO2e changes from PEC,
take ourestimate of 24-million-kWh excess electricity consumptionin July 2016.
In 2016, the emissions factor was 0.195 kg CO2e per kWh produced. Therefore,
we calculate that excess electricity consumption from PEC resulted in 4.7 kilotons
C02e in July 2016. At the same time, excess kWh electricity consumption was
associated with declines in LPG sales and, we infer, averted LPG combustion. We
estimate associated declines in CO2e from reduced LPG sales using a standard
emissions factor of 2.992 kg CO2e per kg LPG.
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We quantify uncertainty in this analysis of net changes to greenhouse gas
emissions by using the 1 million generated scenarios from Eq. 2, representing
1,000 estimates of excess kWh from PEC and, for each scenario, 1,000 estimates
of averted LPG sales, yielding 1 million estimates of total net changes to
greenhouse gas emissions from PEC. While our preferred specification finds
a net reduction in greenhouse gas emissions due to PEC, our analysis may be
sensitive to our approach to estimating declines in LPG consumption. Across
potential specifications, we estimate changes in greenhouse gas emissions to
range froma 0.4% increase (20 ktCO2e) to a 3.5% decrease (1,827 ktCO2e) from
January 2015 to November 2021.

Our results are additionally sensitive to our choice of grid emissions factors.
We could apply a marginal emissions factor that estimates emissions for an
additional unit of electricity consumed above the base load, which is commonly
used in program evaluations similar to our own. However, there are two reasons
we consider this approach to be inferior to our calculated average emissions
factor. First, we estimate that PEC increased electricity consumption by roughly
5%, which we consider to be beyond consumption “on the margin.” Ecuador's
official marginal emission factor quantifies the emissions of electricity generation
that are used to meet short-term fluctuations in electricity demand (i.e., it is a
short-term marginal emission factor). We thus decide it is not appropriate to
apply it to the PEC program since the program is rolled out over the course
of multiple years, during which the underlying electricity system undergoes
rapid transitions and development. Indeed, new installed capacity in Ecuador
since PEC's inception has nearly entirely been hydropower, suggesting that
if the program caused the need for expanded capacity, it would have been
renewable, with emissions approaching zero. Second, given that Ecuador's
marginal emissions factors exceed the average emissions factor by a factor
of five to eight, applying the marginal emissions factor to excess electricity
consumption results in estimates that electricity consumption from PEC would
have to be responsible for roughly 20% of all electricity generation emissions
despite comprising only 2 to 3% of total consumption. Nevertheless, applying
the marginal emissions factor to PEC-related electricity consumption results in
estimated declines in GHG emissions of 330 ktCO2e (IQR, 260-4006).

Changes to Hospitalizations Associated with PEC. Hospitalization data
come from the statistical registry of hospital beds and visits which details
morbidityacross Ecuador, managed by the National Statistical Agency (INEC). Our
visit-level data intend to capture all hospitalizations in Ecuador between January
1, 2012, and March 1, 2020 (truncated because of the COVID-19 pandemic).
Each hospitalization contains data on the age and sex of the patient, the date
of admission and release, the location (province, canton, parish) of the patient's
residence and the healthcare facility (public or private), and the International
Classification of Disease (ICD-10) code for the reason for the hospitalization.
Summaries of the hospitalizations by ICD grouping are shown in S/ Appendix,
Fig. S6. In total, the data cover 9.6 million hospitalizations across 21,319 canton-
month observations (216 unique cantonsand 99 mo studied). The data included
in our final analysis cover 99% of all recorded hospitalizations during the study
period, with most data losses coming due to missing canton-level data on PEC
enrollment.

We calculated monthly canton-level, all-cause, and cause-specific hospital-
ization rates by dividing the total canton-level visits by canton-level population
in that month. We assign yearly canton-level population estimates from the
Ecuadorian statistical agency to January of every year and linearly interpolate
to develop monthly canton-level population across the study period. Country-
wide, the average monthly hospitalization rate was 589 per 100,000 across
the study period. Beyond all-cause hospitalizations, we additionally focused on
respiratory-related conditions (influenza and pneumonia, COPD, and asthma),
which are most likely to respond to reductions in air pollution from declines in
gas cooking.

To estimate the impacts of program take-up on hospitalizations, we estimate
the following regression:

log(ycm) = BPem + pc + ym + Oem + €cm, (5]

using ordinary least squares, where ¢ indexes cantons and m indexes month-of-
study. yem is the log of the monthly canton-level cause-specific hospitalization
rate, and Pep is the proportion of customers enrolled in PEC in the same
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canton-month. ¢ is a vector of time-varying controls described below. g is
a vector of canton fixed effects that account for all locality-specific time-
invariant characteristics correlated with either PEC enrollment or hospitalization
rates. To account for seasonal and longer-term trends in PEC enrollment and
hospitalization rates, we include a vector of month-of-study fixed effects ym,
which account for any seasonal- or time-trending differences in either PEC
enrollment or hospitalization rates that are common to all parishes. Regressions
were weighted by canton population, and SEs were clustered at the canton level.

Our analysis assesses the association between a one-percentage-point
increase in PEC enrollment at the canton level on average canton-level
hospitalization rates. Previously, we showed that PEC enrollment leads to
increased canton-level household electricity consumption and reduced gas
consumption. Our inference is thus that PEC enrollment’s impact on health
is through reduced gas cookstove use which improves indoor air quality. Our
approach is focused on making inferences about average effects at the canton
level, and we do notdraw any inferences on the risk reduction thatany individual
may experience when replacing their gas stove with an electric one.

Given that PEC was not a randomized policy experiment, we may be
concerned that cantons with higher rates of enroliment are different from those
with lower rates of enrollment in ways that influence population health (i.e.,
hospitalization rates) independent of the impact of PEC on induction stove
use and its replacement of gas. Given our unit of analysis (canton-month) and
the use of canton and month of study fixed effects, potential confounding
variables would have to be canton-level factors that vary differentially over
time across cantons and covary with both hospitalization rates and PEC
enrollment. We take three approaches to address concerns about time-trending
unobservables. See SI Appendix, PEC Enrollment and Hospitalizations for
more details.

First, we test for parallel trends in health outcomes using preprogram data to
assess whether outcomes were trending differentially prior to PEC's initiation in
January 2015. If outcomes trend differentially between cantons than eventually
had high PEC enrollment as compared to those who had relatively little PEC
enrollment, then we would have concerns that some other unobserved variables
are driving associations between PEC enrollment and hospitalization rates.
We define the low enrollment group as those that have <15th percentile
average enrollment from June 2019 to March 2020, while the high enroliment
group is those with >85th percentile enroliment. We formally test for parallel
trends in our outcome conditional on covariates using the "did" package in R,
finding no evidence of differences in trends in all-cause hospitalization rates
before PEC (Cramer von Mises test statistic = 0.701; P-Value ~ 1). We see
similarly nonsignificant differences in trends for key covariates prior to PEC
initiation, as illustrated in S/ Appendix, Fig. S8 where trends are tested at the
canton-month level by interacting month of the study (as a continuous number)
with a dummy variable for high or low enrollment canton, with fixed effects
for canton.

Our second approach is to identify and directly control for a set of canton-
leveltime-varying factors that might plausibly covary with enrollmentand health,
including wealth (areas that get wealthier may be more likely to differentially
take up induction stoves and improve their health than poorer areas), healthcare
quality (which can be considered both a measure of wealth and urbanization
while also more directly measuring quality of healthcare which can determine
hospitalization use patterns), political support(which, through various programs
andinvestmenttargeting, could drive PECenrollmentand healthcare utilization),
and ambientair pollution. As described in Additional Data Sources, we define the
followingvariablesto coverthese domains: the fraction of individuals who benefit
from the Bono Desarrollo Humano (a needs-based cash transfer program), the
fraction of households considered to be in poverty and extreme poverty based
on incomes, median household income, the number of healthcare facilities,
the number of doctors, the number of nurses, voting histories, and average
ambient PM; 5 concentrations. Our preferred adjusted model includes a set
of potential confounders that are only weakly correlated with one another (S/
Appendix, Fig. S3): % BDH, % extreme poverty, healthcare facilities per capita,
doctors and nurses per capita, canton-level voting histories for the party that
initially developed and promoted PEC (President Rafael Correa and associated
subsequent candidates), and average ambient PM5 5 concentration. Effect sizes
did not meaningfully change across all 130,000 potential confounding variable
combinations (S/ Appendix, Fig. S15).

https://doi.org/10.1073/pnas.2301061120

Third, we formally bounded the potential influence of unobserved variables.

Drawing on the work of Cinelli and Hazlett (45) and Oster (46), this approach
poses the following question: How strongly related would an unobserved
confounder have to be-both to our treatment (PEC enrollment) and our outcome
(hospitalization rates)-to account for the effect we observe? Results are relative
to the jointly predictive power of all already-included covariates. We use the R
package “sensemakr” to implement this test.
Difference-in-differences approach. While our approach illustrated in Eq. 5
is typical of studies examining time-varying exposures and outcomes in the
environmental epidemiology and econometrics literature, we can additionally
leverage the implementation of the PEC program as an event fixed in time
and apply a difference-in-differences (DiD) approach. Here, we effectively
dichotomize the treatment and change the sample (taking only the high
enrollment and low enrollment cantons). Doing so enables us to have an
arguably “cleaner” inference relative to the approach using the full sample of
cantons and continuous treatment. In the DiD case, the treatment and control
groups are better defined and more intuitive: The control group consists of
cantons whose PEC enrollment changed little over time (<15th percentile
average enrollment from June 2019 to March 2020), while the treatment group
consists of the highest-uptake cantons (>85th percentile). These groups are
equally sized at 33 cantons and 3,234 and 3,211 canton-month observations in
the treatment and control groups, respectively. Our dependent variable (log of
all-cause hospitalization rate) satisfies parallel trends across the treatment and
control group conditional on included covariates, indicating that the DiD design
is valid. We split our sample at these quantiles rather than the median to create
a more valid "control” group that closer approximates being untreated.

The tradeoff in the DiD approach relative to our preferred two-way fixed-
effects (TWFE) model above is one of external versus internal validity. The
TWFE model retains all of the data as well as the continuous nature of our
treatment-the percentage of households in a canton enrolled in the PEC
program-and thus has greater external validity. However, recent advances in
the literature have demonstrated that the TWFE estimator does not recover the
average treatment effect (ATE) but rather a weighted average group-time effects
(see, e.g., refs. 47 and 48). Critically, some units may be weighted, including
receiving negative weight, such that the recovered estimate is significantly
different from the true causal effect (48). To address this threat to inference,
we implement the difference-in-difference estimator of Callaway and Sant'Anna
(47), which eliminates negative weights and produces valid estimates of the
average treatment effect on the treated (ATT). The DiD estimate thus has greater
internal validity-provided the identifying assumptions of the design are met-
and aslightly different but nonetheless substantively meaningful interpretation:
The estimated coefficient represents the effect of moving from the average PEC
enrollmentin the "low-uptake” group (canton-level mean 1.7% enrollment from
January 2015 to March 2020) to the "high-uptake” average (17.6% enrollment).
Preperiod estimates and Cls include zero, and the averaged treatment effectisin
line with estimates from our preferred approach. Taken together, these results
are encouraging because they illustrate that, while high enrollment cantons do
differ somewhat in levels across our potential confounders, their pre-treatment
trends are similar to low-enroliment cantons.

Uncertainty and robustness of results to alternative approaches. T0 qua ntify
uncertainty in our results, we bootstrapped Eq. 5 1,000 times, sampling
cantons with replacement. Fig. 4 illustrates the distribution of the obtained
effect estimates for key outcomes from bootstrapped analyses. We observed
consistently negative effect estimates for associations between increased PEC
enrollment and all-cause hospitalizations, respiratory-related hospitalizations,
and COPD in adjusted and unadjusted models. Estimates for associations with
influenza and pneumonia and asthma had wider distributions. We observed
no clear associations between PEC enrollment and hospitalizations for other
cause-specific outcomes (SI Appendix, Fig. S7). Next, we bootstrap eight total
models based on combinations of adjustment for our preferred set of potential
confounding variables, population weights, and the full sample (January 2012
to March 2020) and a restricted sample post-PEC (January 2015 to March
2020) (S! Appendix, Fig. S13). Further, we show robustness of our results under
a range of alternative approaches. We repeat our main approach (full sample,
population-weighted) using all combinations of potential confounding variables
(SI Appendix, Fig. S15). To account for potential correlations among spatially or
politically proximate cantons, we implement a block bootstrapping approach
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where we sample entire province-years with replacement, which yields similar
results, albeit with slightly wider Cls (S/ Appendix, Fig. S16). Our main approach
is additionally robust to controlling for long-term time trends using a natural
spline and month of year and year fixed effects as well as alternative choices
for potential confounding variables (S/ Appendix, Fig. S14). We also model
canton-month hospitalizations as counts in Poisson regressions to account for
overdispersed outcomes, bothin afixed-effects approach and using a conditional
Poisson regression. In the conditional Poisson regression, we match on canton
and month of year to control for seasonality and other non-time-varying factors
across cantons and control for long-term trends using a natural spline for month-
of-study with nine knots (one for each year) (S/ Appendix, Fig. S14). Results
are robust to aggregating data to 2-mo periods, which substantially decreases
canton-months with low numbers of hospitalizations in cause-specific analyses
(SI Appendix, Fig. S17) and, similarly, to aggregating data to the province level
(SI Appendix, Table $10).

Assessing Global Viability of Carbon-Neutral Residential Electrification.
We develop a simple model to assess the viability of residential electrification
programs that displace gas use from households in different regions of the
world:

Coze,]et =Yy * MEF — 6 % H, [6]

where the net CO2e emissions from a residential electrification project are
equivalent to excess emissions from new electricity consumption (y; kWh)
multiplied by the marginal emissions factor (MEF; gCO2e/kWh) minus the
change in gas consumption due to additional electricity use (8) multiplied
by the emissions factor for gas (either 62.0 kgCO2e/mmBTU LPG or 53.1
kgCO2e/mmBTU natural gas converted to 0.211 kgCO2e/kWh and 0.181
kgCO2e/kWh, respectively). We assess viability based on CO2epet being equal
to or less than 0; in other words, the program would be carbon neutral in terms
of combustion-related emissions.

Unfortunately, we cannot know ex ante the extentto which a given residential
electrification program will displace gas with electricity. Thus, we rely on a set of
theoretical energy conversions and assumptions about the energy efficiency of
gas and induction cooking. When we use the same units of energy (like kWh),
the conversion between gas and electricity is simply the ratio between electric
induction cooking efficiency (between 85 and 90%) and gas cooking efficiency
(between 35 and 50%) (22). Using these efficiency scenarios, a residential
electrification program that replaces gas cookstoves with induction electric
cooking can be expected to displace between 1.7 kWh and 2.6 kWh gas with
1 kWh electricity (S/ Appendix). Thus, a program can be considered technically
viable if the grid is less polluting than 0.385 kg CO2e/kWh (i.e., 1/2.6) or,
somewhat less stringently 0.588 kg CO2e/kWh (i.e., 1/1.7).

To conduct this analysis, we compile a dataset of national and subnational
MEFs, relying onthe most recentgovernment-provided estimates where possible
(available in S/ Appendix, Table S11). Our compiled dataset covers 107 countries
that represent 80% of the global population, though the lack of subnational
datain large countries (.g., Brazil, China, Russia) limits the accuracy of country-
specific inferences.

We additionally illustrate subnational heterogeneity in MEFs using state-
specificestimates forthe United States (55)and India (56)(shown in S/ Appendix,
Tables S12.and S13). We present these state-specific results in terms of reduction
in MEF needed to meet the theoretical energy equivalence trade-off between
electricity and natural gas and LPG for the United States and India, respectively.
Furthermore, we include data on the prevalence of gas cookstoves in US and
Indian states based on the Residential Energy Consumption Survey (ref. 57)
and the National Family Health Survey - 5 (58), respectively, which represent
the most recent nationally representative surveys of cooking fuels in these
countries.

Additional Data Sources.

Socioeconomic conditions surveys. We use public use survey data on socioeco-
nomicconditionsin nationally representative samples of Ecuadorian households
from the Survey on Employment, Unemployment, and Underemployment from
2012 to 2020. This survey has been administered to a rotating panel of
households quarterly since 2012 and contains a set of basic parameters on
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individual employment status and household living conditions that we utilize.
Specifically, we use average household per capita incomes, a binary designation
of poverty or extreme poverty based on mean per capita household incomes, and
whether individuals receive the "Bono Desarrollo Humano" (a needs-based cash
transfer program). Surveys within a given calendar year were pooled together.
We estimate average canton socioeconomic conditions each year using provided
survey weights. To generate monthly estimates, we assign yearly estimates to
January of the given year and linearly interpolate.

Healthcare resources. \We develop measures of canton-level healthcare re-
sources based on a yearly census of the healthcare system that detail available
personnel and resources for every healthcare facility in Ecuador. Our primary
measures of interest are the number of nurses and physicians per capita per
canton and the number of healthcare facilities per capita per canton. These
measures were then linearly interpolated to develop monthly measures where
we assigned yearly values to January of that year.

Voting results. The longstanding nature of fuel subsidies in Ecuador and the
significant social unrestthataccompanied multiple attemptsin the pasttoreduce
these subsidies have positioned cooking fuels as an inherently political topic in
Ecuador(43). While eventually consigned to internal PEC documentation in favor
of more convenience-focused messaging, initial government efforts to promote
the PEC program centered on the program’s ability to reduce government
expenditure on LPG subsidies and replace imported fuels with nationally
produced electricity. Anecdotally, electoral support for former President Rafael
Correa has been correlated with PEC enrollmentand induction stove use, though
formal evidence of this is not available. We evaluate this hypothesis using
public use elections data. We estimate the share of votes for Correa in the
2009 and 2013 elections, for his former Vice President Lenin Moreno in 2017
(the winner of the election), and for Andres Arauz in the first round of the
2021 election (whose voters mirror the bloc supporting Correa and Moreno in
contrast to voters for the eventual winner of the 2021 election Guillermo Lasso).
Values were then linearly interpolated after assigning values to January of
that year.

Ambient air pollution. \We acquired publicly available monthly ambient PM 5
concentrations at a 0.1% x 0.19 spatial resolution derived from satellite-
retrieved aerosol optical depth, chemical transport modeling, and ground-based
measurements for South America available since 1998 from ref. 59. We averaged
ambient pollution concentrations across canton polygons to estimate canton-
month average ambient PM; 5 concentrations over the study period, which was
then used as a control in our analysis of the association between PEC scale-up
and hospitalization rates.

Data, Materials, and Software Availability. Anonymized data (data frames)
have been deposited at https://github.com/echolab-stanford/ecuador-climate-
health-induction. Customer-level electricity billing records are not made avail-
able from the authors due to data use agreements made with the utilities. Parties
interested in these data may contact Patricia Recalde at the Ministerio de Energia
y Minas for further information (patricia.recalde@energiayminas.gob.ec).

ACKNOWLEDGMENTS. We acknowledge funding support from the US NIH
Common Fund through the Clean Cooking Implementation Science Network.
We are grateful to Minghao Qiu and other members of the Stanford ECHO
Lab for thoughtful comments. We are grateful to the Ministerior de Energia y
Recursos Naturales No Renovables (Luis Manzano, Patricia Recalde), Corporacién
Nacional de Electricidad-Guayaquil, and the Empresa Eléctrica Quito for data
sharing. Some of the computing for this project was performed on the Sherlock
cluster, and we would like to thank Stanford University and the Stanford Research
Computing Center for providing computational resources and support that
contributed to these research results.

Author affiliations: 2Department of Earth System Science, Doerr School of Sustainability,
Stanford University, Stanford, CA 94305; Pinstitute for Energy and Materials Research,
Universidad San Francisco de Quito, Quito, Ecuador; “Center for Democracy, Development
and the Rule of Law, Stanford University, Stanford, CA 94305; 4Center on Food Security and
the Environment, Stanford University, Stanford, CA 94305; Department of Environmental
Health Sciences, Columbia University, New York, NY 10032; findependent Consultant,
Quito, Ecuador; and &National Bureau of Economic Research, Cambridge, MA 02138

https://doi.org/10.1073/pnas.2301061120

11 of 12


https://www.pnas.org/lookup/doi/10.1073/pnas.2301061120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2301061120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2301061120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2301061120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2301061120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2301061120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2301061120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2301061120#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2301061120#supplementary-materials
https://github.com/echolab-stanford/ecuador-climate-health-induction
https://github.com/echolab-stanford/ecuador-climate-health-induction
http://patricia.recalde@energiayminas.gob.ec

20.
21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

International Energy Agency, "World energy outlook 2022" (Tech. Rep., International Energy
Agency, Paris, France, 2022).

P. Wilkinson et al., Public health benefits of strategies to reduce greenhouse-gas emissions:
Household energy. Lancet 374, 1917-1929 (2009).

W. Peng, Y. Ou, Integrating air quality and health considerations into power sector decarbonization
strategies. Environ. Res. Lett. 17, 081002 (2022).

A. L. Goodkind, C. W. Tessum, J. S. Coggins, J. D. Hill, J. D. Marshall, Fine-scale damage estimates
of particulate matter air pollution reveal opportunities for location-specific mitigation of emissions.
Proc. Natl. Acad. Sci. U.S.A. 116, 8775-8780(2019).

. C. Dedoussi, S. D. Eastham, E. Monier, S. R. H. Barrett, Premature mortality related to United
States cross-state air pollution. Nature 578, 261-265 (2020).

J. Goldemberg, J. Martinez-Gomez, A. Sagar, K. R. Smith, Household air pollution, health, and
climate change: Cleaning the air. Environ. Res. Lett. 13, 030201 (2018).

P.J. Loftus, A. M. Cohen, J. C. S. Long, J. D. Jenkins, A critical review of global decarbonization
scenarios: What do they tell us about feasibility? Wiley Interdiscip. Rev. Clim. Change 6, 93-112
(2015).

J. Rockstrom et al., A roadmap for rapid decarbonization. Science 355, 1269-1271(2017).

P. Berrill, E. J. H. Wilson, J. L. Reyna, A. D. Fontanini, E. G. Hertwich, Decarbonization pathways for
the residential sector in the United States. Nat. Clim. Chang. 12, 712-718 (2022).

. P.Salimifard et al., Climate policy impacts on building energy use, emissions, and health: New

york city local law 97. Energy 238, 121879 (2022).

. K.T.Gillingham, P. Huang, C. Buehler, J. Peccia, D. R. Gentner, The climate and health benefits

from intensive building energy efficiency improvements. Sci. Adv. 7, eabg0947 (2021).

. K.Tibrewal, C. Venkataraman, Climate co-benefits of air quality and clean energy policy in India.

Nat. Sustain. 4, 305-313 (2021).

. K. Gillingham, A. Keyes, K. Palmer, Advances in evaluating energy efficiency policies and

programs. Annu. Rev. Resour. Econ. 10, 511-532 (2018).

. P.X.Zou, X. Xu, J. Sanjayan, J. Wang, Review of 10 years research on building energy performance

gap: Life-cycle and stakeholder perspectives. Energy Build. 178, 165-181(2018).

. M. Fowlie, M. Greenstone, C. Wolfram, Do energy efficiency investments deliver? Evidence from

the weatherization assistance program Q. J. Econ. 133, 1597-1644(2018).

. L. W. Davis, A. Fuchs, P. Gertler, Cash for coolers: Evaluating a large-scale appliance replacement

program in Mexico. Am. Econ. J. Econ. Pol. 6, 207-238 (2014).

. H. Allcott, M. Greenstone, Is there an energy efficiency gap? J. Econ. Perspect. 26, 3-28(2012).
. M. Fowlie, M. Greenstone, C. Wolfram, Are the non-monetary costs of energy efficiency invest-

ments large? Understanding low take-up of a free energy efficiency program. Am. Econ. Rev. 105,
201-204(2015).

. M. Kushler, S. Nowak, P. Witte, A national survey of state policies and practices for the evaluation of

ratepayer-funded energy efficiency programs (American Council for an Energy-Efficient Economy,
2012).

K. R. Smith, In praise of power. Science 345, 603 (2014).

P. Newell, F. Daley, Cooking up an electric revolution: The political economy of e-cooking. Energy
Res. Soc. Sci. 91, 102730 (2022).

G. Shen et al., Evaluating the performance of household liquefied petroleum gas cookstoves.
Environ. Sci. Technol. 52, 904-915(2018).

R.J. W. Melia, C. D. Florey, D. G. Altman, A. V. Swan, Association between gas cooking and
respiratory disease in children. Br. Med. J. 2, 149-152 (1977).

R. Melia, C. du V Florey, S. Chinn, The relation between respiratory illness in primary
schoolchildren and the use of gas for cooking: I-results from a national survey. Int. J. Epidemiol. 8,
333-338(1979).

J. Spengler et al., Personal exposure to nitrogen dioxide in the Los Angeles Basin. J. Air Waste
Manag. Assoc. 44, 39-47 (1994).

J.1. Levy, K. Lee, J. D. Spengler, Y. Yanagisawa, Impact of residential nitrogen dioxide exposure on
personal exposure: An international study. J. Air Waste Manag. Assoc. 48, 553-560(1998).

M. Dennekamp et al., Ultrafine particles and nitrogen oxides generated by gas and electric
cooking. Occup. Environ. Med. 58, 511-516 (2001).

N.A.Mullen et al., Results of the California Healthy Homes Indoor Air Quality Study of 2011-
2013: Impact of natural gas appliances on air pollutant concentrations. Indoor Air 26, 231-245
(2016).

L. Wallace, F. Wang, C. Howard-Reed, A. Persily, Contribution of gas and electric stoves to
residential ultrafine particle concentrations between 2 and 64 nm: Size distributions and emission
and coagulation rates. Environ. Sci. Technol. 42, 8641-8647 (2008).

J. L. Kephart etal., Nitrogen dioxide exposures from LPG stoves in a cleaner-cooking intervention
trial. Environ. Int. 146, 106196 (2021).

12 of 12 https://doi.org/10.1073/pnas.2301061120

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

T. Luben, "Integrated science assessment (ISA) for oxides of nitrogen-health criteria” (Final Report,
Reports & assessments no. epa/600/r-08/071, July 2008).

E. Reidy et al., Measurements of hydroxyl radical concentrations during indoor cooking events:
Evidence of an unmeasured photolytic source of radicals. Environ. Sci. Technol. 57, 896-908
(2023).

D. R. Michanowicz et al., Home is where the pipeline ends: Characterization of volatile organic
compounds present in natural gas at the point of the residential end user. Environ. Sci. Technol.
56,10258-10268 (2022).

E.D. Lebel, C.J. Finnegan, Z. Ouyang, R. B. Jackson, Methane and NOx emissions from natural gas
stoves, cooktops, and ovens in residential homes. Environ. Sci. Technol. 56, 2529-2539 (2022).
E. D. Lebel et al., Composition, emissions, and air quality impacts of hazardous air pollutants in
unburned natural gas from residential stoves in California. Environ. Sci. Technol. 56, 15828-15838
(2022).

S. Deborah Jarvis, Ch. Chinn Luczynska, P. Burney, Association of respiratory symptoms and lung
function in young adults with use of domestic gas appliances. Lancet 347, 426-431(1996).

D. Jarvis, S. Chinn, J. Sterne, C. Luczynska, P. Burney, The association of respiratory symptoms and
lung function with the use of gas for cooking. European Community Respiratory Health Survey.
Eur. Respir. J. 11, 651-658 (1998).

W. Lin, B. Brunekreef, U. Gehring, Meta-analysis of the effects of indoor nitrogen dioxide and gas
cooking on asthma and wheeze in children. Int. J. Epidemiol. 42,1724-1737 (2013).

J. M. Logue, N. E. Klepeis, A. B. Lobscheid, B. C. Singer, Pollutant exposures from natural gas
cooking burners: A simulation-based assessment for Southern California. Environ. Health Perspect.
122,43-50(2014).

E. Nix et al., Health effects of liquid and gaseous fuels for household energy use: Systematic
evidence mapping. Environ. Res. Lett. 17,123003 (2022).

Building Decarbonization Coalition, Zero Emission Building Ordinances (2023).

C.F. Gould et al., Household fuel mixes in peri-urban and rural Ecuador: Explaining the context of
LPG, patterns of continued firewood use, and the challenges of induction cooking. Energy Policy
136, 111053 (2020).

C. F. Gould et al., Government policy, clean fuel access, and persistent fuel stacking in Ecuador.
Energy Sustain. Dev. 46, 111-122 (2018).

M. de Energia y Minas, Balance energetico nacional 2021(2022).

C. Cinelli, C. Hazlett, Making sense of sensitivity: Extending omitted variable bias. J. R. Stat. Soc.
Ser. B Stat. Methodol. 82, 39-67 (2020).

E. Oster, Unobservable selection and coefficient stability: Theory and evidence. J. Bus. Econ. Stat.
37,187-204(2019).

B. Callaway, P. H. C. Sant'Anna, Difference-in-differences with multiple time periods. J. Econom.
225,200-230(2021).

C. de Chaisemartin, X. D'Haultfceuille, Two-way fixed effects estimators with heterogeneous
treatment effects. Am. Econ. Rev. 110, 2964-96 (2020).

J. Rosenthal, A. Quinn, A. P. Grieshop, A. Pillarisetti, R. I. Glass, Clean cooking and the SDGs:
Integrated analytical approaches to guide energy interventions for health and environment goals.
Energy Sustain. Dev. 42, 152-159 (2018).

M. Waite, V. Modi, Electricity load implications of space heating decarbonization pathways. Joule
4,376-394(2020).

J. Martinez-Gomez, G. Guerrén, A. Riofrio, Analysis of the "plan fronteras” for clean cooking in
Ecuador. Int. J. Energy Econ. Policy 7, 135-145 (2017).

V. Jacome et al., Power quality and moder energy for all. Proc. Natl. Acad. Sci. U.S.A. 116,
16308-16313(2019).

D. V. Farquharson, P. Jaramillo, C. Samaras, Sustainability implications of electricity outages in
sub-Saharan Africa. Nat. Sustain. 1, 589-597 (2018).

M. P. Fabian, G. Adamkiewicz, N. K. Stout, M. Sandel, J. I. Levy, A simulation model of building
intervention impacts on indoor environmental quality, pediatric asthma, and costs. J. Allergy Clin.
Immunol. 133, 77-84(2014).

US EPA, GHG Emission Factors Hub (2015).

S. Sengupta et al., Current and future estimates of marginal emission factors for Indian power
generation. Environ. Sci. Technol. 56, 9237-9250(2022).

US Energy Information Agency, 2020 Residential Electricity Consumption Survey - Highlights for
fuels used in U.S. homes by state, 2020 (Washington, D.C) (Tech. Rep., 2022).

International Institute for Population Sciences, Ministry of Health & Family Welfare, and
Government of India, National Family Health Survey (NFHS-5), 2019-21 Compendium of Fact
Sheets, (New Delhi, India) (Tech. Rep., 2021).

A.Van Donkelaar et al., Monthly global estimates of fine particulate matter and their uncertainty.
Environ. Sci. Technol. 55, 15287-15300 (2021).

pnas.org



	Materials and Methods



