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Abstract

Avoiding adverse consequences of climate change requires policy, technological, and
adaptation solutions. The overall theme of this dissertation is to examine the effectiveness
of these solutions by exploring firms’ and individuals’ responses in the context of energy
infrastructure investments and climate change. Chapter 1 discusses the interaction of gov-
ernments’ different policy actions in the energy transition. It provides empirical evidence
that natural gas infrastructure expansion shifts consumer choice towards gas-powered sys-
tems and increases the cost of residential electrification. Chapter 2 studies the effects of
technology upgrades and infrastructure investments in the electricity sector. It shows that
enhanced electricity infrastructure can reduce electricity losses, improve service quality,
and provide climate benefits. Chapter 3 explores human performance effect of heat adap-
tation and its implications for estimates of climate change damage. It provides some of
the first empirical evidence of the magnitude of human adaptive capacity by documenting
acclimatization in collegiate athletes.

In the first chapter, “Bridge or Barrier to Net Zero? Gas Infrastructure Expansion and
the Cost of Electrification”, I investigate the potential cost of natural gas expansion when
electrification is a long-term goal. The expansion of gas infrastructure raises consumer
valuation of gas water heaters relative to electric ones, significantly raising the market
share and sales quantity of gas water heaters. This implies a higher cost of electrifying
water heating when gas infrastructure is expanding, as the goal of electrification is to shift
consumers towards electric appliances. Counterfactual simulations suggest that, with a
20% increase in gas infrastructure penetration, the cost of electrification rises from 1.4 to
2.2 billion USD, corresponding to an increase of over 50% relative to the status-quo gas
infrastructure scenario. The increased cost of electrification will be weighed against both
near-term environmental benefits and other consequences from natural gas expansion. The
findings underscore a long-run economic burden of utilizing natural gas as a bridge fuel in
the transition towards a net-zero carbon emissions future.

The second chapter, “The Economic and Environmental Effects of Making Electricity
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Infrastructure Excludable” (co-authored with Husnain Ahmad, Ayesha Ali, Robyn Meeks,
and Javed Younas), analyzes the welfare impacts of investments in electricity distribution
infrastructure. Electricity theft occurs when individuals cannot be excluded from access-
ing services. We study the impacts of an infrastructure upgrade in Karachi, Pakistan —
converting bare distribution wires to aerial bundled cables (ABCs) — that was intended to
prevent illegal connections. We find that ABCs reduced unbilled consumption, increasing
both the number of formal utility customers and per customer usage. ABC installation also
decreased the utility’s annual CO, emissions via reduced electricity generation, providing
climate benefits. Resulting changes in consumer surplus vary by consumer type (previously
informal versus always formal) and depend on reductions in electricity rationing and the
cost of prior illegal grid connections. This study provides evidence on a path to mitigate
the financial crises facing utilities in many developing countries.

The third chapter, “Heat Adaptation and Human Performance in a Warming Climate”
(co-authored with Steven Sexton and Jamie T. Mullims), improves our understanding of
human adaptation to climate change, which is essential for valid damage estimates and
thereby, the determination of optimal stringency of mitigation efforts. Labor productivity,
human capital formation, and income growth decline amid hot ambient temperatures. The
implications of such temperature sensitivity for climate change damages depend upon the
capacity for human adaptation to persistent temperature changes—as opposed to idiosyn-
cratic temperature variation. In this paper, we provide some of the first empirical evidence
of the magnitude of human adaptive capacity and its implications for estimates of climate
change damages by documenting acclimatization in collegiate athletes. Acclimatization is
an adaptation to persistent heat exposure, which is common to athletes and non-athletes,
old and young. Across varied specifications of the temperature-performance relationship, we
find that adaptation reduces performance losses from alternative climate change scenarios

by more than 50%.
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1. Introduction

This dissertation examines policy, technological, and adaptation solutions to climate
change, by exploring firms’ and households’ responses within evolving environmental, in-
frastructure, and policy contexts.

Rising energy demand and fossil fuel consumption cause substantial air pollution and
carbon emissions and motivate a dramatic transition of the energy sector. However, the
process of energy transition is often complicated by conflicting or uncoordinated policy
actions.

In the first chapter, “Bridge or Barrier to Net Zero? Gas Infrastructure Expansion
and the Cost of Electrification,” I investigate the potential cost of natural gas development
when electrification is a long-term goal. Gas infrastructure expansion features a trade-off in
the energy transition. On one hand, natural gas development facilitates the displacement
of dirtier fuels and creates environmental benefits in the short run. On the other hand,
increased gas accessibility could deepen the society’s dependence on gas-powered systems
and create barriers to electrification.

The first chapter provides empirical evidence that natural gas expansion shifts consumer
choice towards gas-powered appliances and increases the cost of achieving a high level of
electrification. Leveraging the expansion of inter-city transmission pipelines in China as a
quasi-experiment, I show that the increased accessibility of natural gas via infrastructure
expansion significantly raises the market share and sales quantity of gas water heaters. To
quantify the welfare implications for water heating electrification, I estimate a structural
model of the water heater market, accounting for the impacts of gas infrastructure on
consumer choice. Demand model estimates reveal that the expansion of gas infrastructure
raises consumer valuation of gas water heaters relative to electric ones. This implies a
higher cost of electrifying water heating when gas infrastructure is expanding, as the goal of
electrification is to shift consumers towards electric appliances. Counterfactual simulations

suggest that, with a 20% increase in gas infrastructure penetration, the cost of electrification
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rises from 1.4 to 2.2 billion USD, corresponding to an increase of over 50% relative to the
status-quo gas infrastructure scenario. The increased cost of electrification will be weighed
against both near-term environmental benefits and other consequences from natural gas
expansion.

The findings highlight a long-run economic burden of utilizing natural gas as a bridge
fuel in the transition towards a net-zero carbon emissions future, which provides important
lessons for the energy transition in emerging economies. Beyond consumer appliance choice
and building electrification, the analytical framework of this paper also applies to other
contexts involving decision-making between natural gas versus non-fossil energy assets,
such as firm investments in power plants. The findings provide important insights into the
broader discussion about decarbonization and fuel choice.

Mitigating the adverse impacts of climate change demands more than just policy in-
terventions; it also calls for technological advancements and substantial investments in
infrastructure. Climate change increases the frequency and intensity of extreme weather
events and natural disasters, posing a significant threat to many industries, including the
electricity sector, which is a particularly important empirical setting to study, given its
essential role in supporting economic growth and our daily life.

The aging electricity infrastructure imposes remarkable social and economic costs due to
electricity losses and poor service quality. In developing countries, poor service quality can
also stem from the fact that electricity distribution companies fail to recover the full cost
of services due to bill non-payment or theft, which are the major contributors to electricity
losses. Higher losses require more electricity generated per unit sold to end customers.
Since electricity generation in these countries is dominated by fossil fuels, more losses are
associated with greater carbon emissions.

In the second chapter, “The Economic and Environmental Effects of Making Electricity
Infrastructure Excludable” (co-authored with Husnain Ahmad, Ayesha Ali, Robyn Meeks,
and Javed Younas), we study the impacts of an electricity infrastructure upgrade in Karachi,

Pakistan — converting bare distribution wires to aerial bundled cables (ABCs) - that was
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intended to prevent illegal connections and corresponding electricity losses. Our identi-
fication leverages the staggered roll-out of ABCs across Karachi over time. We exploit
administrative data that accurately measures electricity losses and captures millions of
customers’ bill payment behaviors. Using the difference-in-differences approach, we find
that ABCs significantly and meaningfully reduced unbilled consumption by 8.2 percentage
points, a 31% reduction compared to the mean. The effects persist for at least two years
after the ABC conversion. These financial gains come via two channels. First, we document
a switch from informal customers (who previously use illegal connections) to formal, billed
customers. Second, among formal customers, both the amount of monthly bill payment and
the likelihood of paying their bills increase significantly following ABC conversion. Finally,
we find that ABC conversion also decreased the utility’s annual CO, emissions via reduced
electricity generation, therefore providing climate benefits.

This study provides evidence on a path to mitigate the financial crises facing utilities in
many developing countries. We contribute to the literature on addressing poor electricity
service quality by adding new insights on dealing with theft and the resulting unbilled
consumption.

Besides policy interventions and infrastructure investments, it is also important to un-
derstand to what extent humans can adapt to climate change. Accumulating evidence
documents impaired human performance in hot ambient temperatures. High temperatures
are expected to become increasingly common due to projected climate change, leading to
labor productivity declines and the slowing of human capital formation and income growth.
The implications of such temperature sensitivity for climate change damages depend upon
the capacity for human adaptation to persistent temperature changes—as opposed to id-
iosyncratic temperature variation.

In the third chapter, “Heat Adaptation and Human Performance in a Warming Climate”
(co-authored with Steven Sexton and Jamie T. Mullims), we investigate the capacity for
climate adaptation by estimating the effects of acclimatization on human performance in

hot ambient temperatures. This paper was published in Journal of the Association of Envi-
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ronmental and Resource Economists in 2022. Studying millions of collegiate track and field
performances from 2009 to 2019, we show that one-week exposures to hot temperatures sig-
nificantly mitigate the performance diminution observed in hot ambient conditions. These
effects are shown to be common across individuals of heterogeneous abilities and are also
exhibited in response to longer spells of warm weather. Though the adaptation we identify
occurs quickly, it implies a persistent adaptation to a mean shift in temperatures associ-
ated with climate change. Across a range of future climate scenarios and specifications of
the temperature-performance relationship, accounting for acclimatization is estimated to

reduce performance losses from projected climate change by more than 50%.



2. Bridge or Barrier to Net Zero? Gas Infrastructure
Expansion and the Cost of Electrification

2.1 Introduction

Avoiding catastrophic consequences of climate change requires a substantial transition
from fossil fuels to energy sources with zero emissions. An increasing number of national
governments have set net-zero carbon emissions targets that include electrification policies
for major end-use sectors (IEA, 2021b; Jenkins et al., 2021). Yet, this path to a carbon-free
future is complicated by policy actions that consider natural gas as a “bridge” between
higher-emitting coal and zero-emission energy sources (Neumann & von Hirschhausen,
2015). Indeed, many countries continue to invest in related gas infrastructure (van der
Ploeg & Rezai, 2020).

With the ambitious net-zero targets and the burgeoning movements to electrify every-
thing, the necessity of additional natural gas infrastructure becomes highly controversial
and sparks policy debates on whether to stop expanding new gas infrastructure. Central
to this debate is the short-run versus long-run trade-off of natural gas development. In
the short run, expanding gas infrastructure facilitates the displacement of coal and creates
environmental benefits. However, in the long run, such infrastructure expansion can deepen
societal dependence on natural gas, reinforce preferences for gas-powered systems, and cre-
ate barriers to electrification and the transition towards zero-carbon technologies (Kemfert
et al., 2022; Seto et al., 2016). Consequently, gas infrastructure expansion can lead to an ad-
ditional efficiency loss, especially when deep decarbonization is the long-term goal. Despite
the increasing debate on the role of natural gas in the energy transition, existing studies
mainly examine the short-run environmental benefits. Little rigorous empirical evidence
exists as to how natural gas development may hinder future decarbonization efforts.

To bridge the knowledge gap and inform policy debates, this paper examines how the

expansion of natural gas infrastructure affects the cost of electrification. I first provide



empirical evidence on how gas infrastructure expansion affects household appliance choice
and then conduct counterfactual simulations to quantify its welfare implications for the cost
of electrification. I explore these questions within the context of water heating in China’s
residential buildings. Several institutional features make China an ideal empirical setting to
study the interplay between gas infrastructure expansion and building electrification. First,
as the world’s largest carbon emitter, China contributes one-third of global CO2 emissions
and has committed to reach carbon neutrality by 2060 through considerable decarbonization
efforts. Second, China leads the globe in natural gas infrastructure expansion, accounting
for 30% of the planned gas pipeline length worldwide (Langenbrunner et al., 2022). Over the
past decade, the penetration rate of urban gas infrastructure in China more than doubled.
Third, building operations in China heavily rely on fossil fuels and are responsible for about
20% of the nation’s carbon emissions, of which over 60% comes from space or water heating
(IEA, 2021a).

For the empirical analysis, I build the most comprehensive dataset on natural gas infras-
tructure in China and combine it with novel data on product-level water heater sales in each
city. These two main data sources cover the universes of natural gas transmission pipelines,
urban distribution infrastructures, and water heater products in China. I supplement these
datasets with a rich set of variables, including city economic and geographic characteristics,
household demographics and energy consumption, regional climate patterns, and online
search volume.

The point of departure is the robust data patterns highlighting a strong correlation
between natural gas infrastructure development and consumer choice of gas water heaters.
Motivated by this stylized fact, I investigate the causal effects of changes in natural gas
accessibility via local infrastructure improvements on water heater sales. Establishing this
causal relationship is empirically challenging. First, quasi-experimental variation in natural
gas accessibility is rare in general, as the decision to invest in local gas infrastructure might
be endogenously determined by household demand. Second, additional confounding factors,

such as regional culture, product availability, and government subsidies, could also affect
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water heater purchases. I overcome these challenges by exploiting the expansion of inter-
city natural gas transmission pipelines as a quasi-experiment. As validated in the empirical
analysis, both the pipeline routing and the timing of its expansion are top-down decisions
based on administrative hierarchies, geographic constraints, and characteristics determined
long before any city was connected. Therefore, the expansion of transmission pipelines
provides plausibly exogenous variation in the local accessibility of natural gas over time
and across cities in China.

The reduced-form analysis proceeds in two steps. In the first step, I employ a difference-
in-differences approach to estimate the impacts of transmission pipeline expansion on local
natural gas infrastructure development and water heater sales. Following the expansion of
transmission pipelines, I document a cascade of changes in intra-city gas infrastructure: the
length of distribution pipelines extends, the storage capacity of natural gas grows, and the
percentage of households with in-home gas infrastructure rises. The number of household
users and their natural gas consumption also increases accordingly, suggesting greater nat-
ural gas accessibility. Aligned with these infrastructure improvements is altered consumer
choice for different types of water heaters. After the pipeline expansion, there is notable
growth in online search volume for gas water heaters, accompanied by a decline in searches
for electric ones. Further, both the market share and sales quantity of gas water heaters
rise significantly. This sales response is more pronounced in regions where households uti-
lize hot water more frequently, likely attributable to the fast-heating capabilities of gas
water heaters. These findings confirm that expanding transmission pipelines stimulates lo-
cal gas infrastructure penetration, which affects consumer choice between gas and electric
appliances.

In the second step, I estimate the elasticity of water heater demand with respect to local
gas infrastructure penetration, using the transmission pipeline expansion as an instrument.
I find that a 10 percentage point increase in gas infrastructure penetration triggers a 3.47
percentage point increase in the market share of gas water heaters. In comparison, there

is little change in total sales, suggesting a shift in consumer demand from electric water
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heaters to gas ones. The estimated elasticity governs the change in consumer surplus as a
result of enhanced local gas infrastructure. It implies a greater consumer welfare loss from
electrifying water heating when gas infrastructure is expanding, as the goal of electrification
is essentially to reverse consumer choice from gas to electric appliances.

To understand the welfare implications of gas infrastructure expansion on the cost of
electrification, I set up and estimate a market equilibrium model in the spirit of Berry et al.
(1995, hereafter, BLP). The demand side is a random-coefficient discrete choice model, with
differentiated products and heterogeneous consumer tastes. To incorporate the impacts of
natural gas infrastructure on consumer preference, I allow consumer utility from choosing
gas water heaters to depend on local gas infrastructure penetration. The supply side features
a Bertrand price competition where firms simultaneously set the water heater price in the
output market to maximize their profits. Demand model estimates suggest that consumers,
on average, are willing to pay more for gas water heaters in response to an increase in
gas infrastructure penetration. This demand response is more elastic among high-income
households. These results reveal that improved gas infrastructure raises consumer valuation
of gas appliances and could further switch their choice from electric to gas water heaters.
Both the intensive and extensive margins make it harder to electrify water heating through
policy incentives.

With estimates of the structural model parameters, I conduct counterfactual simula-
tions to quantify the welfare impacts of electrifying water heating through market-based
policy instruments, and investigate how these impacts vary in response to gas infrastructure
expansion. The goal of these policies is to raise the market share of electric water heaters
through price incentives. Counterfactual analysis shows that, given the same policy target,
gas infrastructure expansion increases the cost of electrification. Specifically, when the gas
infrastructure penetration increases by 20%, the cost of electrification through the tradable
standard increases from 9.6 to 15 billion RMB, corresponding to a 55% increase compared
to the status-quo gas infrastructure scenario. Such an increase in welfare loss is economi-

cally significant. It is equivalent to 10% of the annual water heater sales revenue in China
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or 27% of the central government’s 2023 budget for electric vehicle subsidies. Over 80% of
these additional costs are attributable to consumer welfare loss. On average, the estimated
elasticity of the electrification cost with respect to gas infrastructure penetration is 2.5.

Lastly, I conduct simulations to shed light on the short-run versus long-run trade-off
of gas infrastructure expansion within the context of water heating. I first consider the
pace of grid decarbonization and when an electrification policy would likely make sense.
Taking that policy as given, I then simulate what happens from incremental natural gas
expansion each year. In the short run, when gas water heaters remain cleaner than electric
ones, increased gas water heater adoption as a result of infrastructure expansion generates
environmental benefits. However, as the gas infrastructure continues to expand and the
grid becomes cleaner, these near-term environmental benefits are largely offset and will be
outweighed by the eventually increased (and perpetually higher) cost of electrification when
that occurs. This simulation clearly highlights the nature of the intertemporal trade-off of
natural gas expansion. The results underscore the importance of incorporating the long-
run costs of gas infrastructure expansion for future decarbonization when making near-term
decisions on natural gas pipelines.

Related Literature

This study makes the following contributions to the literature. First, this paper provides
a novel empirical estimate of the increased cost of electrification induced by gas infrastruc-
ture expansion. The findings of this paper speak to the debate on the role of natural gas
development in the energy transition (Giirsan & de Gooyert, 2021; Holz et al., 2015; TEA,
2019; Neumann & von Hirschhausen, 2015; Von Hirschhausen et al., 2022) and shed light
on the potential cost of carbon lock-in (Seto et al., 2016). Most of the existing empirical
evidence focuses on the benefit side of natural gas development, including phasing out dirt-
ier fuels (Butner & Scott, 2023; Fell & Kaffine, 2018; Linn & Muehlenbachs, 2018; Scott,
2021), reducing emissions (Tanaka et al., 2019; Xu & Allen Klaiber, 2019; Zeng et al., 2022)
and improving public health (Cesur et al., 2017). Although a few studies investigate how

abundant natural gas supply could jeopardize the climate mitigation efforts and impede
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the utilization of renewable energy (Brown et al., 2010; Gillingham & Huang, 2019; Levi,
2013; McJeon et al., 2014; Newell & Raimi, 2014; Shearer et al., 2014), they mainly rely on
engineering-type model simulations and generate mixed findings regarding net impacts on
carbon emissions. In a recent paper, Acemoglu et al. (2023) build a quantitative macroeco-
nomics model to show that the natural gas boom can shift long-run innovations away from
renewable energy and delay the energy transition in the electricity sector. In comparison,
the quasi-experimental evidence that I provide sheds light on how gas infrastructure expan-
sion shifts consumer choice towards gas-powered systems and shed light on the potential
risks that natural gas development imposes to further decarbonization efforts in the residen-
tial sector. My paper uncovers the long-run cost of gas expansion from a new perspective
— consumer preference dependence, which has received less attention in the literature.
Second, this paper adds to the limited studies on building electrification by providing
novel estimates on the welfare impacts of introducing market-based policies to phase out
natural gas systems (Borenstein & Bushnell, 2021; Davis, 2023a, 2023b, 2023c). The liter-
ature on building decarbonization heavily focuses on measuring the benefits of energy effi-
ciency improvements (Aroonruengsawat et al., 2012; Jacobsen & Kotchen, 2013; Kotchen,
2017; Levinson, 2016; Novan et al., 2020). Currently only Davis (2023b) examines the
change in consumer welfare due to an electrification mandate. In comparison, I investigate
the impacts of electrifying building appliances via price incentives using an equilibrium
model of the water heater market. With both the demand and supply sides, I can quantify
the change in consumer surplus and firm profits, accounting for their strategic actions in
response to electrification policies. Further, this study takes the first step to evaluate the
cost of an electrification standard for building appliances.!

Third, this study relates to the broad empirical literature on the impacts of infras-

1 In a similar context of fuel economy standards for vehicles, there is a voluminous literature assessing the
distributional and efficiency impacts (Bento et al., 2009; Chen & Lin Lawell, 2020b; Davis & Knittel, 2019;
Jacobsen, 2011, 2013a, 2013b; Klier & Linn, 2012; Leard & Linn, 2020), incentives for technology adoption
(Chen & Lin Lawell, 2020a; Dou & Linn, 2020; Leard, Linn, & Zhou, 2017), policy design (Bento et al., 2018;
Durrmeyer & Samano, 2018; Ito & Sallee, 2018; Leard, Linn, & McConnell, 2017). Little is known about the
cost-effectiveness of a flexible policy design for building appliances.
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tructure investments.2 Within the context of fossil fuel infrastructure, Scott (2021) shows
pipeline expansion encourages investments in natural gas power plants in the US. Cesur
et al. (2017) demonstrate decreased infant mortality following the natural gas infrastruc-
ture expansion in Turkey. Covert and Kellogg (2023) discovered that blocking pipelines can
shift oil transportation to dirtier modes with more pollution. There are also growing discus-
sions about the financial risks of stranded natural gas infrastructure as we move towards a
carbon-free economy (Raimi et al., 2023; von Dulong et al., 2023; Yang et al., 2023). I add
to the literature with new evidence on the impact of natural gas infrastructure expansion
on the long-run cost of residential decarbonization.

Finally, this paper contributes to the literature on understanding the effect of policy in-
teractions, which commonly exist in many economic settings but with limited well-identified
evidence. Theoretical or simulation studies have shown that the combination of policy in-
struments to address environmental externalities can undermine the effectiveness of a single
instrument when there are interactions across jurisdictional borders (Goulder & Stavins,
2011; Goulder et al., 2012) or across sectors (Gerarden et al., 2020; Gillingham et al., 2021).
More broadly, there is emerging empirical evidence of whether policy interactions can be
complements or substitutes in different economic contexts, such as consumer purchase be-
havior (Ashraf et al., 2013), participation in social security programs (Johnsen et al., 2022),
and innovation (Pless, 2022; Pless & Srivastav, 2023).3 This paper adds to this growing
literature by investigating the potential efficiency loss from natural gas development in the

pursuit of electrification.

2 A substantial volume of development economics literature has documented the impacts of infrastruc-
ture improvements from different sectors on various economic outcomes, such as regional development and
growth (He et al., 2020; Lipscomb et al., 2013), market integration (Doshi, 2023; Gonzales et al., 2023), trade
(Donaldson, 2018), employment (Dinkelman, 2011; Meeks, Thompson, & Wang, 2023), etc. Foster et al. (2023)
provides a comprehensive review of the relevant literature.

3 Ashraf et al. (2013) documents that information provision can increase the effectiveness of price subsidies.
Johnsen et al. (2022) shows that introducing an early retirement reform in Norway triggers substitution away
from alternative social security programs. Pless (2022) presents evidence that tax incentives complement the
effect of grant funding on R&D among small firms, but these policies become substitutes for large firms.
Pless and Srivastav (2023) find innovation subsidies undermine the effectiveness of carbon pricing on firms’
low-carbon patenting activities in the UK.
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The rest of this paper is organized as follows. Section 2.2 provides a brief background
on natural gas infrastructure expansion and the water heater market in China. Section 2.3
describes the data. Section 2.4 presents descriptive evidence on natural gas infrastructure
and household appliance choice. Section 2.5 outlines the empirical design. Section 2.6
provides reduced-form evidence on the impacts of gas infrastructure expansion on water
heater choice. Section 2.7 outlines the structural model, identification, and estimation.
Section 2.8 conducts a counterfactual analysis of how gas infrastructure expansion affects
the cost of electrification. Section 2.9 concludes.

2.2 Institutional Background
2.2.1 Net-Zero Targets and Building Electrification

Over the past two years, a growing wave of countries, regions, and corporations world-
wide have committed to achieving net-zero carbon emissions by the mid-century to limit
global warming. As of August 2023, 151 countries have announced or are considering net-
zero targets, covering 88% of global carbon emissions. Among them, China has proposed
to peak carbon emissions by 2030 and achieve carbon neutrality by 2050. As the world’s
largest greenhouse gas emitter, China has become the primary source of emissions growth
over the past two decades, contributing almost one-third of global CO, emissions. There-
fore, China’s emissions trajectory and mitigation actions will be key determinants of the
success of global climate efforts.

To achieve the net-zero emissions target, one area of particular challenge is the carbon
emissions from buildings.* In recent decades, China has experienced unparalleled growth in
energy consumption and emissions from its building sector, a trend fueled by urbanization
and rising incomes. As of 2020, China was responsible for over 17% of the world’s final
energy usage and approximately 25% of global CO, emissions originating from buildings
(IEA, 2021a). In terms of the country’s total emissions, buildings contributed roughly 20%,

with about a quarter of that coming from the direct utilization of fossil fuels for heating and

4 Appendix A.1 provides more details about energy consumption in buildings and the corresponding carbon
emissions.
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cooking. To achieve the nation’s 2060 carbon neutrality target, the building electrification
rate should reach at least 75% by 2035 (Hao et al., 2020; Yu et al., 2022).

China’s building sector is covered in the nation’s CO» peaking action. In the 14th Five-
Year Plan for Building Energy Efficiency and Green Building Development, the central
government outlines a series of targets for green building development and decarbonization,
including capping the amount of energy consumption in buildings and ensuring that 65%
of building energy consumption comes from electricity by 2030.> Following the national
guidelines, provincial governments set differential targets for building decarbonization. For
example, Guangdong aims at raising the proportion of electricity consumption in buildings

to 80%.

2.2.2 China’s Natural Gas Infrastructure Development

Natural gas infrastructure is expanding rapidly, particularly among developing coun-
tries. Globally, there are 408 new gas pipelines either under construction or in the pre-
construction phase, totaling a distance of 193,400 km. Moreover, 510 projects aimed at
expanding capacity and upgrading existing infrastructure are currently under construction
or in the planning stages. China and India are the two leading countries in natural gas
pipeline development.®

The delivery of natural gas is facilitated through two types of infrastructure: inter-
regional transmission pipelines and localized distribution networks (Figure A.3). Trans-
mission pipelines are the main channels for high-pressure, long-distance natural gas trans-
port from extraction sites to key distribution nodes. Engineered for large diameters, these
pipelines are designed to accommodate considerable gas volumes. Once the gas reaches
the distribution nodes, local distribution networks, typically operated at lower pressures

and featuring smaller diameters, take over. These networks distribute the gas to end-users,

5 Ministry of Housing and Urban-Rural Development of China (2022). The 14th Five-Year Plan for Building
Energy Efficiency and Green Building Development. https://www.gov.cn/zhengce/zhengceku/2022-03/
12/content_5678698.htm. Ministry of Housing and Urban-Rural Development of China and others (2022).
Implementation Plan for Carbon peaking in Urban and Rural Construction. https://www.gov.cn/zhengce/
zhengceku/2022-07/13/content_5700752.htm.

6 Figure A.1 presents the natural gas pipeline development status across countries.
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including residential, commercial, and industrial consumers.

China’s expansion of natural gas transmission pipelines dates back to the early 2000s
when the government launched the West-East Gas Pipeline Project (WEPP), a monumental
infrastructure initiative aiming at the transmission of natural gas from resource-abundant
western regions to fast-growing yet energy-starved coastal areas.” The WEPP consists of
constructing four major trunk lines, extending from Xinjiang in the northwest to key eastern
and southern cities like Shanghai and Guangzhou. These trunk lines are complemented
by an array of branch lines, collectively forming a comprehensive nationwide natural gas
network.®2  Several distribution stations are located along the pipelines to supply local

communities and to extend transportation distance with enhanced positive pressure.

(a) 2010 (b) 2020
FIGURE 2.1: Natural Gas Transmission Pipeline Expansion

Notes: The maps depict comparative snapshots of the natural gas transmission pipeline network, illustrating
its operational state in 2010 and 2020. Line width represents the capacity of natural gas delivery.

Figure 2.1 presents two snapshots of the operating natural gas transmission pipelines

in China for 2010 and 2020. Figure 2.2 shows the cumulative length of these transmission

" As Figure A.2 shows, most of the natural gas reservoirs are located in the western of China, such as the
Xinjiang and Sichuan provinces.

8 A trunk line is a large-diameter conduit for long-distance, high-pressure transport of natural gas from
extraction sites to primary markets. In comparison, a branch line is a subsidiary pipeline with a smaller
diameter, engineered to divert natural gas from the main trunk line to specific terminal points.
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pipelines and the number of cities connected by them each year. The construction plans
of natural gas transmission pipelines are made by the central government and are usually
incorporated within the nation's Five-Year Plans. The routing of these pipelines depends on
various factors, such as technical feasibility, economic viability, and political considerations.
First, the pipelines are typically designed to connect regions rich in natural gas reserves
to densely populated coastal citieS. Second, the trajectory between the terminal regions
is mainly guided by geographic constraints and economic feasibility. The routing of these
pipelines is often considered the shortest and most direct path to minimize construction
and maintenance costs. E orts are also made to circumvent geographically challenging
areas, such as mountain ranges and dense river networks, to further optimize operational

e ciency.

FIGURE 2.2: Trends in Natural Gas Transmission Pipeline Expansion
Notes The line displays the cumulative length of operating natural gas transmission pipelines in thousand

kilometers. The bars represent the number of cities connected by the expanded natural gas transmission
pipelines in a year.

The expansion of inter-city transmission pipelines is concomitant with the proliferation
of intra-city distribution networks. The national average penetration rate of urban natural

gas infrastructure escalated from 20% in 2010 to nearly 48% in 2020 (Figure A.4). This

9 For example, the rst WEPP trunk line, completed in 2004, was designed to transport natural gas from the
Tarim Basin in Xinjiang Province to Shanghai.
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trend in gas infrastructure expansion suggests a projected increase of 20% (equivalent to 10
percentage points) in household access to gas infrastructure over the next decade. Devel-
oping local gas infrastructure can enhance both the accessibility and reliability of natural

gas by extending pipeline penetration and expanding supply capacity, respectively.

2.2.3 Water Heater Market in China

The water heater market in China has been experiencing steady growth in recent years,
driven by factors such as rapid urbanization, rising disposable incomes, and increasing
demand for energy-e cient and convenient home appliances. Water heaters can be classi ed
into four categories based on their fuel type, including gas water heaters, electric water
heaters, heat pumps, and solar water heaters. Appendix A.2 provides more details about

the key features of each water heater type.

FIGURE 2.3: Market Share of Water Heaters
Notes The gure plots the market share of water heaters by type (on the left) and by brand (on the right).
The numbers over the bars represent the market share (measured in percentage). In the right panel, only the
top six brands with the largest market share are presented. In total, they account for 76% of all water heater

sales. For each brand, the gure displays the market share of electric water heaters (in blue) and gas heaters
(in gray) separately.

The left panel of Figure 2.3 plots the market share of water heaters by type. During
2014 2019, electric water heaters dominate the market, accounting for about 53% of water
heater sales. Gas water heaters have the second-largest sales, with a market share of 45%.

In comparison, sales of heat pumps and solar water heaters account for less than 1% of

16



the market. Due to the penetration of gas infrastructures, the market share of gas water
heaters witnessed a considerable increase, rising from 35% in 2014 to 49% in 2019.

The right panel of Figure 2.3 shows the market share of water heaters from the top
six brands. The leading water heater manufacturers in the Chinese market include Midea,
Haier, A.O. Smith, Vanward, Macro, and Whirlpool. These top-six water heater brands
account for almost 80% of all water heater sales in China. The manufacturers can produce
more than one type of water heaters. Among these top manufacturers, Midea, Haire, A.O.
Smith, and Whirlpool mainly produce electric water heaters, while Vanward and Macro
mainly produce gas water heaters.

One distinct feature between gas and other water heaters is the heating speed. In China,
all gas water heaters are tankless and can provide hot water instantly and endlessly. In
comparison, other water heaters usually have an insulated tank to store hot water. They
often take a much longer time to heat the water compared to gas heaters. Another drawback
inherent to these tank-based systems is the potential for exhausting the supply of hot water
if consumption levels surpass the tank's storage capacity.

In China's water heater market, households (rather than homebuilders) are the main
buyers. This is because most of the houses in China are sold without any appliances,
and households are the ones who make the choice. Therefore, China's setting provides an
advantage that enables me to evaluate household preferences directly. Several factors can
a ect household product choice, including reliability, fuel cost, heating power, hot water

usage patterns, etc.

2.3 Data

To study gas infrastructure expansion and water heater choice, | have compiled, to
the best of my knowledge, the most comprehensive dataset on natural gas infrastructure
in China. | combine it with novel data on product-level water heater sales in each city.
The two main data sources cover the universes of natural gas transmission pipelines, urban

distribution infrastructures, and water heater products in China. This section provides an
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overview of the main datasets and descriptive statistics. More details are in Appendix A.3.

2.3.1 Natural Gas Infrastructure

The data pertaining to China's natural gas infrastructure contains comprehensive infor-
mation on all natural gas transmission pipelines, lique ed natural gas (LNG) import and
export terminals, and gas extraction sites in China. For each infrastructure, | observe its
operation/construction status, geographic information, owner, operation starting year, and
a rich set of engineering parameters, such as length, capacity, etc. | limit the dataset to gas
infrastructure operating during the study period. For the empirical analysis, | focus on the
inter-city transmission pipelines that transport natural gas from extraction sites over long
distances with high pressuret® To identify the cities connected by these pipelines, | match
the gas infrastructure data with city administrative borders. | use the operation starting
year of each transmission pipeline to de ne the connection time of the intersected cities.

To measure intra-city natural gas distribution infrastructure, | collect data from China
Urban Construction Statistical Yearbooksand the Global Energy Dialogue on the length of
distribution pipeline, number of households with gas infrastructure in their house, natural
gas storage capacity, and the total supply of natural gas. With these data, | calculate
distribution pipeline intensity as the ratio of pipeline length to the size of the urban area.
| de ne gas distribution infrastructure penetration as the percentage of households in an

urban city with access to gas infrastructure in their house.

2.3.2 Water Heater Data

| use water heater sales data collected by a leading market research company in China
from 2014 through 2019 for 300 cities. The raw transaction-level scanner data is collected
from each major retail store in these cities. | obtain city-level product o erings, annual
sales, and average price for each water heater product. Major attributes of each product
are also available in the dataset. Speci cally, | observe their brand and model name, fuel

type, tank size, heating power, and Stock Keeping Unit (SKU). The SKU allows me to

10 short-distance cross-county pipelines or branch lines that connect industrial complexes are excluded.
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match the sales data with other product attributes, such as energy e ciency and smart
control functions, that | collected from historical product catalogs, third-party retailers,
e-commerce platforms, and other pertinent sources.

The dataset covers in-store transactions in all department stores and major home ap-
pliance stores! In total, it contains almost 20,000 water heater products sold by 377
manufacturers, including both domestic and foreign companies. The raw sales and price
data are at the product-city-year level. The empirical analysis is limited to water heater
sales from individual purchases and excludes corporate or government purchasésl also
exclude cities for which the data has low market coverage in earlier years, as indicated by
the ratio of total sales to the number of households?

In addition to water heater sales data, | have compiled additional information pertaining
to water heater manufacturing. Speci cally, | collect data on water heater manufacturers,
including the locations of production facilities, import ports, and associated brands. | also
assemble data regarding the prices of raw materials essential for water heater production,
such as copper, stainless steel, and polymer. These datasets are mainly used for constructing

instrumental variables for the demand model estimation.

2.3.3 Household Characteristics, Appliance Choice, and Energy Con-
sumption

| extract household-level information from the 2012 and 2015 Chinese Residential En-

ergy Consumption Survey (CRECS) administered by the Renmin University of China.

11 The data account for over 80% of all of ine sales. During the period of 2014 — 2019, of ine sales make up
75% of overall water heater sales (including both online and of ine sales). Since the dataset does not have full
coverage of water heater sales, | adjust the sales quantity of each product proportionally based on the market
coverage ratio. Following Ito and Zhang (2020), | multiply the sales quantity of each product by 1.67.This
is calculated by 1/ (80% 75%), where 80% and 75% are the market coverage ratio and the market share
of of ine sales, respectively. Another approach is ignoring transactions outside the dataset, which provides
conservative estimates. The estimation results of these two approaches are the same for the reduced-form
analyses and are very similar for the demand estimation since all the models control for city xed effects that
absorb most of the differential variation.

12 Corporate or government purchases are often driven by non-market considerations and can be fully reim-
bursed.

13 In the raw data, the nationwide average ratio of total sales over the study period to the number of house-
holds is 6. | exclude 45 cities with a ratio lower than 0.5. These cities are mainly located in the western part
of China, e.g., Xinjiang and Tibet.
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CRECS provides a nationally representative sample with detailed information from more
than 3,000 households on their demographics, housing characteristics, and choices on a se-
ries of home appliances. In particular, the survey asks households about their hot water
usage pattern and water heater choice, including fuel type, e ciency level, etc. These data
helps me to better understand the relationship between water heater choice and household
or housing characteristics. In addition, it allows me to construct micro-moments to identify
consumer heterogeneity parameters in the demand model.

I collect city-level annual data on household fuel choice and consumption fronChina
Urban Construction Statistical Yearbooks For each city, the dataset provides information
on the number of urban households using natural gas, coal gas, or ligue ed petroleum
gas (LPG) and their fuel consumption. | supplement this dataset with residential annual

electricity consumption from City Statistical Yearbooks*

2.3.4 Regional Economic and Geographic Data

| collect regional economic data from two sources. First, | construct city-by-year mea-
sures on socio-economic characteristics, such as population, GDP per capita, and average
wage, from City Statistical Yearbooks Second, | obtain individual-level microdata for each
city using China's one percent population survey from the 2005 census, separately for urban
and rural households. Currently, this is the latest publicly available data that provides in-
formation on household-level income. To apply this dataset to my sample period, following
Barwick et al. (2021), | scale the city income distribution from the 2005 survey to match
the city average reported inCity Statistical Yearbooks for a speci ¢ year!® | also aggregate
the individual-level census data to create a set of city-level demographic and socio-economic
characteristics, such as the average years of schooling, household income, family size, etc.

To understand the routing decision of the natural gas transmission pipeline network, | as-

14 The information on the percentage of electricity users is not available, but during the study period, most
urban households have access to electricity.

15 This implicitly assumes that the income distributions in China only shift horizontally across years, but the
shape of the distribution remains the same.
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semble city-level geographic characteristics, including slope, elevation, river intensity, and

land cover.

2.3.5 Online Search Volume

Online search volume is measured using the search index from Baidu, the most widely
used search engine in China. It provides the number of queries for certain keywords within
a city and day from desktop and mobile users. Similar to Google Trends, the Baidu search
index measures online search intensity (i.e., the number of searchers for a speci c topic
relative to all topics), therefore providing a proxy for public interests and attention. | collect
daily Baidu search index for gas water heaters, electric water heaters, and natural gas
distribution infrastructure construction for each city. The raw index is then normalized so

that its mean is zero and its standard deviation is one.

2.3.6 Descriptive Statistics

For the reduced-form analyses on the impacts of natural gas infrastructure, | aggregate
the water heater sales data to city-by-year level. For each type of water heater, | calcu-
late its market share and sales quantity:® Table 2.1 presents summary statistics of the
main variables, including water heater sales, average product price, online search volume,
and natural gas distribution infrastructure. For each variable, | report the number of ob-
servations, mean, standard deviation, minimum, and maximum. The nationwide average
market share of gas water heaters is 28%, which means that, for every 100 water heaters
sold in a city, 28 of them are gas water heaters. For the structural model estimation, | use
city-by-year-by-product level data on water heater sales. Table A.2 reports the mean and
standard deviation of key product attributes for gas and electric water heaters. On average,
gas water heaters are more expensive than electric ones and can heat the water instantly

with a higher heating power.

16 Market share is de ned as the ratio of sales quantity of a speci ¢ type of water heater to the total sales,
which is different from the de nition used in the demand model estimation, where the market share of a
product is de ned by its sales quantity divided by the market size.
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2.4 Stylized Facts: Gas Infrastructure and Water Heater Choice

In this section, as a motivation for the subsequent econometric analyses, | characterize
the relationship between natural gas infrastructure and water heater choice. | rst provide
graphical evidence of how water heater sales are related to natural gas infrastructure expan-
sion. Then, leveraging the household survey data, | investigate what matters for household

choice between gas water heaters and electric ones.

2.4.1 Graphical Evidence

Figure 2.4 plots the spatial distribution of natural gas transmission pipelines and the
market share of gas water heaters in each city. The dark lines represent the operating
transmission pipeline network in 2020, and the line width captures the delivery capacity.
The map shows that regions intersected by these transmission pipelines generally have a
higher market share of gas water heaters than their non-connected neighbors. For instance,
gas water heaters have a larger market share in central China and the Sichuan-Chongging

area, where natural gas pipelines are densely distributed.

FIGURE 2.4: Gas Transmission Pipeline Network and Market Share of Gas Water Heaters

Notes The colored polygons display the city-level market share of gas water heaters over 2014-2019. The
dark lines represent the operating natural gas transmission pipeline network in 2020.
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The left panel of Figure 2.5 displays a binned scatterplot comparing the percentage
change in gas infrastructure penetration to the market share of gas water heaters, with
2014 serving as the baseline and scaled to zero. The gure documents a remarkable increase
in the distribution infrastructure penetration and the sales of gas water heaters from 2014
to 2019. Further, the right panel of Figure 2.5 demonstrates a strong positive correlation

between these two outcomes.

FIGURE 2.5: Distribution Infrastructure and Market Share of Gas Water Heaters
Notes On the left, the binned scatterplot shows the percentage change in city-level market share of gas water
heaters (in circles) and share of households with gas infrastructure in their house (in squares) relative to 2014.
The values in 2014 are normalized to zeros. The linear t lines for each variable are also plotted. On the right,
the binned scatterplot presents the relationship between the market share of gas water heaters and the share

of households with gas infrastructure in their house. The linear tline and the corresponding 95% con dence
interval are also plotted.

In summary, these gures collectively provide suggestive evidence of a strong correla-
tion between the proliferation of natural gas infrastructure either inter-city transmission
pipelines or intra-city distribution networks and the sales of gas water heaters. The pat-
terns suggest that the accessibility of natural gas infrastructure in a community could be a

crucial factor in uencing household water heater choice.

2.4.2 Drivers of Household Water Heater Choice

To investigate what matters in the choice between gas water heaters and electric ones,

| estimate a linear probability model by linking water heater choice with household demo-
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graphics, housing characteristics, and regional socio-economic status.

Since there are a fairly large number of characteristics in the dataset, | employ a two-
step data-driven approach to decompose the drivers of household water heater choice. In
the rst step, | apply the Least Absolute Shrinkage and Selection Operator (LASSO), a
form of regularized regression, to select the most important predictors among the rich set
of covariates. TheL?! penalty in the LASSO shrinks some coe cients to zero, thereby
performing variable selection. | follow the 10-fold cross-validation approach to select the
penalty parameter that minimizes the mean absolute error. In the second step, the post-
LASSO regression is then performed on the selected variables.

As a demonstration of the e ectiveness of the LASSO approach, | start with estimating
an OLS regression by including all the standardized covariates. Figure A.6 presents the
coe cient estimates. The dependent variable is whether a household has a gas water
heater (the left panel) or an electric water heater (the right panel). The covariates selected
by LASSO are depicted in blue, while others are in gray. Compared to the unselected
covariates, the LASSO-selected ones generally have much larger coe cient estimates and
are signi cantly di erent from zero. The coe cient path of the LASSO regression is shown
in Figure A.5, with the vertical dashed lines representing the selected penalty parameters
via the cross-validation approach.

Table 2.2 reports the post-LASSO estimation of the selected predictors for household
water heater choice. To measure how much each covariate can explain the dependent
variable, | perform a Shorrocks-Shapely decomposition of th&? for each regression model
(Shorrocks, 1982). The percentage oR? contribution of each covariate is reported in
brackets. Columns (1)-(2) show the results for the adoption of gas water heaters. In Column
(1), I estimate the OLS regression using the pooled household sample. The adoption of
gas water heaters is positively correlated with natural gas infrastructure access, regional
electricity price, and the frequency of household hot water usage. Among them, th&?
contribution of gas infrastructure access is almost 50%, far exceeding the other predictors.

When estimating the model using within-province variations in Column (2), natural gas
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pipeline access becomes the dominant predictor for household adoption of gas water heaters.
Columns (3)-(4) of Table 2.2 present the results for electric water heater adoption. As
Column (3) shows, the most signi cant predictors include the frequency of household hot
water usage, gas stove adoption, and whether the household actively tracks its electricity
consumption.

The results are aligned with the di erential features between gas and electric water
heaters. Household access to in-home natural gas infrastructure makes it easier for them to
use gas more conveniently and reliably and, therefore, facilitates the adoption of gas water
heaters. In addition, since gas water heaters can deliver hot water instantly and endlessly,
households who use hot water more frequently often prefer gas heaters over electric ones
due to the time-saving bene ts and the reliable hot water supply. There is also suggestive
evidence that the cost of electricity consumption plays a role in water heater choice, as
indicated by the coe cient estimates of electricity price and the indicator for whether the

household actively tracks its electricity consumption.
2.5 Empirical Strategy

The results so far have demonstrated a strong relationship between the accessibility of
natural gas and water heater choice. In this section, | describe the empirical framework
to establish the causal impacts of natural gas infrastructure development on water heater
sales. The empirical objective is to examine how the increased access to natural gas via
infrastructure improvements a ects the choice between gas water heaters and electric ones,
which serves as motivating evidence for the later structural model analysis and provides
implications for the source of welfare loss from electri cation policies. To address the
potential endogeneity of gas infrastructure penetration within a city, | utilize the expansion
of inter-city natural gas transmission pipelines as a source of quasi-experimental variation

in the accessibility of natural gas to a local community.
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2.5.1 Econometric Speci cation

The empirical strategy leverages the shocks in natural gas access created by the stag-
gered expansion of inter-city transmission pipelines. The development of natural gas
pipelines provides possibly exogenous variation over time and across multiple cities in terms
of the local accessibility of natural gas. Therefore, | employ a di erence-in-di erences (DiD)
approach to investigate the impacts of natural gas pipeline expansion on various outcomes.

| use the city-level annual data to estimate the following DiD model:

Yii = bGasling; + a; + d + #;, (2.2)

where Yj; is the outcome of interest for city i in year t, including intra-city natural gas
infrastructure and water heater sales. The binary indicator for gas pipeline expansion,
Gaslingt, equals one if cityi is connected by an expanded transmission pipeline that has
started operating at time t. | add city xed e ects & to control for all time-invariant city
characteristics in the cross-section. The model also includes time xed e ectg; to capture
common shocks and trends. For robustness checks, | include more exible controls. The
error term is denoted by#;. | cluster standard errors at the city level to allow for arbitrary
serial correlations among the sample periods. The primary coe cient of interestp, denotes
changes in the outcome after the natural gas transmission pipeline expansion.

To understand the dynamic impacts and gauge the validity of the DiD design, | also
estimate an event study model by replacing the Gasline dummy in Equation (2.1) with a

series of indicators for the years since the pipeline expansion:

Yii= " bdlt ti= K+ o+ o+ Hy (2.2)
k

The dummy variables, 1[t t; = K], jointly represent the gas pipeline expansion events.
Speci cally, t; denotes the operation starting year of the expanded pipeline that connects
city i, and k measures the year since gas pipeline expansion. | plot the estimates lnf to
provide a visual representation of how the outcome evolves as a function of time relative to
gas pipeline expansion. The dummy fok = 1 is omitted from Equation (2.2) so that the

estimated impacts are relative to one year prior to the gas pipeline expansion.
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2.5.2 ldenti cation and the Routing of Pipeline Expansion

The identi cation of b, the parameter of interest in Equation (2.1), is based on the stag-
gered expansion of natural gas transmission pipelines across cities. Speci cally, it takes ad-
vantage of the variations in the outcome speci ¢ to cities connected by expanded pipelines,
relative to cities unconnected, and between periods before versus after the pipeline expan-
sion. The key identi cation assumption is that the schedule of the gas pipeline expansion
is not correlated with time-varying unobservables that could a ect the outcome variables,
conditioning on the controls. Under the assumption,b can be consistently estimated using
the OLS and captures the average treatment e ect of pipeline expansion. Here, | exam-
ine the validity of this identi cation assumption by investigating the routing decision of
transmission pipeline expansions.

The routing of natural gas transmission pipelines is determined by the central govern-
ment and was planned years before any city was connected. Although regions between
terminal cities of these pipelines are not explicitly targeted, | cannot assume the routing
of transmission pipeline expansion is random. To investigate the potential selection and
understand its consequences for the econometric analysis, | conduct a zero-stage analysis
on the determinants of gas pipeline expansion across cities, following Almond et al. (2019)
and Barwick et al. (2022). Table A.5 presents the results. More details about the analysis
are provided in Appendix A.4.1.

First, | show that these pipelines are usually designed to connect gas-abundant western
regions to densely populated and developed coastal cities. The selection of these cities and
the schedule of expansion mainly correspond to administrative hierarchies that are deter-
mined long before the pipeline expansion. Provincial capitals and cities that are located in
the Beijing-Tianjin-Hebei area, the Yangtze River Delta, and the Pearl River Delta are usu-
ally connected by pipelines early. Conditioning on administrative hierarchies, there is little
additional explanatory power for the routing of pipeline expansion from levels or trends in

cities' baseline economic characteristics, such as population or average income.
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Second, the routes connecting the terminal cities are mainly guided by geographic con-
straints and economic feasibility to minimize construction and maintenance costs. Results
in Table A.5 show that at lands and regions with less wetland or forest cover are connected
earlier. Further, as Figure A.7 suggests, most of these trajectories follow the shortest and
most direct paths to minimize construction costs. The initial phase of the transmission
pipeline expansion was anchored by the construction of key trunk lines as part of the West-
East Gas Pipeline Project (WEPP). These key trunk lines serve as the backbone of the
pipeline network, with subsequent expansions gradually extending to surrounding areas.
Column (4) of Table A.5 con rms this. Cities closer to the rst two WEPP trunk lines are
connected earlier.

Third, as shown in Column (5) of Table A.5, cities connected earlier tend to have
larger populations, more manufacturing rms, and higher industrial SO, intensity. Since
the regression includes city xed e ects, all permanent di erences in city characteristics,
such as economic importance and geographic features, do not threaten the identi cation.
In Table A.6, | demonstrate that time-varying city characteristics are not correlated with
the pipeline expansion, conditioning on the suite of xed e ects. As a robustness check, |
also estimate the impacts of gas pipeline expansion on water heater sales by combining the
DiD estimator with matching.

Finally, the DiD approach requires parallel trends in the outcome variable between the
connected cities and the non-connected cities in the absence of the gas pipeline expansion.
| use the event study model in Equation (2.5) to examine the potential selection issues in

the timing of expansion through pre-existing trends in the outcome of interest.

2.5.3 Potential Identi cation Threats

Concurrent Policies and Other Potential Confounders During the study period, the
Chinese government has implemented several decarbonization policies to combat air pollu-
tion and reduce carbon emissions. One major policy that could potentially interfere with

my analysis is the Coal-to-Gas program in northern China. Implemented in 2017, this pro-
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gram aims to reduce dispersed coal consumption by promoting gas appliances for winter
heating. Therefore, it could also a ect the sales of gas water heaters. Another concern
pertains to regions with natural gas reservoirs or LNG terminals. The initiation of new
natural gas extraction sites or the opening of import terminals for LNG service might also
enhance the accessibility of local access to natural gas. As robustness checks, | will estimate
the model by excluding cities a ected by the Coal-to-Gas policy or that have gas extraction
sites or LNG terminals.

Spatial Spillovers. Another concern relates to spillover e ects on cities in the control
group, which could violate the stable unit treatment value assumption (SUTVA). Speci -
cally, in my setting, if the transmission pipeline expansion also a ects the accessibility of gas
infrastructure in surrounding cities that are not directly connected, the estimated impacts
could be downward biased. To further address the concerns, | conduct robustness checks
by excluding cities whose neighbors are also connected or by controlling for neighboring
cities' connection status.

Bias in Staggered DiD. A rapidly growing literature discusses the potential estimation
bias of the two-way xed e ects (TWFE) model when the treatment has a staggered roll-
out and heterogeneous e ects across units over time (Borusyak et al., 2023; Callaway &
Sant'Anna, 2021; de Chaisemartin & D'Haultf+uille, 2020; Goodman-Bacon, 2021b; Sun
& Abraham, 2021b). The bias arises from the comparison between later treated units and
earlier treated units that instead serve as the control. | test the robustness of the results

using recently developed heterogeneity-robust estimators.

2.6 Empirical Results

In this section, | rst present results showing that expanding natural gas transmission
pipelines improves local access to natural gas via infrastructure development and further
increases the sales of gas water heaters. Then, | use the expansion of transmission pipelines
as an instrumental variable to estimate how local gas infrastructure penetration a ects the

demand for gas water heaters. These analyses indicate that improved gas infrastructure
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will alter consumers' choice between electric and gas appliances, which has implications for
understanding the potentially increased welfare losses associated with electri cation policies

in the context of gas infrastructure expansion.

2.6.1 Impacts of Pipeline Expansion on Intra-City Gas Infrastructure

I rst examine how the transmission pipeline expansion changes local natural gas distri-
bution infrastructure. This analysis serves as rst-stage evidence in that the construction
of local gas infrastructure is generally a downstream consequence of a city's connection to a
transmission pipeline, which either introduces new access to or expands the existing natural
gas capacity. Speci cally, once connected to a transmission pipeline, a city will likely ex-
tend distribution pipelines, invest in gas storage facilities, and enhance local infrastructure
penetration.

Figure 2.6 presents event study estimates based on Equation (2.2) with the coe cient
for one year prior to the pipeline expansion normalized to zero. Two patterns emerge.
First, the estimated coe cients for the event years in advance of the transmission pipeline
expansion are small in magnitude and statistically indistinguishable from zero, suggesting a
lack of pre-trends. Second, after the transmission pipeline expansion, there is a signi cant
increase in the length of distribution pipelines, the capacity for natural gas storage, and
the penetration of local gas infrastructure (measured by the percentage of households with
in-home access to gas infrastructure). These e ects persist for the duration of the study
period.

Table 2.3 reports the estimated impacts of transmission pipeline expansion obtained
from Equation (2.1) on a comprehensive array of metrics related to intra-city natural gas
distribution infrastructure. The dependent variables are measured in logs, except for the
infrastructure penetration. All the coe cients are positive and statistically signi cant, sug-
gesting a consistent story that the expansion of the transmission pipeline leads to remarkable
improvements in local natural gas infrastructure. The observed e ect is economically sig-

ni cant. On average, there is a threefold increase in the length and intensity of distribution
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FIGURE 2.6: Dynamic Impacts of Pipeline Expansion on Distribution Infrastructure
Notes The gure plots the event-study estimates (and the corresponding 95% con dence intervals) for the
impacts of natural gas transmission pipeline expansion on intra-city distribution infrastructure. One year

prior to the transmission pipeline expansion (i.e., t = 1) is considered as the reference period, and the
coef cient is omitted from the regression.

pipelines, a 1.7-fold increase in storage capacity, and a vefold increase in total natural
gas supply. The development of local infrastructure also corresponds to increased access

to natural gas. As shown in Columns (5) and (6) of Table 2.3, The number of households
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with in-home access to natural gas infrastructure undergoes a sevenfold increase, and the

penetration rate rises by 20 percentage points.

FIGURE 2.7: Dynamic Impacts of Pipeline Expansion on Household Fuel Usage

Notes The gure plots the event-study estimates (and the corresponding 95% con dence intervals) for the
impacts of natural gas transmission pipeline expansion on city-level household fuel choice and consumption.
One year prior to the transmission pipeline expansion (i.e., t = 1) is considered as the reference period,
and the coef cient is omitted from the regression. The top panel shows the estimates for the percentage of
households using a certain type of fuel in a city. The bottom panel shows the estimates for the city's average
household consumption of a certain type of fuel (in logs). The data for the percentage of electricity users is
not available, but during the study period, the majority of urban households have access to electricity.

| further investigate whether households indeed use more natural gas following the
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improvements in local gas infrastructure. Based on the same model framework, | estimate
the impacts of transmission pipeline expansion on household choice and consumption of
di erent types of fuels, including natural gas, coal gas, lique ed petroleum gas (LPG), and
electricity. Figure 2.7 shows the event study coe cients, con rming no pre-trends. The
estimated average e ects are presented in Table 2.4. Panel A shows the impacts on the
share of the number of households using a certain type of fuéi. After the transmission
pipeline expansion, there is a dramatic increase in natural gas users and a decrease in
coal gas or LPG users, suggesting a fuel switch among households. Panel C reports the
impacts on household total fuel consumption. Consistently, | document a vefold increase
in natural gas consumption, accompanied by a decline in the use of coal gas and LPG,
while electricity consumption remains largely unchanged. In addition, as shown in Panel
D, average household consumption of natural gas also increases, but there is little change
for other fuels. The results in Panel C and D together suggest an increase in both the
extensive and intensive margin of natural gas consumption. In comparison, the decreased

consumption of other fuels is mainly driven by the decline in household users.

2.6.2 Impacts of Pipeline Expansion on Water Heater Sales

The improvements in local gas infrastructure following the transmission pipeline expan-
sion can reduce the cost of community natural gas connections and make it more convenient
and reliable for households to use natural gas, potentially in uencing their choice for gas-
powered appliances. In this section, leveraging city-level water heater sales, | document the
reduced-form relationship between the expansion of transmission pipelines and household
water heater choice.

| rst show evidence that expanding the natural gas transmission pipeline in uences
public awareness of local infrastructure development and alters consumer interest in vari-
ous types of water heater products. Figure 2.8 shows the dynamics of online search volumes.

Post-expansion, there is a notable growth in online search for the construction of local distri-

17 City-level data on electricity users are not available, but during the study period, the majority of urban
households have access to electricity.
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FIGURE 2.8: Dynamic Impacts of Pipeline Expansion on Online Search Volume
Notes The gure plots the event-study estimates (and the corresponding 95% con dence intervals) for the
impacts of natural gas transmission pipeline expansion on online search volume. One year prior to the
transmission pipeline expansion (i.e., t = 1) is considered as the reference period, and the coef cient is
omitted from the regression. The online search volume is measured using the Baidu Search Index. The left

panel shows the search volume for gas and electric water heaters. The right panel shows the search volume
for the construction of intra-city natural gas distribution infrastructure.

bution pipelines, indicating increased public awareness concerning local gas infrastructure.
Turning to the e ect on online searches for water heater products, | observe a signi cant
uptick in public interest in gas water heaters, accompanied by a slight decline in searches for
electric ones. These results suggest that consumer interests shift toward gas water heaters
following pipeline expansion.

Next, | investigate the impacts on actual water heater sales. Figure 2.9 presents event
study estimates. Prior to the pipeline expansion, there is no meaningful di erence in
water heater sales trends between the connected and non-connected cities. Following the
expansion, both the market share and sales quantity of gas water heaters rise, while sales of
non-gas water heaters decline. The magnitudes of the e ects appear to increase over time
and persist for at least three years after the pipeline expansion.

To quantify the average e ect of transmission pipeline expansion on sales of various
types of water heaters, | estimate the DiD model and Table 2.5 shows the results. Panel A
presents the estimates for market shares. Following the pipeline expansion, on average, the

market share of gas water heaters increases by 2.7 percentage points, concomitant with a
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FIGURE 2.9: Dynamic Impacts of Transmission Pipeline Expansion on Water Heater Sales

Notes The gure plots the event-study estimates (and the corresponding 95% con dence intervals) for the
impacts of natural gas transmission pipeline expansion on water heater sales. One year prior to the trans-
mission pipeline expansion (i.e., t = 1) is considered as the reference period, and the coef cient is omitted

from the regression.

decline in the market share of electric water heaters. The market shares of heat pumps and

solar water heaters are una ected. Similar e ects on sales quantity are documented in Panel
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B of Table 2.5. The expansion of transmission pipelines results in a 51.6% increase in the
sales quantity of gas water heaters and an 8% decrease in the sales quantity of electric ones.
When using alternative measures of water heater sales, Table A.7 yields robust results. The
sales responses to the expansion of transmission pipelines indicate that gas infrastructure
development indeed attracts more demand for gas water heaters, likely by improving the
accessibility and reliability of natural gas usage.

Decomposing the e ect on electric water heaters by tank versus tankless products, |
nd that the decline is mainly driven by electric tank water heaters. Gas water heaters
are mostly tankless and therefore o er a distinct advantage in terms of heating speed,
particularly when compared to electric tank water heaters. Consequently, as the local
accessibility of natural gas improves substantially following pipeline expansion, demand for
electric tank products is more likely to be supplanted.

In Panel C of Table 2.5, | examine the change in the average sales price of di erent water
heaters after the pipeline expansion. The results reveal a 6.1% increase in the average sales
price of gas water heaters post-expansion. This rise in sales price could occur through
two channels. First, manufacturers might strategically raise product prices in response
to increased demand for gas water heaters. Second, following the improvements in local
gas infrastructure, households might prefer and become more willingness to pay for more
advanced gas water heater models.

To understand the heterogeneous e ect of pipeline expansion on gas water heater sales,
| add to Equation (2.1) an interaction term between the pipeline expansion indicator and
a set of baseline measures on regional characteristics. The selection of these characteristics
is based on the LASSO-selected key predictors for gas water heater adoption discussed
in Section 2.4.2. Table 2.6 reports the estimation results. Cities with greater intensity
in distribution pipelines and a more diverse range of water heater products experience a
more pronounced surge in gas water heater sales. Moreover, the coe cient estimates in
Column (3) show that the increase in gas water heater sales is more pronounced among

regions with higher electricity prices. It suggests that fuel prices could play a role in
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the consumer decision-making process regarding appliance choice. However, no discernible
heterogeneity is observed across regions with di erent natural gas price levels or climate
patterns.*® Finally, the last column of Table 2.6 indicates that sales of gas water heaters
increase more among regions where households utilize hot water more frequently, likely

attributable to the fast-heating capabilities of gas water heaters.

2.6.3 1V Estimation: Gas Infrastructure and Water Heater Sales

The analyses conducted thus far yield two primary ndings. First, the expansion of
transmission pipelines induces changes in local gas infrastructure. Second, this expansion
also in uences household water heater choices. These two sets of results can be viewed as
rst-stage evidence and intent-to-treat e ects, respectively. Speci cally, the transmission
pipeline expansion creates a shock that could potentially stimulate local gas infrastructure
development, which further provides an incentive for consumers to reconsider their appliance
choices, either sticking with electric products or switching to gas ones.

To formally quantify the relationship between the change in local gas infrastructure and
household water heater choices, | estimate the elasticity of water heater demand with respect
to local gas infrastructure penetration, using the expansion of transmission pipelines as an
instrument. This elasticity governs the change in consumer surplus due to enhanced local
gas infrastructure, which thereby informs the magnitude of a potential increase in consumer
welfare loss from electri cation policies in the context of expanded gas infrastructure.

The estimation is based on the following two-stage least squares (2SLS) model:

bS: + a; + o + #, (2.3)

Yit

st = f Gasling; + g; + t{ + Uuj;. (2.4)

In the above equations,y;; denotes water heater sales in cityi and yeart, including the

market share and sales quantity of gas water heaters and the sales quantity of all water

18 One caveat with these fuel price analyses is that | only have provincial-level data on electricity and natural
gas prices, and there are limited variations across regions. Residential fuel prices in China are stringently
regulated and highly subsidized by the government. The average electricity price is 0.5 RMB ( $0.07) per
kwWh, and the average natural gas price is 2.4 RMB ( $0.36) per cubic meter.
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heaters. The independent variable of interests;, is local natural gas infrastructure pen-
etration, measured by the percentage of households with in-home gas infrastructure. The
instrumental variable, Gasling;, is an indicator for transmission pipeline expansion, which
is de ned the same as before in Equation 2.1. The regressions control for city and year
xed e ects. Standard errors are clustered at the city level. To mitigate concerns about
the selection of terminal points of each transmission pipeline, | exclude cities at either end
of these pipelines from the analysis.

Two main assumptions are required for the instrumental variable. First, the expansion of
transmission pipelines causes variation in local gas infrastructure penetration, as con rmed
in Section 2.6.1. Second, it should meet the exclusion restriction criteria, i.e., the expansion
of transmission pipelines in uences water heater sales only through the development of
local distribution infrastructure. To provide supporting evidence, | conduct placebo tests
in a similar spirit to Dinkelman (2011), and the results conrm that the expansion of
transmission pipelines does not predict the change in water heater sales among regions with
little change in local distribution infrastructure penetration (Table A.18). ° In addition,
conditioning on xed e ects, the pipeline expansion is not correlated with city economic
characteristics (Table A.6).

Table 2.7 presents the 2SLS estimation results. The independent variable is local gas in-
frastructure penetration. The coe cient estimate in Column (1) shows that a 10-percentage
point increase in gas infrastructure penetration causes a 3.47 percentage point increase in
the market share of gas water heaters, which corresponds to a 90% increase in the sales
guantity as reported by Column (3). In comparison, the coe cient estimate for the sales
of all water heaters is small and indistinguishable from zero, suggesting no impact on total

sales. These results indicate that the increased local gas infrastructure penetration can lead

19 For these placebo tests, the sample is restricted to cities with minimal potential for changes in local natural
gas distribution infrastructure. The restriction is implemented in three ways. First, | focus on cities with
LNG terminals or gas extraction sites, as they are likely to already possess advanced distribution networks
prior to the study period. Second, | look at cities experiencing less than a 10% increase in gas infrastructure
penetration. Lastly, | restrict to cities where the penetration rate is above 90% at the beginning of the sample
period, as they have limited space for further improvements.
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consumers to favor gas appliances over electric ones, thereby remarkably boosting the sales
of gas water heaters. When using the one-year lagged penetration rate in Columns (2), (4),
and (6), the conclusion still holds, with the estimated coe cients for gas water heater sales

being relatively larger.

2.6.4 Robustness Checks

Confounding Factors | conduct a rich set of robustness checks to address the concerns
about confounding factors. Table A.8 and A.9 present the results. In Panels A and B,

I control for provincial linear trends or province-year xed e ects to capture di erential
regional trends or provincial-level policy shocks that could a ect the outcomes. Panel C
adds a series of time-variant city characteristics, including population, GDP per capita,
savings per capita, average wage, and the share of GDP from the secondary industry. To
isolate the e ect of the contemporary Coal-to-Gas program or other clean winter heating
policies in northern China, in Panels D and E, | estimate the model by excluding cities
potentially a ected by these policies. In Panel F, | drop cities that have newly operated
LNG terminals or gas extraction sites, which could also lead to local gas infrastructure
development. In Panels G, H, and I, to mitigate concerns about selection bias and endoge-
nous city connection, | exclude regions that could be potentially targeted when the central
government makes routing decisions for transmission pipeline expansion.

Spatial Spillovers Table A.12 and A.13 examine potential spatial spillover e ects of
transmission pipeline expansion. In Panel A, | restrict the sample to cities connected by
the pipeline no later than their corresponding neighbors. Panel B excludes cities whose
neighbors are also connected by the pipeline during the sample period. Panel C controls for
the connection status of neighboring cities. All these results con rm the robustness of the
baseline results. Finally, in Panel D, | investigate whether a city's outcomes will respond
to the pipeline expansion at its neighbors. Speci cally, for each city, | restrict the sample
to the period before their own pipeline connection. Then, | estimate Equation (2.1) using

NBGasline as the independent variable, which is an indicator for whether any neighboring
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city has been connected by an expanded transmission pipeline. The coe cient estimates are
generally small in magnitude and statistically insigni cant, suggesting the spatial spillover
is unlikely to happen.

Staggered Treatment Timing. As discussed in Section 2.5.3, | address concerns on
the potential estimation bias of the TWFE model due to staggered treatment, using four
di erent heterogeneity-robust estimators (Borusyak et al., 2023; Callaway & Sant'Anna,
2021; de Chaisemartin & D'Haultf+uille, 2020; Sun & Abraham, 2021b). These approaches
compares treated units with never treated ones serving as controls, hence excluding all the
bad comparisons. Figure A.8 and A.9 present results for dynamic impacts using these
estimators. In Table A.10 and A.11, | report the estimated average e ect, following the
approaches suggested by Borusyak et al. (2023), Callaway and Sant'Anna (2021), and de
Chaisemartin and D'Haultf+uille (2020).

Poisson Regression Given the count-data nature of water heater sales, | conduct ro-
bustness checks for the analyses using a Poisson model. The dependent variable is the
sales quantity of various types of water heaters. The model is estimated using the Pois-
son pseudo-maximum likelihood approach since it is robust to distributional assumptions
and can avoid the incidental parameter problem (Silva & Tenreyro, 2006). The results,
presented in Table A.14, still document a signi cant increase in gas water heaters.

Placebo Tests on Unrelated Appliances To further demonstrate the identied e ect
on water heater sales is not driven by other confounding factors, | examine the impacts
of transmission pipeline expansion on online search or sales of air conditioners as placebo
tests. The analysis chooses air conditioners because they should not be aected by gas
infrastructure expansion, and their purchase decisions are less likely to be correlated with
water heaters. As shown in Table A.15, there is little change in consumer interests or sales
of air conditioners following the expansion of natural gas transmission pipelines.

DiD with Matching . To further mitigate the concerns about selection bias, | combine
the DiD estimator with matching. Speci cally, for each city in the treatment group that is

eventually connected by an expanded transmission pipeline during the study period, | match
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it with an eventually unconnected city with the most similar baseline characteristics. The
covariates used in the matching include the market share and sales quantity of gas water
heaters in 2014. For each eventually connected city, | perform this one-to-one matching
using either the whole sample of cities in the control group or only the cities within the
same province. Figure A.10 plots the distribution of gas water heater sales for the matched
and unmatched samples. It shows that the connected cities and the matched non-connected
cities have better common support compared to the unmatched sample. Table A.16 con rms
that the matched sample yields a better balance on a series of covariates, either used or
not used in the matching. The DiD estimation results based on the matched sample are
reported in Table A.17, and the coe cients are similar to those from the baseline model.
Valid t-Ratio Inference for IV Estimation. Following Lee et al. (2022), | adjust the
standard errors to address the potential downward bias from the 2SLS model estimates
in Table 2.7 and construct the correspondingtF con dence intervals. The results are
presented in Table A.19. In Columns (2)-(3), | duplicate the coe cient estimates and
the corresponding standard errors for each outcome variable. Columns (4)-(6) report the
K-P F-statistics, the correspondingtF adjustment factors, and the adjusted standard errors.
In the last column, | present the tF 95% con dence intervals. The statistical signi cance

remains for the sales of gas water heaters.

2.7 A Structural Model of the Water Heater Market

The reduced-form analyses demonstrate that the increased accessibility of natural gas
via infrastructure expansion can shift consumer choice from electric water heaters to gas
ones. This nding implies a higher cost of electri cation in contexts where gas infrastructure
keeps expanding, as the goal of these electri cation policies is essentially to reverse people's
choice from gas to electric appliances. In this section, | estimate a structural model of the
water heater market to formally quantify the additional costs of electri cation attributable
to gas infrastructure expansion. Consumer demand for new water heaters is derived from

a random coe cient discrete choice model following Berry (1994) and Berry et al. (1995).
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The demand model features consumers choosing water heaters to maximize utility based on
product attributes, accounting for both observed and unobserved heterogeneous preferences.
To incorporate the impacts of gas infrastructure expansion on consumer choice, | allow a
consumer's utility from adopting gas water heaters depending on local gas infrastructure
penetration. On the supply side, | model rms' pricing decisions as equilibrium responses

from a Bertrand-Nash price competition.

2.7.1 Demand

| de ne a city-year as a market. In each market, consumers choose from a set of
water heater modelsJ ,; to maximize their utility. The indirect utility of consumer i
buying product j in city m and yeart is a function of product attributes and consumer
demographics:

Uijmt = U(pjmta Xjs Xjmt> Dimt. Gmt) + Himt (2.5)

where the rst component u(pjmt, X, Xjmt, Dimt, Gmt) is de ned below and #jy, is a random
taste shock following the type-l extreme value distribution. Utility from the outside option
is normalized to #gm.%°

| specify utility u(pjme, Xj, Xjmt, Dimt» Gmt) as the following, wherep;n, is product price,
X = txjkuE:1 is a vector of observed product attributes, D, stands for consumer at-

tributes, and Gy represents local gas infrastructure penetration:

K
Uijmt =  @imtPjmt + Xjkbli(mt + gimtl[GaS]j + Xjmt + hj+ Zm + . (2.6)
k=1

Consumeri's marginal utility from price decrease, ajnt, is de ned as

Aimt = ot a1 In(Yime)+ SpVimt (2.7)

The rst component €*© denotes the base level of price sensitivity. The second term
a1 In(yimt) captures how disutility from price varies with the income level. Since wealthier

consumers tend to be less price sensitive, one would expe&t to be negative. | follow

20 The outside option in this setting includes the decision not to purchase a water heater, to purchase a used
water heater, or to purchase a water heater outside the categories considered in this paper.
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Berry et al. (1999) and seta; to -1.21 The third term SpVimt IS @ random shock that takes
into account idiosyncratic factors in uencing price elasticity, such as inheritance and assets
acquired in the past. Here, vy follows the standard normal distribution, and s; is the
price dispersion parameter to be estimated.

The term tx U, is a vector of observed product attributes, including a constant term,
tank size, heating power, energy e ciency, and other advanced functions. | de ne consumer

i's taste for attribute k as

bK

imt

= b+ spvk (2.8)

imt-

The mean preferenceb® is constant across consumers, angvk , represents consumei's

preference deviation wherevX . is normally distributed. | allow random tastes for the

t
constant term and tank size but shut down the dispersion for other attributes (i.e.,si =
0).22 The random taste for the constant term captures heterogeneity in consumers' outside
options.

The parameter gimt captures the additional utility from choosing a gas water heater

relative to an electric one. To incorporate the impacts of gas infrastructure on consumer

preference, | assumein; has the following functional form:

Oimt = o+ 911N Gt 1+ SV, (2.9)

where G,; 1 is city m's gas infrastructure penetration in yeart 1 measured by the per-
centage of households with in-home gas infrastructure, andei‘;’nt represents the random
taste. The log function here ensures that consumer utility from a gas heater goes to nega-
tive in nity, thereby corresponding to a zero choice probability as local gas infrastructure

penetration approaches zerg?

21 This is a common practice in the recent literature studying the demand for vehicles, such as Armitage and
Pinter (2022), Barwick et al. (2021), and Kwon (2022).

22 pttempts to allow random tastes for other product attributes usually yield insigni cant coef cients.

23 Another approach to incorporate the impacts of gas infrastructure expansion is to allow demographic-
speci ¢ product availability. Speci cally, for consumers with in-home gas infrastructure, their choice sets

include both electric and gas water heaters. For consumers without in-home gas infrastructure, their choice
sets only include electric water heaters. The distribution of these two types of consumers is governed by local
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The element, Xjmt, captures all unobserved product attributes, such as advertising and
quality of customer service. The remaining termsh;, zm, and d represent brand, city, and
year xed e ects, respectively.

The individual utility can be rewritten as Ujjmt = Gmt + Mjme + #Hjmt, Where e is the
consumer-invariant mean utility, and m;; is the consumer-speci c utility dispersion that

depends on consumer characteristics. The probability that consumerchooses producy is

edjmt+ mjmt
o

1 + KPJ nt éi(mt'*' Mkmt ' (2 10)

Pijmt =

The predicted market share for productj can be calculated by aggregating individual choice
probabilities over the distribution of consumer types, which will then be matched with the

data for parameter estimation.

2.7.2 Supply

The supply-side speci cation follows BLP, where | consider an oligopolistic market with
a nite number of rms selling di erentiated products. These rms engage in Bertrand
price competition to maximize their pro t while taking the product mix as given.
The total variable prot for rm  f is de ned as follows?*
Pi= " N(p ¢)s(p),
jPJ ¢
where N is the number of potential buyers measured by the number of households;(p) is

the market share of productj that depends, among other factors, on the vector of pricep

of all the products in the market, and ¢; is the marginal cost.

infrastructure penetration Gp¢. With this alternative approach, the simulated impacts of gas infrastructure
expansion on the welfare loss from electri cation are relatively larger. | stick to the modeling approach as
speci ed in Equation (2.9) for three reasons. First, as mentioned in Appendix A.2, households can use LPG
or coal gas tanks to fuel gas water heaters even though they do not have in-home natural gas infrastructure.
Therefore, it could be unrealistic to simply exclude gas products from their choice sets. Second, the idea of
using gas infrastructure penetration is to measure the local accessibility and reliability of natural gas usage.
With a more developed local gas infrastructure network, the cost for households to establish new natural
gas connections will be lower. Consequently, households could make a joint decision to purchase a gas water
heater and connect their house to the natural gas network. Finally, this approach can incur less computational
burden.

24| suppress subscript m and t for simplicity.
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Each rm chooses the set of priced p;,j P J futo maximize its total prot. The rst-

order condition of a rm's pro t maximization problem is

p c= D (p)S(p), (2.11)

where S is the vector of market share. The(j,r)-th element of the J J matrix D(p)

Bs(p)
Bpj

is if j and r are produced by the same rm, and zero otherwise. Equation (2.11)
speci es the pricing rule in a multi-product oligopoly. In a counterfactual analysis, the xed
point of Equation (2.11) can be used to calibrate the new price equilibrium. | deriveD(p)
from demand model estimates and back out marginal cost for each water heater product.
After recovering these marginal costs, | estimate the cost structure as a function of water

heater attributes.

2.7.3 ldenti cation and Estimation

Demand estimation follows the standard procedure outlined by Berry et al. (1995) and
Petrin (2002), and incorporates the recent best practices listed in Conlon and Gortmaker
(2020) and Conlon and Gortmaker (2023).

For the structural model estimation, | focus on electric and gas water heaters, excluding
the other types with negligible market share from the sample® In addition, | keep the most
popular models that account for 95% of national sales each year. Doing so can mitigate
the concerns about measurement errors for sales of small brands and allows me to focus on
brands and products that are marketed nationally (Barwick et al., 2021). The nal sample
has a total of 4,175 distinct water heater models produced by 41 manufacturers.

| estimate the parameters of consumer preference using a demand-side version of the
generalized method of moments (GMM) estimator proposed by Petrin (2002). The underly-
ing idea of this estimator is to match model-predicted market shares and micro-moments to
observed market outcomes and consumer survey data. Given a vector of instrumernf,
the identifying assumption is E[xjm¢|Zjm¢] = 0O, i.e., unobserved product quality should be

uncorrelated with the set of instrumental variables.

25 As illustrated in Figure 2.3, the combined market share of heat pumps and solar water heaters accounts
for less than 1%.
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Since designing a water heater product is a multi-stage process taking several years, |
assume that rms choose product attributes before observing the realized demand shock
Xjmt, and therefore these characteristics are mean-independent &fy;. | employ three sets
of instrumental variables to address the endogeneity of price, which may be correlated
with unobserved product attributes, as well as the need to instrument market shares in
a nonlinear model. First, | construct local di erentiation instruments following Gandhi
and Houde (2019), which measure the availability of close substitutes along observable
dimensions. Speci cally, for each water heater product and a subset of attributes, | count
the number of alternative products that share similar features in the market, separated into
those produced by the same rm and by competing rms. The features of the two products
are considered to be similar if their di erence is within one standard deviation.

The second set of instruments are cost shifters at the manufacturer level to capture
exogenous variations in input prices and production costs. These shifters include raw ma-
terial prices, average wages, commercial real estate price indices, and the driving distance
between the market and the manufacturer's location. For raw materials, | collect price
information on copper, steel, polymer, etc., which are key inputs for water heaters, and
interact these prices with indicators for water heater types.

For the third set of instruments, | leverage government subsidies on di erent water
heater products. Here, | assume that subsidies are exogenous. Subsidy levels directly a ect
consumer prices and are determined by water heater e ciency levels and heating power.
Since these subsidies are top-down decisions by the central government, after controlling
for the observed product attributes and xed e ects, they are unlikely to be correlated with
Ximt.28

To identify the parameter related to the impacts of gas infrastructure penetration (i.e.,
g1), | add the indicator for transmission pipeline expansion to the list of instruments. By

doing this, | assume that the unobserved product quality is orthogonal to the expansion of

26 This assumption is also made by Li et al. (2017), Armitage and Pinter (2022), and Kwon (2022) when they
use government subsides as instruments.
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the transmission pipeline, conditioning on the controls.

| estimate the demand model using simulated GMM with both macro- and micro-
moment conditions. Macro moments areE [Xjm¢|Zjm:] = O, which are constructed by in-
teracting excluded instruments with unobserved product quality Xjm;. These moment con-
ditions help identify the mean utility parameters. | construct micro-moments based on
the household survey data to facilitate the identi cation of heterogeneous price coe cients

across income levels.

2.7.4 Estimation Results
2.7.4.1 Demand Parameters

Table 2.8 shows estimation results for demand parameters from the random coe cient
model where | allow consumer heterogeneous preferences. | present coe cients on key water
heater attributes, gas infrastructure penetration, price parameters, and three parameters
that measure the dispersion in random coe cients.

All the parameter estimates are intuitively signed and statistically signi cant. Based on
these estimates, | can determine how much consumers value di erent types of water heaters
and compute their willingness to pay. All else equal, consumers prefer water heaters that
are more energy e cient, larger, and more powerful. It is also noteworthy that consumers
value time-saving bene ts, as implied by the positive and statistically signi cant coe cients
for indicators related to fast heating or instant hot water supply.

The price coe cients suggest that consumer sensitivity to prices falls as income in-
creases. The estimate 0§ indicates that consumers have heterogeneous price sensitivities
even with the same income level, which captures unobserved wealth or other factors related
to the purchase of water heaters, especially for the expensive models.

The left panel of Figure A.11 plots the own-price semi-elasticities calculated from the
model estimates. They are de ned as the percentage change in sales for a 100 RMB reduc-
tion in product prices. Each dot represents a water heater product, and di erent symbols

refer to di erent water heater types. It shows that, as price decreases, sales increase more
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for water heaters with lower prices. The implied own-price elasticities range from -2 to -6,
depending on the product price. The sales-weighted average own-price elasticity is -3.9;
other estimated price elasticities of demand for home appliances, such as air conditioners
and refrigerators, range from -0.25 to -6.42 (Fujita et al., 2008; Houde, 2018; Rapson, 2014).
Table A.21 and A.22 present the matrices for price elasticity across water heater types and
among best-selling products. The results indicate that consumers are more prone to switch
within the same brand or water heater type in response to a price increase for a specic
product.

The coe cient for the interaction between the gas water heater indicator and local gas
infrastructure penetration is positive and statistically signi cant. This is consistent with
the reduced-form evidence that local gas infrastructure development can shift consumer
preferences toward gas water heaters. To further illustrate the idea, Figure A.12 plots the
average willingness-to-pay (WTP) for gas water heaters relative to electric ones as a function
of local gas infrastructure penetration?’ As penetration rates for local gas infrastructure
increase, consumers are, on average, more willing to pay a premium for gas water heaters.
In contrast, as the penetration becomes very low, consumer preference will reverse and start
favoring electric ones. This demand response to infrastructure penetration is more elastic
among high-income consumers.

Further, | illustrate how gas infrastructure expansion can potentially in uence market
outcomes by altering consumer preferences among di erent types of water heaters. Figure
A.15 illustrates that, consistent with the reduced-form evidence, an increase in gas infras-
tructure penetration corresponds to a higher market share for gas water heaters. For ex-
ample, when gas infrastructure penetration increases by 20%, there is a 5 percentage-point
rise in the market share of gas water heaters. The result suggests that more consumers
would choose gas water heaters as a result of improved accessibility of natural gas via

infrastructure expansion.

27 The WTP is calculated by E[Qimt/ aimt], Where gim: captures consumer utility from a gas water heater and
ajmt IS the marginal utility from price decrease.
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These ndings reveal the mechanisms of how gas infrastructure expansion exacerbates
welfare loss from electri cation policies through both the intensive and extensive margin.
First, enhanced gas infrastructure can alter the choices of consumers who would have oth-
erwise opted for electric water heaters. Second, it increases the valuation of gas heaters
among those who already prefer them. In both scenarios, reversing these consumer prefer-
ences through electri cation policies would result in greater welfare loss.

As robustness checks, | estimate two alternative speci cations of the demand model,
and the results are summarized in Table A.20. The rst two columns report estimates
from a plain logit model without consumer heterogeneity. The last two columns display
the estimates from a nested logit model, where the nests are de ned by heating power and

energy e ciency level. Reassuringly, estimates of the linear parameters yield similar results.

2.7.4.2 Product Attributes and Cost Parameters

Product marginal costs are estimated by solving rms' optimal pricing decision in Equa-
tion (2.11). The right panel of Figure A.11 shows the pro t margin (i.e., product price minus
marginal cost) for each water heater model. The pro t margin increases with product price.

With these estimated marginal costs, | explore how water heater attributes a ect

marginal costs. Speci cally, | estimate the cost structure as follows:

IN Cimt = g + fX; + FES+ Wjny, (2.12)

where the outcome variable is the logarithm of the estimated marginal cost for product
in market m and yeart. The vector X; includes a set of water heater attributes, e.g., tank
size, heating powers, energy e ciency, etc. | add the indicators for water heater types to
capture di erential technology requirements between the electric and gas models. | include
year xed e ects to account for common shocks on water heater production that may
a ect their marginal costs. The regression also controls for rm and region xed e ects to
capture the time-invariant di erences in transportation cost, rm technology investments,
or productivity. Finally, the term w;,; stands for unobserved cost shock.

Table 2.9 presents the estimation results. All the coe cients have the expected sign.
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On average, marginal costs increase with a bigger tank size, a larger heating power, or a
better energy e ciency performance. Water heater products with more advanced functions,

e.g., fast heating and smart controls, also have higher marginal costs.

2.8 Counterfactual Analysis

Using parameter estimates from the structural model, | conduct counterfactual simu-
lations to quantify the welfare impacts of electrifying water heating and investigate how
these impacts vary in response to gas infrastructure expansion. There have been numerous
decarbonization and electri cation policies implemented in various sectors, such as the Zero
Emission Vehicle program, the Renewable Portfolio Standard for electricity generation, and
energy e ciency rebates for housing appliances. Inspired by these practices, | consider two
policy instruments for water heater electri cation: a xed tax on gas water heaters and a
tradable electri cation standard. With each policy, | simulate the impacts of achieving an
electri cation target on market outcomes and welfare, assuming di erent gas infrastructure
penetration rates. | assume in the counterfactual exercises that gas infrastructure expan-
sion does not a ect product entry or exit, and therefore, the product portfolio is xed for

each market?8

2.8.1 Simulation Design and Equilibrium Conditions

The policy goal is to achieve a nationwide electri cation target, de ned by the propor-
tion of electric water heater sales relative to total sales. The counterfactual analysis requires
solving new market equilibrium with product prices and market shares. In response to the
price incentives under electri cation policies, rms will adjust prices for di erent water
heater products accordingly. Below, | describe the market equilibrium condition under
di erent scenarios and discuss the corresponding simulation strategy.

A Fixed Tax on Gas Water Heaters. In this setting, | assume the government introduces

a at-rate tax t on all gas water heaters. Here, for simplicity, | assume the tax is imposed on

28 Theoretically, following the gas infrastructure expansion, rms might have the incentive to introduce more
gas water heater models and phase out some electric ones. Accounting for product entry and exit, the welfare
loss from electri cation could be even greater in settings with expanded gas infrastructure.
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consumers. In the simulation, this is equivalent to a tax imposed on manufacturing rms.

Therefore, the nal price faced by consumers for productj is p; = pjf +t |I[j PGag,

where pjf is the price set by water heater manufacturers, and[j P Gag is an indicator for

gas water heaters. Given a policy targes, the equilibrium (p ,t ) should satisfy

P g+t I[jPGag =[D *p)S(p)l;, @ (2.13)
jPElectric Si
Si

5= (2.14)

j
Equation (2.13) implies that rms now incorporate the tax on gas water heaters as an
additional marginal cost when making pricing decisions. Equation (2.14) ensures that the
share of electric water heater sales meets the policy target.

Tradable Electri cation Standard . Under a tradable electri cation standard, rms earn
one credit with one electric water heater sold. In contrast, selling one gas water heater
requires rms to obtain r units of credits, either earned through electric model sales or
purchased from other rms with per-unit price b. Given a policy target s and assume rms
are price takers in the credit market, the equilibrium is characterized by(p ,r ,b ) that

should satisfy the following conditions?®

P G+br I[jPGag b I[jPElectric] =[D *(p )S(p )]}, @ (2.15)

o

. .S
5= jPElectric ) ’ (2.16)
iSi
T os=r1r s (2.17)
jPElectric jPGas

The rst two equations are similar to those in the tax policy setting. Equation (2.15)

suggests that this tradable standard implicitly introduces a tax on gas water heaters and
a subsidy on electric ones. Equation 2.17 is the credit market clearing condition, i.e.,
the demand for credits should equal its supply. When there is no uncertainty, the tradable

electri cation standard is equivalent to a budget-neutral feebate scheme (Wang et al., 2022).

29 The equilibrium conditions will be different if rms can practice market power in the credit market by
manipulating credit prices and product portfolios (Kwon, 2022).
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Change in Consumer Surplus Given a gas infrastructure penetration rate G, the im-
pact of electrifying water heating on consumer surplus is simply the di erence in intrinsic
utilities with or without the policy. Using simulations (and dropping subscripts m and t

for simplicity), it is calculated by:

1 Min ° 3 e PXiDiC) n o 'R i%019)
DCS(G) = — ‘ ’ N.

Moy 8

where M is the number of simulated households andN is market size. In addition, pj1 and
pJQ stand for the equilibrium price of product j with and without the electri cation policy,

respectively. The change inDCS(G) as a result of increased penetratiorG captures the

additional consumer welfare loss from electri cation due to gas infrastructure expansion.

2.8.2 Welfare Impacts of Electri cation: Tax vs Tradable Standard

As a starting point, | compare the welfare impacts of achieving an electri cation target
through the two policy instruments under the status-quo gas infrastructure scenario. Ac-
cording to Hao et al. (2020), the electri cation rate of buildings should reach at least 75%
by 2035 in order to achieve China's commitment to carbon neutrality by 2060. Therefore,
| set the policy target, i.e., the share of electric water heater sales, to be 75%.

Figure 2.10 displays the simulation results. Panel (a) plots the tax or subsidy rate and
the changes in average product price¥ To achieve this electri cation target, a tax rate of
747 RMB is required by the simple tax option. In contrast, the tradable standard implicitly
levies a tax of 442 RMB on gas water heaters considerably lower than the simple tax
option and provides a 147 RMB subsidy on electric ones. The tax and subsidy partially
pass through to nal product prices. Under the simple tax scheme, the average price of
gas water heaters increases by 667 RMB. A slight price increase for electric water heaters
is also observed, likely due to increased demand from consumers who previously purchased

gas heaters. Under the tradable standard, the average price increase for gas water heaters

30 For the tradable standard, this is the implicit tax or subsidy.
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is about two-thirds of that under the simple tax scheme, and the average price of electric

water heaters decreases by 124 RMB.

(a) Tax/Subsidy Rate and Price Change

(b) Welfare Impacts
FIGURE 2.10: Welfare Impacts of Achieving the 75% Electri cation Target

Notes The gure plots the welfare impacts of achieving the 75% electri cation target (i.e., the share of electric
water heater sales reaches 75%) through a tax (in gray bars) or a tradable standard (in blue bars). Panel (a)
shows the tax/subsidy rate on water heaters and the average change in nal consumer prices. Panel (b)
shows the change in consumer surplus, rm pro ts from gas heaters and electric heaters, and government
tax revenue. The numbers over the bars in Panel (b) represent the percentage change relative to the status

quo (i.e., without the policy).

Panel (b) of Figure 2.10 presents the welfare impacts of achieving the 75% electri cation
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target. More details are reported in Table 2.10. For each policy, | calculate the change in
consumer surplus, pro ts from electric and gas water heaters, and government tax revenue.
Under the simple tax scheme, consumer surplus decreases by 15% relative to the baseline.
In comparison, the tradable standard leads to a more moderate reduction in consumer
surplus, amounting to only 4.1%. As for rm prots, the simple tax scheme results in a
greater pro t loss from gas water heaters, which outweighs any gains from electric products.
Under the tradable standard, the tradable standard almost balances the decline in pro ts
from gas water heaters with an increase in pro ts from electric ones. Overall, the results
indicate that, to achieve the 75% electri cation target, the tradable standard incurs much

less welfare loss compared to the simple tax scheme.

2.8.3 Gas Infrastructure Expansion and the Cost of Electri cation

To investigate how gas infrastructure expansion a ects the cost of electri cation, |
compare the welfare impacts of electrifying water heating under di erent natural gas in-
frastructure scenarios. The electri cation target is again set to be 75% for new water heater
sales. According to the historical trend as shown in Figure A.4, there will be at least a
20% increase (equivalent to 10 percentage points) in local gas infrastructure penetration.
Therefore, | estimate the welfare impacts of achieving the 75% electri cation target under
two scenarios: (1) the status-quo scenario where we maintain the current gas infrastruc-
ture penetration; (2) the gas-expansion scenario where the gas infrastructure penetration
increases by 20%. The simulation captures how consumers who are looking for new water
heaters would value the electric versus gas products di erently with expanded gas infras-
tructure, which thereby a ects the cost of electri cation. | report results for the tradable
standard in the main text. Similar ndings are documented for the simple tax scheme in
the Appendix Figure A.14 and Table A.23.

Figure 2.11 plots the simulated impacts of electri cation through the tradable standard
under the status-quo scenario with no change in gas infrastructure penetration (in blue

bars) and the gas expansion scenario with a 20% increase in gas infrastructure penetration
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(in red bars). The detailed values are reported in Table 2.11. Panel (a) of Figure 2.11 shows
the tax/subsidy rate and changes in average product prices. In the gas expansion scenario,
achieving the electri cation target requires both a higher tax rate on gas water heaters and
a higher subsidy rate for electric ones compared to the status-quo scenario. Consistent with
this, to achieve the same policy target, the tradable standard results in more signi cant

price changes in the context of gas infrastructure expansion.
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(a) Tax/Subsidy Rate and Price Change

(b) Welfare Impacts

FIGURE 2.11: Gas Infrastructure Expansion & Welfare Impacts of the Tradable Standard
Notes The gure plots the welfare impacts of achieving the 75% electri cation target (i.e., the share of electric
water heater sales reaches 75%) through a tradable standard under the scenario with no gas expansion (in
blue bars) vs the scenario with a 20% increase in natural gas distribution infrastructure penetration (in red
bars). Panel (a) shows the tax/subsidy rate on water heaters and the average change in nal consumer prices.
Panel (b) shows the change in consumer surplus, rm pro ts from gas heaters and electric heaters, and total

welfare. In Panel (b), the numbers at the bottom represent the difference in welfare impacts relative to the
scenario with no gas expansion. Welfare refers to the sum of consumer surplus and rm pro ts.

Panel (b) of Figure 2.11 compares the welfare impacts of achieving the 75% electri ca-
tion target under these two scenarios. The numbers at the bottom show their di erences.

Compared to the status-quo gas infrastructure scenario, there is an additional 4.74 billion
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RMB (or 707 million USD) consumer welfare loss under the gas expansion scenario, corre-
sponding to a 51% increase in loss€$. Regarding rm pro ts, the gas expansion scenario
witnesses a relatively greater increase in pro ts from electric water heaters and a decrease in
pro ts from gas ones. The di erences in rm pro ts from these two types of water heaters
are relatively balanced. In total, the gas expansion scenario results in an additional overall
welfare loss of 5.35 billion RMB (or 798 million USD), representing a 55% increase in the
cost of electri cation compared to the status-quo gas infrastructure scenario. This increase
in the cost of electri cation as a result of gas infrastructure expansion is economically sub-
stantial. It is equivalent to 10% of the annual water heater sales revenue or 27% of the

Chinese government's 2023 budget for electric vehicle subsidig.

FIGURE 2.12: Welfare Impacts of Electri cation under Different Gas Scenarios

Notes The top panel shows the impacts of changing natural gas infrastructure penetration on the percentage
change in welfare loss (i.e., the change in consumer surplus and rm pro ts) of achieving the 75% electri-
cation target (i.e., the share of electric water heater sales reaches 75%) through a tradable standard. The
reference is the scenario with no change in natural gas infrastructure penetration. The bottom panel shows
the share of change in welfare loss that is attributed to the change in consumer surplus. The horizontal axis
is the percentage change in natural gas infrastructure penetration.

31 The exchange rate is assumed to be 1 USD=6.7 RMB.

32 pccording to the Ministry of Finance of China, the total budget is about 19.9 billion RMB. http://jjs.mof.
gov.cn/zxzyzflinjpbzzj/202211/t20221114_3851441.htm
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In Figure 2.12, | plot the percentage change in welfare loss from electri cation as a
function of the percentage change in gas infrastructure penetration. It provides consistent
evidence that gas infrastructure expansion will remarkably increase the cost of electri -
cation. On average, the curve suggests that the elasticity of the electri cation cost with
respect to gas infrastructure penetration is 2.5. Speci cally, a 1% increase in gas infrastruc-
ture penetration corresponds to a 2.5% increase in the cost of electri cation as measured
by the welfare loss from consumer surplus and rm prots. Further, as the bottom panel
shows, over 80% of the additional welfare loss is attributable to the change in consumer

surplus.

2.8.4 Short-Run vs Long-Run Trade-off of Gas Expansion

The simulation results so far have revealed a trade-o of gas infrastructure expansion.
On the one hand, it can induce the choice of gas-powered appliances, which may pro-
vide short-run environmental bene ts as the grid has not been fully decarbonized yet, and
electricity generation heavily relies on coal in certain regions. On the other hand, gas in-
frastructure expansion will substantially increase the cost of electri cation by a non-trivial
amount. Therefore, the decision to expand natural gas infrastructure faces a trade-o of
short-run environmental bene ts versus the long-run cost of electri cation. To provide in-
sights into this trade-o, | simulate the environmental bene ts from increased gas water
heating in the short run and the rising costs of water heating electri cation in the long run
within my empirical setting.

The simulation considers 2019 as the status quo and accounts for two dynamics: (1)
the increased gas infrastructure penetration and (2) the decreased carbon intensity of the
electricity grid in China. For the rst dynamic of gas infrastructure penetration, | assume
it follows the historical trend of the nationwide average as shown in Figure A.4. For the
second dynamic on grid decarbonization, | leverage the projected path of the emission
factor of electricity generation under the current policy scenario in China, which comes

from Abhyankar et al. (2022) and is illustrated in Figure A.13. Details on the consumption
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of natural gas and electricity from di erent types of water heaters are provided in Appendix

A.5.

FIGURE 2.13: Short-Run vs Long-Run Trade-off of Gas Infrastructure Expansion
Notes The top panel shows the short-run environmental bene ts and long-run increased costs of water heat-
ing electri cation induced by gas infrastructure expansion. The simulation assumes gas infrastructure pen-
etration increases following the historical trend. The emission factor of electricity generation is based on the
decarbonization path of the electricity grid under the current policy scenario in China, which is projected by
Abhyankar et al. (2022) and is shown in Figure A.13. The year 2019 is considered the status quo. The blue
dashed line represents the environmental bene ts from avoided additional lifetime CO 5, emissions from elec-
tric water heating. The red solid line represents the increased cost of achieving the 75% electri cation target
via the tradable standard. The bottom panel shows the difference in lifetime CO , emissions between electric
water heating and gas ones.

Figure 2.13 shows the results. The blue dashed line in the top panel plots the change
in short-run environmental bene ts of the avoided additional lifetime CO, emissions from
electric water heating due to the shift in choice towards gas water heaters. The red solid
line plots the change in the long-run cost of achieving the 75% electri cation target via
the tradable standard. The bottom panel presents the di erence in lifetime CQ emissions
between electric versus gas water heating. In the short run, since the electricity generation
heavily relies on coal, the lifetime CQ emissions from electric water heating are higher
than that from gas ones. Therefore, the increased gas water heating due to gas infras-

tructure expansion can provide short-run environmental bene ts. However, following the
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grid decarbonization, the comparative advantage of gas water heating becomes smaller over
time, leading to declining environmental bene ts in the long run. In contrast, as time goes
on, the expanded gas infrastructure keeps increasing the cost of water heating electri ca-
tion. As the gure shows, after 2032, the increased cost of electri cation will outweigh the
change in environmental bene ts. Notably, this year is before the time when electric water
heating becomes cleaner than gas ones. The results emphasize the importance of incorpo-
rating the long-run cost for further decarbonization when making decisions on natural gas

infrastructure expansion.

2.9 Conclusion

Based on comprehensive datasets on energy infrastructure and water heater sales in
China, this paper provides novel empirical evidence of how gas infrastructure expansion af-
fects household appliance choice and increases the cost of electri cation through the lens of
water heating in residential buildings. Leveraging the expansion of natural gas transmission
pipelines, | demonstrate that the increased accessibility of natural gas through infrastruc-
ture improvements shifts consumer choice towards gas appliances, leading to higher sales
of gas water heaters. Based on these ndings, | incorporate the impacts of gas infras-
tructure expansion into a structural model of demand and supply of water heaters. The
demand model estimates reveal that enhanced gas infrastructure can raise consumer val-
uation of gas appliances and switch their choice from electric to gas water heaters. Both
the intensive and extensive margin makes it harder to electrify through policy incentives.
Counterfactual analysis shows that gas infrastructure expansion signi cantly increases the
cost of electri cation. The additional welfare loss is predominantly borne by consumers,
and the magnitude is economically signi cant.

China's experience o ers important lessons for energy transition in emerging economies.
Over the next decades, almost all of the growth in energy demand and greenhouse gas emis-
sions is projected to come from the developing world (Fowlie & Meeks, 2021; Wolfram et

al., 2012), motivating economy-wide decarbonization of the energy system. Considering
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natural gas as a bridge fuel, many countries continue investing in related infrastructure
(Langenbrunner et al., 2022). However, as shown in this paper, the expansion of natural
gas infrastructure may incline consumers towards gas appliances, thereby posing challenges
to the transition towards a net-zero carbon emissions future. Beyond consumer appliance
choice and building electri cation, the analytical framework of this paper also applies to
other contexts involving decision-making between natural gas versus non-fossil energy as-
sets, such as rm investments in power plants (IEA, 2019). The ndings provide important
insights into the broader discussion about decarbonization and fuel choice.

Based on a static equilibrium model, the welfare analysis in this study has focused on
short-run comparisons among various policy instruments and gas infrastructure scenarios.
Three potentially interesting dynamics are omitted. First, gas infrastructure expansion
could a ect industry dynamics such as product entry and exit and rm innovation. These
rm strategic responses might impose additional burdens on home appliance electri cation.
Second, | did not account for used water heaters or consumers' inter-temporal substitution
among di erent products. Consumer stickiness and switching costs due to the durable-good
feature could potentially make the transition from gas to electric appliances even harder.
Finally, whether electri cation can generate net environmental bene ts depends on grid
decarbonization, consumer learning, and the policy timing (Holland et al., 2016; Li, 2020).
Future research could quantify the long-run consequences of gas infrastructure expansion

by incorporating these dynamics.
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Table 2.1: Summary Statistics of City-Level Water Heater Sales and Gas Infrastructure

Variable N Mean S.D. Min. Max.
Market Share

Gas 1,602 0.28 0.26 0.00 0.92
Electric 1,602 0.71 0.26 0.08 1.00
Electric Tank 1,602 0.68 0.25 0.08 1.00
Electric Tankless 1,602 0.02 0.05 0.00 0.46
Heat Pump 1,602 0.01 0.02 0.00 0.19
Solar 1,602 0.00 0.01 0.00 0.13
Sales Quantity (1,000)

All 1,602 104.33 95.78 2.16 1074.09
Gas 1,602 35.25 71.38 0.00 959.68
Electric 1,602 68.22 58.34 1.22 324.88
Electric Tank 1,602 66.22 56.41 1.22 320.82
Electric Tankless 1,602 2.00 3.58 0.00 33.33
Heat Pump 1,602 0.86 1.77 0.00 14.33
Solar 1,602 0.06 0.53 0.00 15.52
Average Price (RMB)

Gas 1,602 2,653 795 515 5,999
Electric 1,602 1,676 342 790 2,783
Electric Tank 1,602 1,651 343 790 2,781
Electric Tankless 1,602 2,315 705 305 6,721
Heat Pump 1,602 6,962 1,804 2,104 20,322
Solar 1,602 2,889 2,123 599 11,878
Online Search Volume (1,000)

Gas Heater 2,145 9.17 9.72 0.00 71.57
Electric Heater 2,145 3.95 6.61 0.00 49.84
Gas Infrastructure Construction 2,145 1.13 2.08 0.00 19.74
Gas Distribution Infrastructure

Pipeline Length (km) 1,459 583 1079 0.00 9431
Pipeline Intensity (km/km 2) 1,459 2.49 3.71 0.00 29.44
Storage Capacity (10,000 rd) 1,459 31 79 0.00 648
Total Supply (million m 3) 1,459 75 145 0.00 899
# Households (1,000) 1,459 143 318 0.00 2,969
Share of Households 1,459 0.31 0.32 0.00 1.00

Notes The table reports the summary statistics of city-level water heater sales and natural gas distribution infrastructure.
The rst three panels report the market share of water heaters by type, the sales quantity (in thousands), and the aver-
age product price (in RMB). Electric water heaters can be further classi ed into tank-type products and tankless products.
The fourth panel reports the online search volume (in thousands) measured by the Baidu Search Index for keywords: Gas
Heaters Electric Heatersand Construction of Gas Distribution InfrastructureThe last panel reports intra-city natural gas dis-
tribution infrastructure, including the length of distribution pipelines (km), pipeline intensity (i.e., the length of pipelines
divided by city area), natural gas storage capacity (10,000 m3), total supply of natural gas (million m 3), number of house-
holds and share of households with gas infrastructure.
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Table 2.2: Post-LASSO Decomposition of Drivers of Water Heater Choice

Dep. Var.: Gas Water Heater Electric Water Heater
Water Heater Choice 1) (2) 3) 4
Gas Infrastructure 0.138*** 0.126***
(0.029) (0.019)
[47.82] [74.34]
Electricity Price 0.081** -0.029 -0.033 -0.002
(0.037) (0.023) (0.036) (0.025)
[18.92] [1.89] [9.96] [0.39]
Weekly Hot Water Usage Frequency 0.075*** 0.034*** -0.051*** -0.028**
(0.015) (0.010) (0.012) (0.011)
[18.13] [7.15] [24.76] [19.23]
Gas Stove 0.035%** 0.026** -0.049*** -0.035%**
(0.013) (0.012) (0.018) (0.011)
[10.22] [16.58] [15.58] [31.03]
Smart Electric Meter 0.038* -0.003
(0.021) (0.010)
[4.91] [0.03]
Year of Education 0.045*** 0.024**
(0.016) (0.011)
[14.85] [12.57]
Housing Area -0.054** -0.018
(0.021) (0.013)
[21.82] [6.43]
Track Electricity Consumption -0.039*** -0.035%**
(0.011) (0.010)
[13.03] [30.35]
Province FE X X
R? 0.186 0.413 0.052 0.246
Observations 2,211 2,211 2,211 2,211

Notes This table presents the OLS estimates of household water heater choice on a series of household/housing char-
acteristics that are selected by LASSO regression. The analyses use household-level data from the Chinese Residential
Energy Consumption Survey. The dependent variable is an indicator for whether the household has a gas/electric
water heater. Gas Infrastructure is an indicator for whether the household has access to natural gas distribution in-
frastructure in their house. Electricity Price is the province-level average electricity price (in RMB) for residential con-
sumers. Weekly Hot Water Usage Frequency is the frequency of household hot water usage within a week. Gas Stove
is an indicator for whether the household has a gas stove. Smart Electric Meter is an indicator for whether a smart
electric meter is installed for the household. Year of Education is the years of education of the head of the household.
Housing Area is measured in squared meters. Track Electricity Consumption is an indicator for whether the house-
hold actively tracks its electricity consumption. The numbers in brackets are the Shorrocks-Shapley decomposition of
R2 contribution (in percentage) from each selected predictor. For Columns (2) and (4) with province xed effects, the
decomposition is for within- R2. Standard errors in parentheses are clustered at the city level. *p 0.1, *p  0.05,
**p  0.01.
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Table 2.3: Impacts of Pipeline Expansion on Intra-City Distribution Infrastructure

Pipeline Pipeline Storage Number of
Dep. Var.: Length Intensity Capacity Supply Households Penetration
@) &) 3) 4 ®) (6)

Gasline 3.458*+* 3.203*** 1.695%** 5.197%*** 7.226*** 0.205%**

(0.228) (0.262) (0.177) (0.286) (0.433) (0.023)
City FE X X X X X X
Year FE X X X X X X
Observations 1,455 1,455 1,455 1,455 1,455 1,455

Notes The dependent variables are intra-city natural gas distribution infrastructure measures, including the length of dis-
tribution pipelines, pipeline intensity (i.e., pipeline length divided by city area), natural gas storage capacity, total supply
of natural gas, number of households and share of households with access to natural gas infrastructure in their house. The
rst ve dependent variables are measured in logs. Gasline is an indicator for whether an expanded natural gas transmis-

sion pipeline has started operating in a city. All regressions include city and year xed effects. Standard errors in paren-
theses are clustered at the city level. *p 0.1, **p  0.05, **p  0.01.
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Table 2.4: Impacts of Transmission Pipeline Expansion on Household Fuel Usage

VARIABLES Natural Gas Coal Gas LPG Electricity
1) 2 3) 4
A. Share of Household Users
Gasline 0.169*** -0.083*** -0.132%** -
(0.018) (0.023) (0.041) -
B. In(Number of Household Users)
Gasline 1.773*** -0.435%** -0.467*** —
(0.121) (0.092) (0.142) -
C. In(Household Consumption)
Gasline 5,191 *** -0.744%** -1.138** -0.047
(0.285) (0.181) (0.482) (0.050)
D. In(Consumption per Household)
Gasline 0.085*** 0.075 0.014 0.121
(0.018) (0.053) (0.029) (0.124)
City FE X X X X
Year FE X X X X
Observations 1,455 1,455 1,455 1,044

Notes This table presents the estimated impacts of natural gas transmission pipeline expansion on household choice
and consumption of natural gas, coal gas, lique ed petroleum gas (LPG), and electricity. Panel A presents the share
of household users for each type of fuel. Panel B shows the number of household users (in logs). Panel C reports to-
tal household consumption (in logs). Panel D displays the average consumption per household (in logs). The data
on electricity users are not available, but during the study period, the majority of urban households have access to
electricity. Gasline is an indicator for whether an expanded natural gas transmission pipeline has started operating
in a city. All regressions include city and year xed effects. Standard errors in parentheses are clustered at the city

level. *p 0.1,*p 0.05 **p 0.01.
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Table 2.5: Impacts of Transmission Pipeline Expansion on Water Heater Sales

Dep. Var.: Electric
Gas Heat Pump Solar
All Tank Tankless
1) ) 3 4) ®) (6)
A. Market Share
Gasline 0.027*** -0.028*** -0.024*** -0.004 0.000 -0.001
(0.006) (0.006) (0.007) (0.003) (0.001) (0.001)
B. In(Sales Quantity)
Gasline 0.516%** -0.080*** -0.073*** -0.039 -0.014 -0.086
(0.131) (0.013) (0.014) (0.205) (0.184) (0.660)
C. In(Average Price)
Gasline 0.061*** 0.003 0.004 0.011 0.008 -0.072
(0.023) (0.010) (0.010) (0.032) (0.020) (0.161)
City FE X X X X X X
Year FE X X X X X X
Observations 1,602 1,602 1,602 1,602 1,602 1,602

Notes This table reports the estimated impacts of natural gas transmission pipeline expansion on water heater sales.
Panel A presents the estimates for market share. Panel B shows the estimates for sales quantity (in logs). Panel C
reports the estimates for average product price (in logs). For each outcome variable, the table presents the estimated
impacts for every type of water heaters, including gas water heaters, electric water heaters, heat pumps, and solar
water heaters. Electric water heaters can be further classi ed into tank-type products and tankless products. Gasline
is an indicator for whether an expanded natural gas transmission pipeline has started operating in a city. All regres-

sions include city and year xed effects. Standard errors in parentheses are clustered at the city level. * p

p 0.05 **p 0.01.
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Table 2.6: Heterogeneous Impacts of Pipeline Expansion on Water Heater Sales

Dep. Var.: Market Share of Gas Water Heater
1) 2 3 4) ®) (6)
Gasline 0.028**  0.014 -0.050  0.027** 0.039***  -0.002
(0.007) (0.011) (0.031) (0.012) (0.009) (0.017)
Gasline  Pipe Intensity 0.004**
(0.002)
Gasline Gas Heater Products 0.056*
(0.031)
Gasline Electricity Price 0.111*
(0.045)
Gasline Gas Price -0.003
(0.004)
Gasline HDD -0.005
(0.003)
Gasline  Hot Water Freq. 0.003**
(0.002)
City FE X X X X X X
Year FE X X X X X X
Observations 1,602 1,602 1,602 1,602 1,602 1,506

Notes This table reports the estimated heterogeneous impacts of natural gas transmission pipeline expansion on water
heater sales. The dependent variable is the market share of gas water heaters. Gasline is an indicator for whether an
expanded natural gas transmission pipeline has started operating in a city. Pipe Intensity is the logarithm of the inten-
sity of a natural gas distribution pipeline measured by the pipeline length divided by city area. Gas Heater Products

is the number of unique gas water heater products in the market. Electricity/Gas Price is the province-level average
electricity/natural gas price for residential consumers. HDD is the city-level average annual heating degree days over
2010-2019. Hot Water Freq is the city-level average frequency of household hot water usage within a week, which is
constructed using the China Residential Energy Consumption Survey. The variables used for the interaction terms are
measured using the baseline period before the natural gas pipeline expansion. All regressions include city and year
xed effects. Standard errors in parentheses are clustered at the city level. * p 0.1, *p 0.05, **p  0.01.
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Table 2.7: Impacts of Gas Infrastructure Penetration on Water Heater Sales

VARIABLES Share of Gas Heaters  In(Sales of Gas Heaters) In(Sales of All Heaters)
1) ) 3 4) 5) (6)
% Gas HH 0.347** 9.008** 0.073
(0.147) (3.631) (0.070)
% GasHH (t 1) 0.460%** 11.230** 0.043
(0.168) (4.750) (0.096)
City FE X X X X X X
Year FE X X X X X X
K-P F-stat 30.29 43.14 30.29 43.14 30.29 43.14
Observations 1,338 1,338 1,338 1,338 1,338 1,338

Notes This table presents the IV estimation results of the impacts of intra-city natural gas distribution infrastructure

on water heater sales. The dependent variables include the market share of gas water heaters, sales quantity of gas
water heaters (in logs), and sales quantity of all water heaters (in logs). The independent variable is the penetration of
intra-city natural gas distribution infrastructure, de ned as the percentage of households with access to natural gas in-
frastructure in their house. The instrumental variable is the indicator for natural gas transmission pipeline expansion.
Columns (1), (3), and (5) use contemporary measures while Columns (2), (4), and (6) use one-year lagged measures
for distribution infrastructure penetration. Gasline is an indicator for whether an expanded natural gas transmission
pipeline has started operating in a city. All regressions include city and year xed effects. Standard errors in parenthe-
ses are clustered at the city level. *p  0.1,**p 0.05,**p 0.01.
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Table 2.8: Estimates of Consumer Utility Parameters

Coef. S.E.
Linear Parameters
Tank Size 0.016 (0.003)
Heating Power 0.465 (0.058)
I[Ef ciencyl] I[Electric] 0.707 (0.172)
I[Ef ciency2]  I[Electric] 0.311 (0.109)
I[Ef ciencyl] I[Gas] 2.188 (0.349)
I[Ef ciency2] I[Gas] 2.628 (0.260)
I[Fast Heating] 0.356 (0.054)
I[Instant Hot Water] 1.709 (0.255)
I[[Smart Control] 1.431 (0.102)
I[Gas] -4.048 (1.184)
I[[Gas] In(Gas Penetration) 1.450 (0.477)
Price Coef cients:  exp(ap+ spV;)/ Y
ao 5.200 (0.358)
Sp 0.099 (0.036)
Random Coef cients
s(Constant) 1.493 (0.683)
s(Gas) 1.512 (0.347)
s(Tank Size) 0.008 (0.003)
Observations 381,060

Notes This table presents the estimates for consumer utility parameters. The model con-
tains city, year, and brand xed effects. Instruments for the price include local differenti-
ation instruments, raw material prices, driving distance between the market and manu-
facturing rm location, and government subsidies. Tank Size is the volume of the water
tank. Heating Power measures the amount of water a water heater can raise by 25 Cin
one minute. I[Ef ciencyl] and I[Ef ciency2] are indicators for tier-1 and tier-2 energy ef-
ciency levels. I[Fast Heating] is an indicator for whether the product can expedite the
heating process. I[Instant Hot Water] is an indicator for whether the product can pro-
vide hot water immediately after turning on the tap. I[Smart Control] is an indicator for
whether the product has LCD screens and allows smart control functions. I[Electric] is
an indicator for electric water heaters. [[Gas] is an indicator for gas water heaters. Gas
Penetration is the intra-city natural gas distribution infrastructure penetration, measured
using the percentage of households with access to gas infrastructure in their house.
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Table 2.9: Estimates of Marginal Cost Parameters

Dep. Var.: In(Marginal Cost)
1 ) 3 4) 5)
In(Tank Size) 0.665*** 0.658*** 0.570*** 0.563*** 0.592***
(0.094) (0.094) (0.052) (0.051) (0.041)
In(Heating Power) 1.019*** 1.019*** 0.904*** 0.905*** 0.779***
(0.105) (0.105) (0.082) (0.082) (0.068)
I[Ef ciencyl] I[Electric]  0.457*** 0.450*** 0.358*** 0.356*** 0.388***
(0.135) (0.134) (0.083) (0.082) (0.078)
I[Ef ciency?2] I[Electric] 0.067 0.061 0.147 0.146 0.167*
(0.140) (0.139) (0.099) (0.099) (0.092)
I[Ef ciencyl] I[Gas] 0.873*** 0.867*** 0.753*** 0.753*** 0.771%**
(0.285) (0.281) (0.158) (0.157) (0.131)
I[Ef ciency?2] I[Gas] 0.517* 0.509* 0.425*** 0.422%** 0.447%*
(0.275) (0.271) (0.124) (0.125) (0.110)
I[Fast Heating] -0.023 -0.023 0.053* 0.054* 0.071***
(0.052) (0.052) (0.030) (0.030) (0.022)
[[Instant Hot Water] 0.482*** 0.480*** 0.467** 0.467** 0.457**
(0.089) (0.089) (0.098) (0.098) (0.078)
[[Smart Control] 0.181*** 0.179*** 0.235*** 0.234*** 0.248***
(0.058) (0.058) (0.044) (0.045) (0.036)
Category FE X X X X X
Year FE X X X X X
Region FE X X X
Firm FE X X X
X X
Observations 381,060 381,060 381,060 381,060 381,060

Notes The dependent variable is the logarithm of marginal costs, recovered using the consumer utility parame-
ters from the demand model estimation. Tank Size is the volume of the water tank. Heating Power measures the
amount of water a water heater can raise by 25 C in one minute. I[Ef ciency1] and I[Ef ciency?2] are indicators for
tier-1 and tier-2 energy ef ciency levels. I[Fast Heating] is an indicator for whether the product can expedite the
heating process. I[Instant Hot Water] is an indicator for whether the product can provide hot water immediately
after turning on the tap. I[Smart Control] is an indicator for whether the product has LCD screens and allows smart
control functions. I[Electric] is an indicator for electric water heaters. |[Gas] is an indicator for gas water heaters.
Category refers to the type of water heaters, i.e., gas, electric tank, or electric tankless. In Column (5), X represents
unobserved product attributes estimated from the demand model. Standard errors in parentheses are clustered at
the rm-category level. * p 0.1,**p 0.05,***p 0.01.
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Table 2.10: Welfare Impacts of Electri cation via Tax vs Tradable Standard

Tradable

Tax Standard Diff.

1) 2) Q)
Tax/Subsidy Rate (RMB)
Tax Rate 747 442 -305
Subsidy Rate 0 147 147
Change in Average Price (RMB)
D Gas Heater Price 667 402 -265
D Electric Heater Price 11 -124 -135
Change in Welfare (Billion RMB)
D Consumer Surplus -34.19 -9.32 24.87
D Gas Heater Pro ts -17.21 -13.29 3.92
D Electric Heater Pro ts 6.87 12.83 5.96
D Total Pro ts -10.12 -0.29 9.83
D Tax Revenue 17.87 0.00 -17.87
D Welfare -26.45 -9.61 16.84

Notes This table summarizes the simulation results of achieving the 75% electri cation target (i.e.,
the share of electric water heaters reaches 75%) through a tax on gas water heaters (in Column 1)
or a tradable standard (in Column 2). Column (3) reports the difference between these two policy
options. The top panel shows the tax/subsidy rate on water heaters. The middle panel displays
the average change in nal consumer prices. The bottom panel presents welfare changes (in billion
RMB) under each policy option. Welfare refers to the sum of consumer surplus, rm prots, and
government tax revenue.
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Table 2.11: Gas Expansion and Welfare Impacts of the Tradable Standard

No Gas
Expansion Expansion Diff.

1) (2) 3)
Tax/Subsidy RatéRMB)
Tax Rate 442 534 92
Subsidy Rate 147 178 31
Change in Average Price (RMB)
D Gas Heater Price 402 483 81
D Electric Heater Price -124 -149 -25
Change in Welfare (Billion RMB)
D Consumer Surplus -9.32 -14.06 -4.74
D Gas Heater Pro ts -13.29 -17.08 -3.79
D Electric Heater Pro ts 12.83 15.97 3.14
D Total Pro ts -0.29 -0.90 -0.62
D Tax Revenue 0.00 0.00 0.00
D Welfare -9.61 -14.96 -5.35

Notes This table summarizes the simulation results of achieving the 75% electri cation target (i.e.,
the share of electric water heater reaches 75%) through a tradable standard under two natural gas
infrastructure scenarios: (1) status-quo scenario with no change in gas infrastructure (in Column 1);
(2) a scenario where the natural gas distribution infrastructure penetration increases by 20% (in Col-
umn 2). Column (3) reports the difference between these two scenarios. The top panel shows the
tax/subsidy rate on water heaters. The middle panel displays the average change in nal consumer
prices. The bottom panel presents welfare changes (in billion RMB) relative to the no-policy case un-
der each gas infrastructure scenario. Welfare refers to the sum of consumer surplus and rm pro ts.
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3. The Economic and Environmental Effects of Making
Electricity Infrastructure Excludable

Co-authors: Husnain Ahmad, Ayesha Ali, Robyn Meeks, Javed Younas

3.1 Introduction

Electricity service quality in developing countries is substantially worse than in devel-
oped countries, and research has demonstrated that poor quality a ects both rms (Allcott
et al., 2016; Fisher-Vanden et al., 2015; Fried & Lagakos, 2022; Rud, 2012) and households
(Burlando, 2014; Carranza & Meeks, 2021; Chakravorty et al., 2014). Prior literature argues
that this poor service quality stems from an inability of electricity distribution companies to
recover the full cost of services delivered due to high subsidies, bill non-payment, and elec-
tricity theft. Distribution companies often then resort to electricity rationing to limit the
resulting nancial burden (Burgess et al., 2020). Although previous research addresses two
of these contributors to low cost recovery subsidies (McRae, 2015b) and bill non-payment
(Jack & Smith, 2020) little exists on theft and the resulting unbilled consumption.

We study the e ects of an infrastructure upgrade that impedes illegal connections to
the electricity grid in Karachi, Pakistan and, in doing so, aims to reduce unbilled consump-
tion. Unbilled consumption occurs when individuals cannot be excluded from accessing the
infrastructure and its associated services, and transpires through meter tampering, illegal
connections that bypass meters, and billing irregularities (with meter readers often com-
plicit) (see, e.g., Abdollahi et al., 2020; Alam et al., 2004; Jamil, 2018; Savian et al., 2021).
The upgrade consisted of converting bare low voltage distribution wires to aerial bundled
cables (ABCs), which are twisted, insulated cables that prevent connections that bypass
meters.

Available for approximately half a century, ABCs are common in Europe, Japan, South
Korea, and parts of the United States and Australia, among other high income countries

(La Salvia, 2006)! The technology, however, is less common in South Asia and Africa, with

1 Locating distribution lines underground is often optimal, but it is the most expensive option and geo-
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South Africa being an exception (La Salvia, 2006). Bare wires, the lower-cost technology,
were historically the default in many developing countries (Agarwal et al., 2013), but they
are susceptible to illegal connections. In the absence of ABCs, utilities must regularly in-
spect, detect, and remove illegal connections, with nothing preventing illegal re-connections
thereafter. More recently, utilities in low and middle income countries such as Brazil, India,
Iran, Mexico, and Pakistan have replaced bare wires with ABCs speci cally to reduce elec-
tricity theft (Abdollahi et al., 2020; Agarwal et al., 2013; La Salvia, 2006; NEPRA, 2022;
Regy et al., 2021).

Theft is a major contributor to losses, which cost electricity utilities an estimated $96
billion per year worldwide (Bellero, 2017). We use the term losses to refer to trans-
mission and distribution (T&D) losses, which comprise two major components. Technical
losses, which are typically below 6%, are expected due to natural dissipation in the dis-
tribution system (Abdollahi et al., 2020). The second component, and this paper's main
focus, is unbilled consumption? This component is the primary reason why losses are
three times greater in low and lower-middle income countries than in high-income countries
(IEA/OECD, 2018). Further, higher losses require more electricity generated per unit sold
to end consumers and, given electricity generation in these countries is dominated by fossil
fuels (IEA/OECD, 2018), higher losses mean greater C@emissions.

Karachi Electric (KE), the distribution company serving the greater Karachi area, intro-
duced ABCs in 2015 with the goal of making the electricity infrastructure excludable. This
paper provides causal evidence on the impacts of this supply-side technology on the util-
ity's nancial measures, consumer outcomes, and avoided emissions each of which is not

obvious ex ante Even with improved cables installed, consumers may use other channels

graphically infeasible for many distribution companies. Utilities instead use aerial lines, which can be bare
wires or ABCs. Early ABC installations in high income countries were often justi ed on the grounds of safety,
because ABCs reduce accidental human and animal contact, are less prone to puncture by trees, and are less
likely to cause forest res than bare wires (Li et al., 2010; Murray, 1995; Oliveira et al., 1996). Those same
physical properties that make ABCs less likely to be pierced by trees, also guard against illegal connections
and therefore reduce non-technical losses.

2 Also referred to as non-technical losses.
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to keep their consumption unbilled (e.g., manipulating meters), thereby o setting ABCs'

e ects. If losses do decrease, overall generation and G@missions may remain the same or
even increase, depending on how overall consumption responds. The e ects on consumers
are equally ambiguous, as they di er across consumer types (e.g., formal versus informal)
and depend on the extent to which electricity rationing changes after conversion from bare
wires to ABCs.

Pakistan is a suitable setting for this study due to its high losses and location in South
Asia, the region with the most power outages in the world (Zhang, 2018). As of FY 2019-
2020, Pakistan's distribution companies reported electric power T&D losses between 9%
and 39%, with KE's losses at 19.7% (NEPRA, 2020). With 63% of the country's electricity
generated from burning oil, gas, and coal (EIA-OEA, 2018), losses both contribute to C®
emissions and impede the country's ability to pay for the imported fossil fuels required for
generation, thereby necessitating rationing.

To estimate the impacts of ABCs, we use di erences in the conversion of bare distri-
bution wires to ABCs across Karachi over time. The speed of KE's conversion of bare
wires to ABCs increased in 2018, when the utility began targeting feeder-lines with high
and very high losses. Within a feeder-line, the ABC conversion process would begin at one
pole-mounted transformer (PMT), which typically serves a neighborhood of approximately
200 customers. The utility then employed a ring fencing installation strategy to minimize
spillovers; once installation occurred at one PMT within a feeder-line, KE converted the
closest PMTs to ensure coverage within a feeder-line.

Our identi cation strategy is based on the assumption that, conditional on xed ef-
fects, the roll-out of ABCs is exogenous. Given that the utility's roll-out strategy depended
on predetermined feeder-line characteristics, we control for feeder-line xed e ects and ac-
count for the time-invariant characteristics of these di erent areas (e.g., community culture,
feeder-lines' historical loss). Additionally, we control for changes across KE's management
o ces (called integrated business centers, or IBCs) or across the city over time (e.g., man-

agement changes, budget allocations) with IBC-by-month xed e ects. Event-study models
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demonstrate the absence of pre-trends in our outcome measures. To address any potential
bias from the two-way xed e ects model with staggered treatment timing (Goodman-
Bacon, 2021a), we employ recently developed robust estimators (Callaway & Sant'’Anna,
2021; Sun & Abraham, 2021a). Finally, we conduct a battery of robustness checks to
alleviate potential additional concerns (e.g., spillover e ects or contemporaneous policies
targeting high-loss feeder-lines).

We use a unique combination of data-sets, comprising utility data and our own house-
hold survey data. Utility data include information on the timing and location of ABC
conversion, as well as monthly distribution losses and revenue recovery for more than 2,100
feeder-lines over three years. Panel data on billing-related outcomes for approximately
3,000 residential utility customers enable us to investigate the mechanisms of ABCs' ef-
fects. Lastly, survey data that we collected in fall 2021 for these 3,000 customers permit us
to better understand ABCs' e ects on consumers.

Our analyses provide four key insights on losses and the impacts of a supply-side tech-
nology designed to abate them. First, the conversion of bare wires to ABCs signi cantly and
meaningfully reduced unbilled consumption by 8.2 percentage points, a 31% reduction com-
pared to the mean. These e ects persist for at least two years after installation, indicating
that this was not just a short-run e ect of removing illegal connections (which individuals
are able to reconnect) during the installation process. Bill payments signi cantly increased,
but to a lesser (and noisier) extent. The greater the intensity of ABC conversion within
a feeder-line, the larger the e ects were on both measures. Further, the infrastructure im-
provement had the greatest impacts on unbilled consumption (bill payments) among the
feeder-line areas with the highest unbilled consumption (lowest bill payment) prior to the
intervention.

Evidence indicates that these nancial gains come via two channels. First, the number
of formal residential utility customers signi cantly increased soon after ABC conversion,
suggesting that previously informal consumers quickly learned that unbilled consumption

was no longer feasible and switched to formal, billed connections. Second, among formal
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customers, ABC conversions led to signi cant increases in monthly bills, both the number
of units billed (KWh) and the monetary value. These results in addition to reductions

in indicators of theft and irregular billing and increases in the likelihood of bill payment
suggest that some formal customers previously used both formal and informal connections.
Following ABC conversion, they shifted all consumption to their formal connection.

What does this mean for consumers? Ex ante, we expect consumers to be worse o given
that ABCs result in higher electricity bills, on average. Yet, customers that always used
only formal connections are no worse o than before and may even be better o if ABCs
induce a reduction in electricity rationing. For households that previously used kundas

illegal connections to low-tension cables the changes in their surplus also depend on
the price they paid for their kunda.® Overall, we estimate that consumer surplus decreases
on average by 1 to 2.60 USD per month per household due to ABCs. Further, analyses
of utility load shedding and household survey data indicate that rationing decreased on
average following ABC conversion.

Finally, we nd that electricity generation, as proxied for by electricity transmitted to
feeder-lines within the distribution system, also decreased. We use this estimate, in con-
junction with information on the CO , emissions associated with KE's marginal generation,
and nd that the reduction in CO , emissions from ABCs is approximately 1.7% to 4.3% of
the utility's annual emissions from electricity generation.

This paper makes four main contributions to the literature on the provision of services in
developing countries and the environment. First, the study provides evidence on a path to
mitigate the nancial crises facing utilities in many developing countries? Although existing
studies provide evidence on e orts to mitigate high subsidies and interventions to increase

bill payment for water and electricity utilities in developing countries (e.g., through pricing

3 Through focus groups in fall 2021, we learned that often informal groups facilitate kundas and a household
must pay an upfront connection fee to the kunda provider plus a monthly kunda fee.

4 Given that electricity utilities are commonly publicly owned and operated (or if privately owned, the
government is often a majority stakeholder), we also see this adding to a broader literature on public sector
nancing in developing countries (Carrillo et al., 2017; Khan et al., 2016; Kumler et al., 2020; Pomeranz, 2015).
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reforms (Alberini et al.,, 2022; Beyene, Jeuland, Mekonnen, et al., 2022; McRae, 2015a;
McRae & Meeks, 2016), pre-paid meters (Beyene, Jeuland, Sebsibie, et al., 2022; Jack &
Smith, 2020), and informational interventions (Szab6 & Ujhelyi, 2015)), causal evidence on
interventions to reduce unbilled consumption remains limited. Moreover, the study lls an
even more fundamental gap in the literature by estimating losses.

Second, these results show that a purely supply-side reform in this case, an infras-
tructure upgrade o ers a partial way to shift the electricity sector from a bad equilibrium
with high theft, low payments, and poor service delivery (Burgess et al., 2020) to a better
equilibrium. However, although we nd improvements in both utility nances and service
delivery following ABC installation, we nd no signi cant di erences in customers' trust
in the utility. In fact, customers in ABC-converted areas are more likely to believe that
the utility makes billing errors. Together, these ndings suggest that moving to an equilib-
rium with greater willingness to pay will also require complementary demand-side reforms
targeting bill payment.

Third, this paper provides a framework for conceptualizing changes in consumer surplus.
Related studies address inequities in the e ects of supply-side interventions along poverty
lines (Jack & Smith, 2020; McRae, 2015a). Our study adds new dimensions for conceptu-
alizing heterogeneous e ects of utility interventions: formal versus informal consumers and
consumers for whom rationing is binding versus non-binding.

Finally, the paper provides insights on how development and infrastructure specif-
ically aects the environment. ® Recent empirical evidence indicates that upgrades in
infrastructure quality can increase environmental burdens, albeit not always (Asher et al.,
2020; Meeks, Omuraliev, et al., 2023). Evidence on the extent to which this infrastructure
improvement reduces the wedge between energy supplied and energy produced is impor-

tant if the technology provides a lower-cost and less polluting path to increase available

5 Jayachandran (2021) provides a recent discussion as to how the effects of technological and infrastructure
improvements are often ambiguous, ex ante. Technological progress may shift the supply curve outward
to expand production (and the associated environmental stresses), or it can reduce the quantity of natural
resource inputs needed in production processes.
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electricity capacity without constructing new generation (Munasinghe, 1984).

The paper proceeds as follows. Section 3.2 provides background information on electric-
ity distribution in Karachi and recent infrastructure improvements. Section 3.3 provides
a framework for conceptualizing ABCs' impacts. Section 3.4 details the utility data and
our household survey. Section 3.5 describes the empirical models underpinning our estima-
tions. Section 3.6 presents results on ABCs' impacts on utility-level outcomes. Section 3.7
addresses changes in consumer surplus in response to the upgrade. We extend the analyses

to illustrate the implications for CO , emissions in Section 3.8, and Section 3.9 concludes.

3.2 Background on Electricity in Pakistan
3.2.1 Electricity in Pakistan: Overarching Sector Issues

Pakistan's power sector has long been beset with challenges, frustrating the goals of
providing a ordable and reliable electricity (Younas & Ali, 2021). The power sector has
undergone major reforms since the early 1990s and established a regulatory entity, National
Electric Power Regulatory Authority (NEPRA). © Yet the sector continues to struggle with
frequent outages and nancial challenges, particularly high incidences of unbilled consump-
tion and non-payment of bills.” On top of this, tari s historically were set substantially
below the costs to supply electricity (Munasinghe, 1984). Together, these challenges mean
that the distribution companies achieve full cost recovery on only a fraction of the units
supplied by generation companies and are trapped in a sub-optimal equilibrium with over-
burdened infrastructure, high losses, intermittent load shedding, and growing circular debg.

Pakistan's high-cost and largely non-renewable generation mix has economic and en-
vironmental consequences. From an environmental perspective, Pakistan's generation is

highly polluting. As of June 2021, the share of the installed capacity due to non-renewable

6 Bacon (2019) discusses the various power sector reform initiatives in Pakistan.

7 According to NEPRA data, average T&D losses were 17% and average bill recovery rate was 90.5% in the
scal year 2021-22. Note that T&D losses include technical losses due to dissipation of electricity along T&D
lines and non-technical losses due to unbilled consumption.

8 Circular debt refers to chain of receivables that accumulates along the electricity supply chain when dis-
tribution companies are unable to pay fully for the electricity purchased from generation companies.
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sources stood at close to 70%. This means that any reduction in generation per unit of
electricity sold to consumers would yield lower CQ emissions. From the nancial perspec-
tive, high losses make it di cult to fund generation, as the majority of fossil fuels used for

the country's electricity generation are imported.

3.2.2 Electricity Distribution in Karachi

The context of this research is the electricity distribution network in Karachi, the largest
and most densely populated city in Pakistan. KE, which is a vertically integrated and
privately owned power utility, is the sole provider of electricity services in Karachil® The
utility has a distribution network spanning an area of 6,500 square kilometers, covering 2.5
million residential, commercial, industrial, and agricultural consumers.

The company's distribution network is divided into local o ces (IBCs), which handle
electricity distribution, billing, and collection in their respective areas. Of the utility's 30
IBCs, 12 are categorized as high loss with average unbilled consumption exceeding 30% of
the total units sent out. Bill payment rates are below 80% in these areas, which have a
large fraction of lower-income customers residing in semi-formal and informal settlements.

Kundas, informal and unauthorized connections to the main electricity distribution
cables, are a common sight in many communities in Karachit The use of kundas on bare
wires mean that the electricity infrastructure is nonexcludable and KE is well aware that
kundas are the main source of unbilled consumption. Thus, prior to the ABC conversion,

its sta continuously monitored these high loss areas, disconnecting kundas and ning

9 Renewable energy (hydroelectricity, wind, solar) in the generation mix was around 30% with 12,062 MW,
while the share of non-renewable thermal power plants (gas, oil, coal, and nuclear) was around 70% with
27,711 MW (NEPRA, 2021). During scal year 2020-21, the share of gas, regasi ed lique ed natural gas,
residual furnace oil (RFO), coal, and high-speed diesel generation in total thermal generation stood at 20.20%,
35.82%, 11.96%, 31.59%, and 0.45%, respectively. The heavy reliance on thermal generation would clearly be
contributing to the environmental pollution due to the release of CO , from the burning of fossil fuel and
contamination of waterways due to the waste water discharged by power plants (NEPRA, 2021).

10 KE is a publicly listed company with the Government of Pakistan holding 24% ownership, while the
remaining shares are owned by a consortium of private investors.

11 The local distribution infrastructure typically consists of a sub-station (receiving electricity from the grid
station), a 11 Kv feeder-line carrying electricity from the sub-station to a PMT, and low-tension cables (220-
440V) carrying electricity from the PMT to the customers. A kunda is usually hooked on the low-tension
cables originating from the PMT.
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perpetrators. However, with a distribution network comprised of bare wires, there is little
deterring people from re-connecting a kunda immediately after it is disconnected. In many
communities, households access electricity through kundas that are put in place at night
and are removed early in the morning to avoid detection. This is particularly common
in the hot, summer season, when households are using electricity for the purposes of air
conditioning.

When a house or business connects via a kunda, it is not necessarily at a zero cost. In
some neighborhoods, informal groups facilitate kunda connections; the customer pays an
upfront cost for the initial kunda and then a monthly fee for continued use. These informal
groups are most common in the neighborhoods in which KE historically did not have formal
service provision. KE has extended the distribution network to serve these neighborhoods,

but a culture of informal connections persists.

3.2.3 Bare Wires to Aerial Bundled Cables

E orts to minimize electricity tari s in low and lower-middle income countries mean
that the quality of infrastructure construction and service provision often diverges from that
which is found in middle and high income settings. In high income countries, low voltage
electricity distribution lines are typically either buried underground or are comprised of
covered conductors, such as aerial bundled cables (ABCs). Distribution companies in lower
income countries have historically installed the least cost option: bare wires. We summarize
distribution network technologies in these sub-sections and provide more detail in Appendix

B.1.

3.2.3.1 Distribution System Technologies

Bare distribution lines are prone to weather and storm damage (e.g., puncturing by
trees) and therefore outages, safety challenges (e.g., electrical shock, re risk, accidental
contact with people and animals), environmental concerns (i.e., extensive tree clearance
required), and electricity theft via illegal connections (La Salvia, 2006; Southern California

Edison, 2018). Yet, bare wires are still common in LICs and LMICs (Agarwal et al.,

81



2013), as low tari s, low bill payment, and unbilled consumption typically limit distribution
companies' revenue and therefore their ability to cover such infrastructure investment costs
(International Energy Agency, 2020) .

ABCs are not a new technology. Early installations are documented in high income
countries during the second half of the 20th century. At that time, ABCs were considered
revolutionary and hailed as the biggest step forward in overhead distribution line practice
in 50 years (Williamson et al., 1989). Installing ABCs is cheaper than burying distribution
lines underground, but they cost an estimated 1.4 times more than bare wire$. Since the
1980s, ABCs have become ubiquitous in many high income countries (La Salvia, 2006),
with installations justi ed by their better personal safety (e.g., reducing accidental human
and animal injury) and greater resistance to external abrasion and tree puncture (Li et al.,
2010; Murray, 1995; Oliveira et al., 1996).

With nancial problems pervading the electricity sector in many developing countries,
reducing losses is increasingly prioritized and recent literature argues that replacing basic
wires with ABCs is considered a practical and e ective solution to reducing non-technical
losses (Abdollahi et al., 2020). Due to their intertwined cable design, the technology makes
puncturing lines to connect kundas di cult. In the past 15 years, ABCs have been installed
with the speci ¢ purpose of reducing theft, and unbilled consumption more broadly, by
utilities in countries such as Brazil, India, Iran, Mexico (Abdollahi et al., 2020; Agarwal
et al., 2013; La Salvia, 2006). More detailed information on ABCs is provided in Appendix
B.1.

Engineering studies indicate the ABCs can eliminate unbilled consumption due to kun-
das. Although these studies indicate that ABCs can also reduce naturally-occurring tech-
nical losses, they represent a small fraction of T&D losses in high loss settings. Therefore,
any reduction in losses due to ABCs in settings such as ours will be predominantly driven

by reductions in unbilled consumption (Abdollahi et al., 2020).

12 Analyses comparing the costs of replacing existing distribution lines with either new bare conductors, new
covered conductors such as ABCs, or relocating the conductors underground, the costs were estimated to be
0.3, 0.43, and 3 million USD per mile, respectively (Southern California Edison, 2018).
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3.2.3.2 ABCs in Karachi, Pakistan

In an e ort to decrease unbilled consumption, KE launched an initiative to convert bare
wires to ABCs. ABC conversion began in 2015 as a pilot intervention in a small number of
PMTs and was later expanded in some IBCs in Karachi. To ensure the conversion did not
divert KE's labor from on-going regular operations, the utility outsourced the conversion
process. Figure 3.1 shows the incremental and cumulative installation of ABCs between
2014 and 2021, in terms of the PMTs on which ABCs were installed. Appendix maps (see

Figure B.1) depict the installation spatially across one IBC in Karachi over time.

FIGURE 3.1: Trend of ABC Installation

Notes This gure shows the incremental and cumulative number of pole-mounted transformers (PMTSs) with
ABC installed over time in Karachi, Pakistan.

Two factors a ected the roll-out of ABC installations in Karachi: First, the roll-out
was determined by KE's business strategy. Initially, ABC budgets were set by the utility's
strategy department and included targets for the number of PMTs to be converted to ABCs.
Since the majority of the ABC installation work was outsourced, these budgets were set
according to the execution capacity of outsourced manpower. After 2018, KE adopted

the policy of targeting ABC conversion to PMTs in feeder-line areas designated as high-
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loss and very high-loss based on their historical records of high loss and bill non-payment.
Second, the roll-out of ABC conversion was subject to resource constraints. KE prioritized

installation to meet targets, following the ring-fencing strategy described earlier.
3.3 Conceptual Framework

In this section, we model ABCs' impacts on unbilled consumption. We conceptualize
how ABCs could bene t producers (the distribution company), with potential societal ef-
fects due to a reduction in generation yielding lower emissions. We discuss how the e ects
on consumer surplus are ambiguous, yet with a simple model we can predict potential

outcomes to better understand our empirical results.

3.3.1 Producer: The Electricity Distribution Company

The electricity utility (in this case, KE) distributes electricity to its formal customers.
The utility charges its customer a single xed per kWh price, P;, as set by the regulator!®
The customer's consumption (kWh) is measured via an electricity meter, based upon which
the company bills the customer. As presented in Burgess et al. (2020), there are multiple
reasons, including unbilled consumption, as to why the the utility collects, on average, an
amount per KWh that is lower than the price set by the regulator, P;. Following Burgess
et al. (2020), we refer to this as an e ective price,Pstfective The incidence of unbilled
consumption varies across feeder-lines. Given the high incidence of unbilled consumption,
we do know that PqsfeciivelS Substantially less than Py and this contributes to the utility's
budgetary constraints.

The budget constraints a ect electricity supply and necessitate electricity rationing. To
do so, KE categorizes feeder-lines as high or low loss, with high loss areas de ned as those
where KE recoups a lower rate of payment for electricity delivered (i.e., the feeder-lines
with high losses and low bill payment). KE then varies the amount of load shedding across

high and low loss areas, with feeder-lines with higher losses having greater rationing (lower

13 We assume a single per unit price for simplicity; however, our results extend to more complex pricing
mechanisms.
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guantity supplied to the feeder-line, with more hours of load shedding), while the reverse
is true for feeder-lines designated as low loss.

ABCs have the potential to make electricity infrastructure excludable, by limiting the
feasibility of kundas and thereby shifting their users to formal connections. If the ABCs do
prevent kundas, then we expect KE to be better o, as this would decrease the di erence,
on average, betweerP; and Psstective EMpirically, if the utility is better o, we expect to
see an increase in the number of formal consumers, a reduction in unbilled consumption,

and improvement in bill payment.

3.3.2 Consumers: Both Formal and Informal

The e ects of ABCs on consumer surplus are less obvious. While intuitively an increase
in the e ective price faced by consumers and a reduction in their overall consumption would
suggest a reduction in consumer surplus, the e ects of ABC installation are more nuanced.
In particular, we show that the e ects of ABC installation vary across formal and informal
consumers, and are a ected by the level of rationing

While a more detailed framework is presented in Appendix B.3, we note here that the
installation of ABCs does not a ect the price faced by formal consumers ;) and therefore
should not reduce their surplus. In fact, a reduction in load shedding may increase the
guantity of electricity services consumed, thereby increasing their surplus.

Any reductions in consumer surplus then are driven by informal consumers, who pre-
viously consumed electricity at a lower e ective price and would have to adjust their con-
sumption after formalization. As noted by Haider, 2020 and supported by our focus group
discussions, even informal users pay some price for their electricity, often a xed monthly
fee for the kunda services. Thus, by being forced to shift to formal usage, the surplus

of previously informal consumers should fall®> Yet, the decrease may not be as large as

141t is possible for a consumer to be both formal and informal (i.e., use a formal connection for some use, but
also use a kunda or meter tampering). While we may appear to abstract away from this for simplicity, note
that mathematically "splitting" the consumer into two is equivalent.

15 As while there may be a price for the kunda, it must still be lower than the cost of a formal connection.
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intuition would suggest, as the shift to paying P; is not from an e ective price of zero, but
rather from some xed payment. Finally, it may indeed be the case that a reduction in load
shedding mayincrease the surplus of some informal users as well, if it leads to a reduction

in rationing and said rationing was previously a binding constraint.

3.4 Data

The analyses utilize data from two sources. First, through a non-disclosure agreement,
the utility shared extensive data at the feeder-line, PMT, and consumer levels. In addition,

we collected survey data for a sample of utility customers.

3.4.1 Utility Feeder-line and ABC Conversion Data

We assembled a comprehensive and unique dataset including estimates of feeder-level
unbilled consumption, percentage of bill payment, utility claims, consumer complaints,
consumer numbers and date of ABC conversions of PMTs from KE'® Our nal monthly
dataset covers 2,163 feeder-lines in Karachi.

Unbilled consumption and bill payment. KE estimates unbilled consumption and bill
payment via two variables: lossesand revenue recovery respectively. The data on feeder-
level monthly losses and revenue recovery cover all feeder-lines in Karachi from January
2018 to October 2020.

Losses are measured as the di erence between units sent out and units billed and then
divided by units sent out. Note that this is in essence an estimate of total T&D losses, as
there is no way to distinguish between unbilled consumption and technical losses. However,
given the engineering literature indicates that the major component of these losses are
unbilled consumption (Abdollahi et al., 2020), changes in this variable are an acceptable
proxy for a changes in unbilled consumptiont’

Revenue recovery is de ned as the ratio of net credit to billing. In other words, it is

16 These outcomes obtained from utility's administrative records are measured at the feeder-line level. PMT
level data on these outcomes are not available during the period of our study.

17 see Appendix 3.2.3 for details.
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proportion of billed consumption that is paid.

Consumer Complaints We collect data on consumer complaints, which are tickets
submitted by KE customers regarding issues such as billing, technical problems, and service
concerns for the contract account, from January 2018 to June 2021. For each complaint,
we observe information on the topic, timing, and the corresponding feeder-line. The data
are then aggregated to the feeder level on a monthly basis.

Consumer Number. For each feeder-line in Karachi, we collect monthly data on the
number of active consumers in each category, including agricultural, bulk, commercial,
industry, and residential consumers, between January 2018 and March 2021.

ABC Installation . KE provided the dates when ABCs were installed in each PMT. We
observe the installation record through January 2021. To match these data with feeder-level
monthly variables, we create two measures for ABC adoption. First, we de ne a binary
indicator for whether a feeder-line has at least one PMT with ABCs installed. Second, we
calculate the ratio of the number of PMTs with ABCs installed relative to the number of

total PMTs in a feeder-line.

3.4.2 Utility Residential Consumer Data

For a subset of residential customers, which are also the households surveyed as de-
scribed in the following sub-section, we obtain the corresponding consumer-level data on
billing and payment behaviors from KE. The sample covers the period between June 2018
and August 2021. In the data, we observe information on monthly billed electricity units
and amount, the amount and date of payment, total due to KE, and the billing category
mode (BCM).8 These data allow us to check whether a customer paid their bill in a billing

cycle or not.

18 The BCM variable allows us to observe whether billing occurred in a normal manner or whether there are
irregular bills. If a consumer has a normal BCM, it means that the meter functioned properly and there were
no errors in billing. There will be irregular bills if the meter stops working or becomes faulty, or if there are
other errors in recording units or calculating bills. Irregular bills also occur when there is a case of theft or
kunda detection by KE. According to the BCM classi cations, we are able to identify customers with irregular
bills or those alleged by the utility to have engaged in theft in a month.
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3.4.3 Household Survey Data

In October and November 2021, we surveyed approximately 3,000 residential customers
across 150 PMTs. We randomly selected households from the utility's roster of consumers
in a multiple-step process. We restrict the sampling to high-loss feeders within eight of
KE's IBC o ces. Within these feeder-lines, we restrict to PMTs with a minimum of 80
customers and a maximum of 500 customers, to both ensure we have su cient households
to allow for replacement and to avoid outlier transformers with particularly large numbers
of customers. This leaves more than 1,500 PMTs from which to select. We randomly
select 150 PMTs, ensuring that PMTs both with and without ABCs are represented in the
list. Selected PMTs serve, on average, 202 residential customers each. Within PMTs, we
limit our sample to residential customers with active accounts and then randomly select 20
customers per PMT to survey.

The questionnaire collects information on basic house characteristics, household de-
mographics, and other outcomes related to electricity consumption. We collect data on
appliance ownership and use, as well as household expenditures (both electricity and non-
electricity related). Questions also cover household perceptions about the level of theft and
payment practices in their neighborhood, as well as respondents’ beliefs about the utility,
electricity service quality (both load shedding and voltage uctuations), tari s, billing, and
payment practices.

From these survey data, we learn about the households in this setting and their general
demographic information (Appendix Table B.1). Households, on average, consist of seven
individuals: four adults and three children. The majority of those surveyed (79%) are
owners of the home, rather than renters. The houses have three rooms, with approximately
three-fourths constructed of pucca (i.e., bricks and cement) materials and one-fourth made
of more rudimentary and temporary materials (katcha). Only 5% of surveyed households
report owning land.

In terms of their electricity-related characteristics (Appendix Table B.2), the surveyed
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households report summer and winter monthly electricity bills of 5,635 Pakistani rupees
(PKR) and 3,886 PKR, respectively. Summer is not only the time of peak electricity bills;
summer also has greater outages or load shedding (7.6 hours per day) than winter (5.6
hours per day). These households own approximately seven appliances, on average, which
typically include water pumps and refrigerators. Almost no households in the sample report
owning an air conditioner.

3.5 Empirical Strategy
3.5.1 Unbilled Consumption and Bill Payment

To estimate the economic e ect of the infrastructure improvement, our research design
leverages di erences over time and across Karachi in the ABC conversion process. The
adoption of ABCs follows a staggered process, the timing of which mainly depends on KE's
business strategy. Since the roll-out of ABCs creates variations across feeder-lines and over
time, we employ a staggered DID approach to identify the causal e ect of ABC conversion
on feeder-level unbilled consumption and bill payment.

For feeder-linei of IBC region j in month t, we estimate the following regression model

throughout our main analysis:

Vit = DABCj¢ + a; + dit + #;t. (3.1)

The outcome variable includes unbilled consumption and bill payment (measured via KE
variables lossesand revenue recovery both measured in percentage points). The variable
of key interest, ABCj;, is a binary indicator for whether a feeder-linei already had at least
one PMT with ABCs installed in month t.

We add a rich set of xed e ects to control for unobservable determinants. We include
a feeder xed e ect a; to capture feeder-level time-invariant unobservable factors that may
a ect both the outcome and ABC conversion, such as the baseline feeder-line categories.
We also control for IBC-speci c time xed e ects d; to account for regional policy shocks
or potentially di erential time trends across IBCs, such as changes in IBC management,

allocation of budgets, or revision of targets. The standard errors are clustered at the feeder-
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line level 19
In an alternative model speci cation, we explore the intensity impact of the ABC in-
stallation by replacing the ABC indicator with the ABC ratio, which, as previously de ned,

is the ratio of the PMTs within a feeder-line that have been converted to ABCs.

3.5.2 Validity of Identi cation Strategy

Our identi cation strategy takes advantage of variations in outcome measures specic
to feeder-lines with ABC conversion relative to feeder-lines without ABC conversion, and
in periods before and after the conversion. Based on KE's business strategy, the roll-out
of ABC conversion depends on predetermined feeder-line characteristics in terms of loss
categories, resource constraints, and local resistance. By including our xed e ects, the
model can account for a range of omitted variables that could otherwise bias the estimates.
After adjustment for these xed e ects, the roll-out time is conditionally independent of
unobservable factors that may a ect unbilled consumption and bill payment. We brie y
discuss the identifying assumptions and potential threats in the following paragraphs and
provide more details on e orts to address these concerns in Section 3.6.1.2.

Parallel Trends Assumption. The DID approach requires parallel trends in the outcome
variable between the treatment group and the control group in the absence of the ABC
conversion. To provide evidence that the assumption holds prior to treatment, we estimate
the dynamics of unbilled consumption and bill payment using the event-study framework.
Speci cally, we include leads and lags of the ABC conversion indicator in the baseline

regression to trace out the month-by-month e ects:
Yijt = ) bkl[t ;= k] + a; + djt + #%jt- (32)
150 ka 21
k 1
The dummy variables, 1[t t; = kK], jointly represent the ABC conversion events. Specif-

ically, t;j denotes the rst month when feeder-linei started deploying ABCs at its PMTSs,

and k measures the gap between the current month and the initial deployment monttt;.

19 The results are robust to using alternative clustering approaches as shown in Table B.3.
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A negative k represents the pre-conversion month while a positivk represents the post-
conversion month. Controlling for leads allows us to examine the pre-treatment e ects as a
test for the parallel trends. Controlling for lags enables us to trace the e ects in the periods
after the initial conversion. Note that the dummy for k = 1 is omitted from Equation
(3.2) so that the estimated e ects are relative to one month prior to the conversion. If the
results show that the estimated coe cients for the leads of the ABC conversion dummy are
small in magnitude and statistically indistinguishable from zero, then there is no evidence
of meaningfully di erential trends in unbilled consumption and bill payment in advance of
the ABC conversion. This would provide support for the parallel trends assumption.

Addressing Feeder-Level Confounding Factors With the feeder-line and IBC-by-year
xed e ects, we are able to account for a rich set of time-invariant feeder-level characteris-
tics or IBC-speci ¢ shocks that might confound the identi cation. The remaining concern
mainly stems from time-varying feeder-level changes. We address this issue in two ways.
First, we include additional xed e ects, such as IBC-by-loss-category-by-month or feeder-
by-calendar-month xed e ects, to capture di erential seasonal patterns or loss mitigation
e orts across feeder-lines. Second, to address the concern that ABC installation might be
a ected by the utility company's anticipation of feeder-level changes, we conduct robust-
ness checks focusing on feeder-lines that are followers of initial ABC conversions according
to KE's ring-fencing strategy and therefore their conversion schedules are likely to be
exogenous.

Stable Unit Treatment Value Assumption (SUTVA) . Another identifying assumption
is that there are no spillover e ects on feeder-lines in our control group. Specically in
our setting, it means that ABC conversion of one feeder-line does not a ect other feeder-
lines that have not yet been converted. Since the ABC conversion work was conducted
by an outside vendor, we are able to exclude the possibility that the utility's labor force
was diverted from the non-ABC areas. Moreover, the load shedding in Karachi is assigned
at the feeder-line level and determined by each feeder-line's loss category. Therefore, the

load-shedding in non-ABC areas is unlikely to be a ected. One may be concerned that
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households located in ABC-converted areas instead connect their kundas to nearby non-
ABC feeder-lines. This concern is alleviated due to KE's ring fencing strategy once the
ABC installation starts at a PMT, the company will convert other PMTs in neighboring
regions. To further address this issue, we also conduct robustness checks by excluding

feeder-line areas that are very close to each other from our sample.

3.5.3 Consumer Bill Analyses

To complement the analysis of the utility-level impacts, we investigate the consumer-
level response to ABCs using panel data on residential customers' billing-related outcomes.

We conduct both event studies and DID regression analyses of ABCs' impacts on resi-
dential customers. For residential consumer served by PMT j in month t, we estimate the

following regression model:

it = bABCjt + aj + d + gjr () + Hit- (3.3)

The outcome variables include di erent consumer-level measures on billed electricity con-
sumption, payment behavior, and theft. The variable of key interest, ABG, is a binary
indicator for whether PMT | already has ABCs installed in montht. We add consumer
xed e ects ( a;), month xed e ects d, and PMT by month-of-year xed e ects gj; ) to

capture unobservable factors. Standard errors are clustered at the PMT level.

3.6 Effects of Infrastructure Upgrades on Electricity Utility

In this section, we present results from our baseline model that suggest that infras-
tructure improvements, in the form of ABC installation, resulted in a reduction in unbilled
consumption and increased bill payments. To understand the channels through which these
impacts occurred, we also investigate whether ABC installation a ected the number of util-

ity customers or customer bill payment behaviors.
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3.6.1 Unbilled Consumption and Bill Payment
3.6.1.1 Main Results

We investigate the e ects of ABC installation through both event studies and regression
analyses. The event studies in Figure 3.2 estimate the di erence between the feeders that

were treated via installation of ABCs on at least one PMT and those that were not (the

untreated ), controlling for both IBC-by-month and feeder xed e ects.

FIGURE 3.2: Dynamic Impact of ABCs on Losses and Revenue Recovery
Notes The gure shows the coef cients and their 95% con dence intervals from an event-study regression
estimating the impact of ABC installation on losses and the revenue recovery rate. Data are at the feeder level
on a monthly basis. Regressions include IBC-by-month and feeder xed effects. One month prior to the ABC

installation (1) is the reference group, and the corresponding coef cient is normalized to zero. Standard
errors are clustered at the feeder level.

These event studies provide two key results. Figure 3.2 shows that the estimated coe -
cients for the leads of the ABC conversion dummy are small in magnitude and statistically
indistinguishable from zero. Hence, there is no evidence of meaningfully di erential trends
in unbilled consumption and bill payment in advance of the ABC conversion, which pro-
vides support for the parallel trends assumption. Second, these results illustrate a signi cant
negative e ect on unbilled consumption and a positive e ect on bill payment from ABC
installation. These e ects persist for the duration of the study period.

We further investigate this relationship through DID analysis, as depicted in Equation

3.1. Results showing the estimated impact of ABCs using the binary variable indicative
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of ABC installation on at least one PMT on a feeder-line on unbilled consumption are

in Table 3.1, Panel A. Results from regressions using our other measure of treatment the
intensity of ABC installation within a feeder are presented in Panel B of Table 3.1. These
analyses are performed using both monthly and quarterly losses and revenue recovery data
as outcome measures. All regressions include feeder xed e ects and some form of IBC-time

xed e ect, depending on whether the analyses are using monthly or quarterly data.

Table 3.1: Impact of ABC Installation on Losses and Revenue Recovery

Monthly Quarterly
Revenue Revenue
Loss Recovery Loss Recovery
1) (2) 3) (4)
Panel A: DID Estimates
ABC 0.082*** 0.052*** 0.062*** 0.050***
(0.009) (0.009) (0.008) (0.009)

Panel B: Intensity of Treatment

ABC Ratio 0.176*** 0.090*** 0.175*** 0.105***
(0.013) (0.013) (0.013) (0.013)

Control Mean 0.260 0.792 0.243 0.813

Observations 47,575 37,353 18,219 15,157

feeder-line FE X X X X

IBC-Month FE X X

IBC-Quarter FE X X

Notes Data are at the feeder-line level. There are 2,163 feeder-lines in Karachi during the study

period. ABC is a binary indicator that equals 1 when the feeder-line has PMTs with ABCs in-

stalled, and equals zero otherwise. ABC ratio is de ned as the number of PMTs with ABCs in-

stalled divided by the number of total PMTs in a feeder-line. All regressions include feeder and

IBC-by-month or IBC-by-quarter xed effects. Standard errors in parentheses are clustered at the

feeder-line level. * p  0.1,**p 0.05,***p 0.01.

The results in both panels tell a consistent story. ABC installation, whether measured

as a binary indicator or as a treatment intensity, led to signi cant reductions in unbilled
consumption and increases in bill recovery. In Panel A, the estimates in columns 1 and

3 suggest that unbilled consumption were lower by 6.2 to 8.2 percentage points in feeders
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with ABCs. This is a reduction of 26% to 32% of the average level in non-ABC feeders.
Similarly, the estimates in columns 2 and 4 suggest that bill payment was improved by 5 to
5.2 percentage points, which is an increase of 6% of the average in non-ABC feeders. Panel
B provides evidence that fully replacing all bare wires within a feeder-line with ABCs
leads to even larger improvements in unbilled consumption and bill payment. However,
supplemental evidence indicates non-linearities in the e ect of ABC installation intensity.
Speci cally, we nd diminishing returns on ABCs for bill recovery (Appendix Table B.4).
Additionally, we investigate whether the ABCs have heterogeneous e ects, depending on
the severity of the unbilled consumption and bill recovery problems prior to the upgrade.
We classify the initial unbilled consumption or bill payment rates (the monthly average
losses or revenue recovery rate variables over January 2018 and June 2018) of the feeder-
line into three categories by percentile: low, medium, and high. The ABC indicator is then
interacted with binary indicators for feeder-line categories. Results from these analyses are
presented in Table 3.2. We nd that the e ects of ABC installation increase with the level
of pre-intervention unbilled consumption. In other words, unbilled consumption decreased
more in the feeders that had higher levels of theft at baseline. Similarly, bill payment

increased more among the feeders with medium and low levels of baseline payments.

3.6.1.2 Robustness Checks

The results presented in Table 3.1 are robust to a number of checks, which are summa-
rized here (and presented in the Appendix Table B.5).

Contemporary Loss Mitigation Policies. Our estimated impact of ABC conversion might
be confounded by feeder-line level contemporary mitigation e orts. While national or re-
gional policies are common shocks to di erent feeder-lines and therefore will be absorbed by
the IBC-by-month xed e ects, feeder-level time-variant factors still present a challenge.
First, there might be contemporary e orts that only target high-loss feeder-lines within
IBCs. Second, seasonal patterns might di er across feeder-lines. For example, KE might

spend more e ort on maintenance during peak seasons, and maintenance might be more
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Table 3.2: Heterogeneous Impacts by High/Low-Loss feeder-lines

Monthly Quarterly
Revenue Revenue
Loss Recovery Loss Recovery
1) (2) 3) 4)
ABC 0.024* 0.033*** 0.006 0.024***
(0.014) (0.010) (0.014) (0.009)
ABC Medium Loss 0.061*** 0.057***
(0.016) (0.016)
ABC High Loss 0.135%** 0.126***
(0.030) (0.029)
ABC Medium RR 0.098*** 0.073***
(0.013) (0.014)
ABC LowRR 0.182*** 0.153***
(0.022) (0.023)
Control Mean 0.260 0.792 0.243 0.813
Observations 43,041 23,461 16,495 9,635
Feeder FE X X X X
IBC-Month FE X X
IBC-Quarter FE X X

Notes Data are at the feeder-line level. There are 2,163 feeder-lines in Karachi during the
study period. ABC is a binary indicator that equals 1 when the feeder-line has PMTs with
ABCs installed, and equals zero otherwise. We classify the initial losses or revenue recov-
ery rate (the monthly average losses or revenue recovery rate between January 2018 and June
2018) into three categories by percentile: low, medium, and high. The ABC indicator is then
interacted with binary indicators for whether the feeder-line falls into certain loss or revenue
recovery categories. All regressions include feeder-line and IBC-by-month xed effects. Stan-
dard errors in parentheses are clustered at the feeder-line level. *p 0.1, *p  0.05, ***
p 0.01.

frequent for particular feeder-lines. To mitigate these concerns, we include IBC-by-loss-
category-by-month or feeder-by-calendar-month xed e ects to capture feeder-level policies
within each IBC. The results, shown in Panel A of Appendix Table B.5, are similar to those
from our baseline estimates.

Ring-Fencing and the Roll-out of ABC Conversion. We leverage the utility company's
ring-fencing strategy to address the concern that ABC roll-out is correlated with time-

varying feeder-line characteristics, such as anticipated reduction in theft or bill payments.
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As we previously explained, KE adopted the "ring fencing" strategy once ABC conversion
starts, the company tries to cover neighboring regions to prevent negative spillovers. One
might worry about the endogeneity of ABC conversion for the feeder-lines that started
this process earlier. Their neighboring feeder-lines, however, are likely to be converted
due to the ring-fencing strategy and therefore the conversion schedule can be considered
exogenous. With that in mind, we conduct robustness checks by restricting our sample only
to the followers of ABC conversion (i.e., feeder-lines that did not have one of these rst
converted PMTs). Specically, we rst create a 1km bu er zone around each feeder-line
area. Next, for all the nearby feeder-lines that overlap with this bu er zone, we identify the
earliest ABC conversion date among them. Then, we drop the feeder-line areas if they are
among the earliest to have ABCs installed. This process is repeated across all feeder-line
areas and we end up having only the followers of ABC conversion in our sample. With this
restricted sample, we re-estimate our baseline model and the results are presented in Panel
B of Appendix Table B.5. In addition, we also conduct more robustness checks by dropping
the high-loss feeder-lines as well since they are more likely to be strategically targeted by
the utility company during the ABC conversion process. Our conclusions still hold.

Addressing Potential Spillovers. There are several types of potential spillovers, which we
address here. First, if there are changes in load shedding in response to the ABCs installed,
those changes must not a ect the untreated feeder-lines. In Karachi, load shedding is
assigned at the feeder-line level based on the unbilled consumption and bill payment rates
at that feeder-line. This process by which Karachi Electric assigns load shedding at the
feeder-line level and the fact that our analyses are using feeder-line level data alleviate
concerns regarding this potential SUTVA violation.

Second, the process of installing ABCs on some feeder-lines must not divert resources
away from other feeder-lines, thereby a ecting their outcomes. Given the magnitude of this
task of replacing bare wires with ABCs, the utility outsourced the vast majority of this
work to another company. With this work conducted by an outside vendor, the utility's

labor resources were not diverted from the non-ABC feeder-lines.
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Third, theft must not spill over into untreated feeders by households located in neigh-
boring areas with treated feeder-lines. In other words, households that can no longer pilfer
from their closest feeder-line due to ABC installation must not connect a kunda to a nearby
feeder-line without an ABC installed. This is mostly likely to occur in feeder-lines that are
very close to each other. The concern on spatial spillovers can be mitigated by KE's adop-
tion of the ring-fencing strategy when doing the ABC conversion. To further address
this issue, we re-estimate the baseline model excluding from our sample feeder-lines that
are very close to each other. Speci cally, we identify the center point of each feeder-line
area by averaging the GPS coordinates of its PMTs, and calculate the distance between
each pair of feeder-line areas. We then re-estimate the baseline model by dropping the
feeder-lines that have at least one nearby feeder-line within a 100 m, 300 m, or 500 m
bu er zone. Results are in the appendix (Appendix Table B.5 Panel C). Additionally, we
control for the ABC status of neighboring feeder-lines, by adding an indicator for whether
there are ABC conversions at PMTs from other feeder-lines located within 100 m, 300 m,
or 500 m distances (Appendix Table B.5 Panel D). Both approaches yield similar results
and alleviate concerns regarding such spillovers.

Heterogeneity-Robust DID Estimator. Recent literature shows the potential estima-
tion bias of the two-way xed e ects estimator with varied treatment timing (Callaway &
Sant'’Anna, 2021; De Chaisemartin & d'Haultfoeuille, 2020; Goodman-Bacon, 2021a; Sun
& Abraham, 2021a). Under a setting with staggered treatment timing and heterogeneous
treatment e ects, the bias arises from the comparison between later treated units and ear-
lier treated units that instead serve as the control. The event-study model usually generates
reliable estimates as it breaks down treatment e ects in di erent periods. To further mit-
igate this concern, we employ a doubly-robust DID estimator proposed by Callaway and
Sant'’Anna (2021). This estimator only compares treated units with never-treated ones
serving as controls, hence excluding all the bad comparisons. In the appendix (Panel E of
Appendix Table B.5), we report the aggregated estimates of the average treatment e ect on

the treated for all timing groups across all periods. The coe cient estimates have the same
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sign and similar magnitudes as the ones from our baseline model. For robustness, we also
estimate event-study models following the approach suggested by Callaway and Sant'Anna
(2021) and Sun and Abraham (2021a). Appendix Figure B.4 presents results from these

alternative estimators, which exhibit similar patterns.

3.6.2 Mechanisms for Utility Effects

A reduction in unbilled consumption could come via multiple channels. We nd evidence
that the reduction came with an increase in the total number of customers. These results
are indicative of ABCs making kundas more di cult, i.e. making electricity excludable.
Further, in the absence of informal substitutes, formal customers would want to avoid bill

non-payment to prevent disconnection of their formal electricity connections.

3.6.2.1 Effects of ABC Installation on Customer Numbers

Unbilled consumption could fall due to increased formalization of customers. Customers
previously connecting to the grid via informal, illegal connections may shift to formal con-
nections at the time of ABC installation. We investigate this channel through both event
studies and regression analyses.

We perform an event study in which the outcome variable is the inverse hyperbolic sine
of the number of all types of consumers on a feeder-line over time. Appendix Figure B.5
provides no evidence of a statistically signi cant di erence in pre-trends between the ABC
treated and untreated feeder-lines. There is a statistically signi cant increase in the
number of customers following the ABC installation. The increase occurs approximately
two months after the installation of the ABCs, suggesting that customers previously using
illegal connections learn in the months after ABC installation that kundas are more di cult
to connect making them switch to formal connections.

As before, we implement two regression analyses to estimate the impact of ABCs on the
number of consumers, one using the binary indicator of ABC installation as the treatment
variable, the other using the proportion of PMTs in a feeder covered by ABCs as the measure

of treatment intensity. In Table 3.3 column 1, the outcome variable is the inverse hyperbolic
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Table 3.3: Impact of ABCs on Consumer Number

Variables (IHS) Total  Agriculture  Bulk Commerce Industry Resident

(1) (2) 3) (4) (5) (6)

Panel A: DID Estimates

ABC 0.065%** 0.002 0.004 0.023 0.009  0.064**
(0.022) (0.019)  (0.006)  (0.029) (0.035)  (0.028)

Panel B: Intensity of Treatment

ABC Ratio 0.138%+* 0.005 0.008 0.053 0.015  0.159*
(0.033) (0.009)  (0.008)  (0.047) (0.052)  (0.043)

Outcome Mean 1,582.96 1.24 0.09 263.41 11.71 1,306.51
Observations 67,602 67,602 67,602 67,602 67,602 67,602
feeder-line FE X X X X X X
IBC-Month FE X X X X X X

Notes Data cover the period between June 2018 and March 2021. The outcome variable is the inverse hyper-
bolic sine (IHS) of the number of consumers in each feeder-line. Columns 2—6 refer to different consumer
categories. ABC is a binary indicator that equals 1 when the feeder-line has PMTs with ABCs installed, and
equals zero otherwise. ABC ratio is de ned as the number of PMTs with ABCs installed divided by the
total number of PMTs in a feeder-line. All regressions include feeder-line and IBC-by-month xed effects.
Standard errors in parentheses are clustered at the feeder-line level. *p 0.1, *p 0.05,***p 0.01.

sine of number of consumers of all types in each feeder-line. We see a signi cant e ect
of ABCs on total consumers in both Panel A (using the ABC binary treatment indicator)
and Panel B (using the treatment intensity variable). Columns 2 through 6 in the table
show the estimated impacts of ABCs on di erent categories of consumers (agricultural,
bulk, commercial, industrial, and residential). We nd that overall ABC installation led to

a 6.5% increase in total number of customers at the feeder-line level (column 1) and that

these changes were driven primarily by an increase in residential consumers (column 6).
3.6.2.2 Consumers Bills for Electricity Services

Event studies in Appendix Figure B.6 indicate that, following the installation of ABCs,
both residential consumers' quantity of billed units and the monetary billed amount in-

creased signi cantly. This is consistent with a reduction in kundas and an increase in

consumption of electricity services through formal grid connections. These came with re-
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ductions in the probability of customers not paying their bill and an increase in the payment
ratio (the proportion of the billed amount paid for the month), which coincides with the
increases in bill payment found in the feeder-level analysis. Lastly, there is evidence of a
reduction in irregular billing and indicators of theft. 2°

The DID regression analyses in Table 3.4 provide further insights. Panel A shows
the average treatment e ects of ABCs, similar to those in the event studies. With our
binary treatment variable indicating ABC installation, we interpret these coe cients as the
impact of a PMT being upgraded from the bare wires to ABCs. In columns 1 and 2, the
outcome variables are the inverse hyperbolic sine of billed units (kWh) and billed monetary
amounts (rupees). Results indicate that the ABC conversion led to a 9% increase in KWh
of billed units (column 1) and a 9.8% increase in billed amount (column 2). In addition, the
probability of a customer not paying their monthly electricity bill on time decreased by 5.2
percentage points (column 3), and the ratio of monthly billed quantity paid increased by
1.6 percentage points (column 4). Finally, the probability of a meter-related issue within a
month and whether there were thefts during a month reduced by 11.1 and 3.8 percentage
points, respectively.

Panel B shows heterogeneity by expenditure group. Interestingly, the e ects of the
ABCs on the low-expenditure and high-expenditure groups are of similar magnitude for all
outcomes except one. In column 5, the households with expenditures greater than $2 per
day are signi cantly less likely to have irregular bills within a month than those households

with expenditures less than $2 per day.
3.6.3 Utility's Cost-Bene t Calculations
To put the utility's bene ts from the infrastructure improvement in context, we compare

them with the costs of ABC conversion?? We create four cost scenarios based on data

provided by KE. Together, these provide us with bounds on the overall cost of ABCs. As

20 |n Appendix Figure B.7 and B.8, we present event-study model estimates following the approach sug-
gested by Callaway and Sant'Anna (2021) and Sun and Abraham (2021a). The results are similar.

21 Additional details on these calculations are provided in Appendix B.5.
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Table 3.4: Effect of ABCs on Customer Behaviors

IHS IHS

Billed Billed Payment Irregular

Units Amount  Not Pay Ratio Bills Thefts
1) ) 3) 4) ®) (6)

Panel A: Average Treatment Effect

ABC 0.090%*  0.098%*  0.052%* 0.016%*  0.111%*  0.038***
(0.024)  (0.029)  (0.012)  (0.005)  (0.021)  (0.008)

Panel B: Heterogeneity by Expenditure Groups

ABC  Below2 0.090%*  0.096**  0.050** 0.017**  0.106**  0.038**
(0.024)  (0.030)  (0.012)  (0.005)  (0.020)  (0.008)

ABC  Above2 0.087 0.118*  0.076**  0.014  0.159%*  0.039%*
(0.060)  (0.070)  (0.027)  (0.011)  (0.041)  (0.015)

Outcome Mean 241.05 3,369.08 0.33 0.20 0.20 0.05
Observations 88,296 88,296 88,296 88,296 88,296 88,296
# Households 3047 3047 3047 3047 3047 3047
Customer FE X X X X X X

Month FE X X X X X X
PMT-Month-of-Year FE X X X X X X

Notes Customer-level data are provided by KE for June 2018 through August 2021. These residential customers are all
“active” accounts within the KE system as of August 2021. The outcome variables include billed electricity units (in
inverse hyperbolic sine), billed electricity amount (in inverse hyperbolic sine), an indicator for whether the customer
does not pay electricity bills on time, the proportion of payment relative to the total due to KE (payment ratio), an in-
dicator for whether there are irregular bills in that month, and an indicator for whether there are thefts in that month.
ABC is a binary dummy that equals 1 if the household is served by a PMT that has ABCs installed already. The indica-
tor Above?2 equals 1 if the household's expense per capita is above $2 each day, and the indicator Below2 equals 1 if the
household's expense per capita is below $2 each day. All regressions include customer, month, and PMT-by-month-of-
year xed effects. Standard errors are clustered at the PMT level. * p  0.1,**p 0.05, **p 0.01.

a lower bound, we include the costs of ABC materials alone, not an outlandish assumption
given that regular wire replacement labor is required even in the absence of the ABC
conversion. As upper bounds for our cost calculation, we use KE estimates of the ABC cost
per PMT converted in high-loss areas, both with and without labor included. To convert

costs into units comparable to bene ts, we divide the cost per PMT by the average number

of consumers per PMT. The estimated costs to the utility are between 16,389 PKR per
customer and 33,630 PKR per customer (Appendix Table B.6). For simplicity, we assume

these costs are all upfront, occurring in year 0.
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To approximate the bene ts to the utility, we use the change in customer payment
following the conversion to ABCs, based on the estimated increase in the monetary billed
amount from Table 3.4. Dividing these total bene ts per year by the number of consumers
in high-loss areas, we get a per-consumer bene t to the utility of 5,729 PKR per year. We
assume that ABCs have a ten-year life span and that annual bene ts are constant over
these ten years’? We calculate the net present value of bene ts using discount rates of
8%, 10%, and 12%, resulting in per-customer benets between 42,796 PKR and 56,253
PKR (Appendix Table B.7). So, even for our most conservative estimates, the bene ts far

outweigh the costs to the utility (Appendix Table B.8).
3.7 Changes in Consumer Surplus

In the preceding sections, we analyzed the e ect of ABC installation on the utility's
bottom line, showing that it reduced unbilled consumption and increased revenue, suggest-
ing that the intervention raised producer surplus. In this section we look at the e ect ABCs
had on consumers, analyzed from two angles. First, we estimate changes in consumer sur-
plus and government subsidies. Second, we extend the discussion and report evidence of
electricity service quality improvements.

Given our previous results, in particular the decrease in units sent out and increase in
billed units, we expect consumer surplus to fall following the installation of ABCs. For any
decreasing demand curve, we anticipate that a switch from kundas to formal connections
would increase the e ective price of electricity and reduce consumption, therefore lowering
consumer surplus. However, as discussed in the conceptual framework, the actual e ects
are less clear in the presence of rationing. In particular, formal consumers are in fact weakly
better o with ABCs, as there is no change in the price structure and they may even bene t
from a reduction in load shedding. For informal customers, the e ect is ambiguous, and is
a function of three things: the e ect and magnitude of changes in rationing, and the kunda

fee.

22 Globally, ABCs' expected life span is between 15 and 20 years. However, KE reports an expected ten-year
life span due to the local conditions in Karachi.
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Second, given ABC installation does not change the pricing structure for preexisting
formal customers, any fall in consumer surplus is driven by consumers who were previously
using kundas to bypass the formal billing system. While it is true that ABCs may decrease
consumer surplus in the aggregate, the decrease is driven by a switch from informal to
formal consumption. Therefore, it is reasonable to assume that ABCs lower the cross-
subsidization of electricity consumption from formal to informal consumers, and may vyield
higher quality of service for the utility's customers due to lower incidence of load shedding.
These latter quality e ects are not captured by our surplus calculations.

Regarding total welfare, we note that the amount of subsidy paid by the government
falls with fewer units sent out. Under a perfectly competitive market, this would result in an
increase in welfare, but a utility is the quintessential natural monopoly, and in the presence
of market power, welfare may increase or decrease, depending on whether the subsidy causes
the utility to over- or under-produce relative to the optima. Lastly, we wish to emphasize
that the welfare results reported in this paper do not account for externalities, such as
carbon emissions from electricity generation. Further, any decrease in technical losses due

to improved infrastructure is a pure welfare gain.

3.7.1 Consumer Surplus Calculation

We now quantify the welfare impacts of ABC installation by measuring the costs to the
subsidized consumers and the change in government expenditures. We restrict our analysis
to high-loss IBCs and feeder-lines that ultimately had ABCs installed.

ABCs make illegal electricity connections or theft more di cult. As is shown in previous
sections, there is an increase in consumers' billed amount and payment ratio after the
ABC installation. Hence, we characterize the ABC installation as an informal tax on
consumers for their electricity usage. The change in billed amount and payment ratio can
be approximated by an average price increase faced by consumers in feeder-lines with ABCs
installed. Therefore, for tractability, we consider the tax as a per-unit tax.

To measure the change in consumer surplus, we estimate price elasticities of electricity
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demand. We leverage the monthly feeder-level data on electricity sent out, bill payment,
and the number of customers to conduct the estimation. For each feeder-line, we calculate
the average electricity consumption per consumeny;) as the total consumption divided by
the average number of customers in the period after ABC installatior?3

The average electricity price (i) faced by consumers is measured as the total expen-
diture on electricity usage divided by the total consumption. Consumers' expenditures on
electricity usage include the amount they pay to KE (for legal connectionsf*

With the calculated average electricity consumption and average electricity price, we
estimate the price elasticity of demand using the two-stage least squares approach. For

feeder-linei in IBC region j in month t, the rst- and second-stage regressions are:
In(pijt) = gABCj + a + dy + #;

In(yijt) = bIn(Pye) + i+ K + uije.

In the above equations,g captures the change in electricity price after the ABC installation,
and b captures the price elasticity of electricity demand. With these parameters, we can
calculate the change in consumer surplus as a result of the average price increase induced
by the ABC installation.

The changes in consumer surplus calculated above contain within them the lump-sum
transfers made to kunda operators before ABC installation. To account for this, we estimate
the amount of transfer using results from our household survey. According to the household
survey, we assume the proportion of households using kundas is 10% and test di erent kunda
price assumptions ranging from zero to 3,500 PKR per month. Then, we calculate the total
payment for kunda usage by multiplying the kunda price by the nhumber of households using
kundas in each feeder-line. We assume consumers no longer pay for a kunda after ABC

installation since illegal connections are terminated.

23 The total electricity consumption at each feeder-line is measured by the electricity sentout (1 technical
loss rate). Here, we assume an 8% technical loss rate based on NEPRA's estimation. Implicitly, we assume a
balance between the electricity supply and demand.

24 As kunda pricing is considered a lump-sum transfer, we ignore kunda payments for the purposes of
calculating the average price.
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The change in government subsidies is calculated by multiplying the change in electricity
consumption per customer with the average subsidy rate (i.e., 4.7 PKR according to KE)

and the total number of customers.

Table 3.5: Effect of ABCs on Consumer Surplus and Government Subsidies

Kunda Fee DCS per Consumer DCS Total DKunda Revenue DSubsidy

1) (2) 3) 4) (5)

0 682 473,548,704 0 133,894,840

750 607 421,442,915 52,105,772 133,894,840

1,500 532 369,337,143 104,211,544 133,894,840

2,000 482 334,599,962 138,948,725 133,894,840

2,500 432 299,862,781 173,685,906 133,894,840

3,500 332 230,388,418 243,160,269 133,894,840

Notes All values are in Pakistani rupees per month. The exchange rate during this period was approxi-
mately 1 USD = 150 PKR. Kunda prices are based on prices reported in our focus groups in fall 2021. The
change in total consumer surplus (DCS) is calculated by multiplying the per-customer change (column
2) by the number of customers in high-loss areas following the ABC intervention (694,743 customers).
DSubsidy is measured by the change in government subsidies for electricity. Details for the calculation are
described in Section 3.7.1.

Table 3.5 presents the results from these calculations under a range of assumptions for
kunda prices. We see that consumer surplus decreases following the introduction of ABCs
in all scenarios presented; however, the extent to which it decreases is highly dependent on
kunda prices. For the range of plausible kunda prices, calculations indicate that consumer
surplus reductions are between 2.21 and 4.55 USD per month. Further, although we nd
that in aggregate, consumer surplus falls, we note that service quality improvements are

not accounted for in our surplus calculations.

3.7.2 Supporting Evidence

We supplement these consumer surplus calculations with evidence on service quality
changes. After ABC conversion, there is a decline in hours of load shedding and the number
of consumer complaints. Customers in areas with ABCs report experiencing signi cantly
less load shedding than those in areas without ABCs and, consistent with that, these
households have more appliances and a greater number of reported hours of appliance use

per day.
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3.7.2.1 Load Shedding

Historically, the electricity utility has targeted load shedding according to the loss cat-
egory of a feeder-line. Given that the utility's nancial indicators improved unbilled
consumption fell and bill recovery increased with ABCs (as shown in Table 3.1), we
expect to see less load shedding in these ABC areas relative to other high-loss areas with-
out ABCs. Leveraging the utility's record on planned outages, we estimate the impact
of ABCs on average hours of load shedding per day in a month. Table 3.6 presents the
estimation results. The rst two columns use the whole sample while the last two columns
focus on high-loss IBC regions. We nd unambiguous evidence of reduced load shedding
after the ABC conversion, indicating that households are supposed to receive more hours
of electricity per day. The coe cient estimate in Column (1) suggests that, on average,
ABC conversion decreases daily load shedding by 0.4 hours. The impact is larger among

high-loss regions and is increasing in ABC conversion.

Table 3.6: Impact of ABCs on Load Shedding
IHS(Average Hours of Load Shedding Per Day)

Whole Sample High-Loss IBCs
1) (2 3) (4)
ABC -0.107*** -0.1171%**
(0.029) (0.028)

ABC Ratio -0.264*** -0.279***

(0.038) (0.037)
Outcome Mean 4.068 4.068 5.994 5.994
Observations 34,997 34,997 12,298 12,298
Feeder FE X X X X
IBC-Month FE X X X X

Notes Data are at the feeder-line level on a monthly basis. The outcome variable is aver-
age hours of load shedding per day in a month (measured in inverse hyperbolic sine). ABC
is a binary indicator that equals 1 when the feeder-line has PMTs with ABCs installed, and
equals zero otherwise. ABC ratio is de ned as the number of PMTs with ABCs installed di-
vided by the number of total PMTs in a feeder-line. All regressions include feeder and IBC-
by-month. Standard errors in parentheses are clustered at the feeder-line level. * p 0.1, **
p 0.05**p 0.01.
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3.7.2.2 Consumer Complaints

With ABCs making illegal connections more di cult to achieve, consumers might make
more frequent complaints to the utility (e.g., complaints regarding deterioration of service
quality or disputes of bills), which we investigate here. We use the utility's data on consumer
complaints at the feeder-line level, and the type of complaints led, to estimate impacts of
ABCs on these outcome measures. Regression results are presented in Table 3.7, with Panel
A reporting results where the outcome variable is the number of complaints and Panel B
normalizing these results relative to the number of consumers at a feeder-line. Estimated
impacts across the two panels suggest that the rise in complaints was proportional to
the increase in consumers. Panel A indicates an increase in total complaints, which is
the result of an increase in bill complaints and service requests in combination with a
decrease in arrears disputes. In contrast, after the total complaints are divided by the
number of consumers within the feeder, the estimates in Panel B are of smaller magnitude.
These results suggest that consumer complaints overall decrease (per customer) with ABC
installation, which is a function of the signi cant reduction in technical complaints and is

consistent with improvements in service quality.

3.7.2.3 Suggestive Evidence from Survey Data

Through the household survey data, we can better understand the mechanisms through
which ABCs' impacts occurred. Given that our residential consumer survey is cross-
sectional, we interpret these results as correlational and supplemental to our main results.
Table 3.8 presents di erences in reported service quality for households covered by ABCs,
relative to those not yet covered by ABCs.

Consistent with our previous ndings on decline in planned outages, households reported
fewer hours per day of load shedding in both the summer (column 1) and winter (column
2) among the ABC areas, relative to the non-ABC areas. The estimated reduction in load
shedding is approximately one fewer hour of load shedding in areas with ABCs, depending

on the season and the expenditure group. Notably, the mean load shedding in the control
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Table 3.7: Impact of ABCs on Consumer Complaints

Bill Service Technical
Variables (IHS) All Complaints Requests Complaints
1) 2) 3) 4)

Panel A: Total Measures
ABC 0.079*** 0.223*** 0.126*** 0.238***

(0.023) (0.031) (0.041) (0.032)
Outcome Mean 85.58 5.48 1.73 12.32
Panel B: Per Consumer Measures
ABC 0.016*** 0.001*** 0.002* 0.018***

(0.002) (0.000) (0.001) (0.002)
Outcome Mean 0.264 0.011 0.086 0.166
Observations 71,918 71,918 71,918 71,918
Control X X X X
feeder-line FE X X X X
IBC-Month FE X X X X

Notes Data are at the feeder-line level. The outcome variable is the inverse hyperbolic sine of the
number of consumer complaints, including all types of complaints, bill complaints, and service
requests. In Panel A, we add consumer number as a control variable. In Panel B, we use per-
consumer measures, de ned as the number of complaints divided by the number of consumers
covered by a feeder-line. All regressions include feeder-line and IBC-by-month xed effects. Stan-
dard errors in parentheses are clustered at the feeder-line level. *p  0.1,*p 0.05,**p 0.01.

group is 8.5 hours per day in the summer and 6.9 hours in the winter.

With fewer hours of load shedding, household appliance ownership and use may dier
across ABC and non-ABC areas as households can use the appliances more when there are
more hours of electricity available. We see greater numbers of both appliances (column 3)
and hours of daily appliance usage (column 4).

Lastly, we use data from survey questions designed to elicit respondents' beliefs and
perceptions to understand if there are di erences across ABC and non-ABC households
with respect to the electricity utility, load shedding, and billing/bill payment. Results are
presented in Figure 3.3. Households in ABC areas are, on average, less likely to believe
that their electricity bills accurately re ect their consumption and more likely to report

that bill errors are a concern; however, they are also less likely to believe that electricity
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Table 3.8: Evidence on Household-Reported Service Quality and Appliances

Total Total Hours
Daily Hours of Load Number of of Daily
Shedding/Power Cuts Appliances Usage
Summer Winter
1) (2) 3) (4)
ABC 1.173*** 1.015*** 0.506*** 3.487***
(0.260) (0.322) (0.156) (0.847)
Control Mean 8.541 6.872 6.833 18.409
Observations 3,068 3,068 3,068 3,068
R-squared 0.125 0.302 0.372 0.198
Control X X X X
IBC FE X X X X

Notes Outcome variables are collected via our household survey implemented in late 2021. ABC is a bi-
nary dummy that equals 1 if the household is served by a PMT with ABCs installed. Control variables
include the total number of family members, number of rooms, years in the neighborhood, indicators

for house ownership, indicators for owning a car, and indicators for having nancial accounts. Standard
errors are clustered at the PMT level. *p  0.1,**p 0.05,**p 0.01.

quality issues (both electricity shortages and load shedding) are problems.

3.8 Implications for Climate Change Mitigation

Ex ante, the implications of the ABC installation for electricity generation and, therefore
CO, emissions, are not obvious. If anything, our results suggest that emissions may increase
as a result of infrastructure upgrades: ABCs led to an increase in both the total number of
utility customers and billed units (KWh) per customer, which together suggest an increase
in electricity supplied and therefore electricity generated. In a setting such as Pakistan,
where 62% of electricity generation is via fossil fuels (NEPRA, 2021), an absolute increase

in electricity generation likely means an increase in C@ emissions.
3.8.1 Estimating Reductions in Emissions
In this section, we explore the implications of the infrastructure upgrade for climate

change mitigation through a multi-step process. First, we estimate the impacts of ABCs

on a proxy for electricity generation. Then, we calculate the marginal changes in C®
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FiIcurE 3.3: Differences in Household Beliefs Across ABC and Non-ABC Areas

Notes The gure plots coef cients and their 95% con dence intervals from regressing outcome variables on
the interactions between ABC (a binary dummy that equals 1 if the household is served by a PMT with ABCs
installed) and two categorical income variables (Above2 and Below?2). The variable Above2 equals 1 if the
household's expense per capita is above $2 each day, and the variable Below2 equals 1 if the household's
expense per capita is below $2 each day. Data were collected via our household survey implemented in
late 2021, asking respondents to indicate whether they agreed or disagreed with the belief statements. The
outcome variables here are binary indicators equaling 1 if the respondent indicated some level of agreement
(mildly agree to strongly agree) with the statement and zero otherwise. Regressions include control variables:
total number of family members, number of rooms, years in the neighborhood, indicators for house owner-
ship, indicators for owning a car, indicators for having nancial accounts, expenditures on food items, and
binary indicators for household income categories. Standard errors are clustered at the PMT level.

emissions per KWh change in electricity generated. Third, using the results of the prior two
steps, we perform back-of-the-envelope calculations to estimate ABCs' in uence on CO
emissions. Lastly, to provide some perspective, we compare these estimates to the L£O
emissions from KE's annual generation.

For the rst step, given that generation occurs at a higher level than the ABC interven-
tion, we use the quantity of electricity "sent out" (kwh) to a feeder-line per month (i.e., the

quantity delivered to a feeder-line) as a proxy for generation per feeder-lin€ To estimate

25 Electricity sent out includes billed consumption, unbilled consumption, and technical losses. A reduction
in technical losses can be considered a pure welfare gain as CQ emissions are averted but consumption is

111



the impact of ABCs on electricity generation, we run regressions akin to those described in
Equation 3.1, but with the quantity sent out as the outcome variable. Results in Table 3.9
show that ABCs led to a decrease in generation of 97,213.3 KWh per feeder-line per month
(column 1). Using the inverse hyperbolic sine transformation of the quantity sent out, the
intervention led to a 10.2% decrease in generation per feeder-line per month (column 2).
These results indicate that ABCs reduced the total electricity delivered and, therefore, the

quantity generated.

Table 3.9: Effect of ABCs on Electricity Sent Out

Quantity Sent Out
(kwh per month)
Level IHS
(1) 2)
ABC 97,213.292%** 0.102***
(18,433.656) (0.023)
Outcome Mean Level 920,981 920,981
Observations 47,575 47 575
feeder-line FE X X
IBC-Month FE X X

Notes Data are at the feeder-line level. ABC is a binary indicator that equals 1
when the feeder-line has PMTs with ABC installed, and equals zero otherwise.
All regressions include feeder-line and IBC-by-month xed effects. Standard er-
rors in parentheses are clustered at the feeder-line level. *p 0.1, **p  0.05, ***
p 0.01.

To translate these generation reductions per month into avoided C@ emissions, we
perform calculations of the estimated reduction in CQ emissions per KWh reduction of
electricity generated, speci c to Pakistan's generation mix. Details of these calculations
are in Appendix B.6. Broadly speaking, we create a mix of fuels that would most likely be

used to respond to changes in demand. This "responsive mix" consists mostly of generation

attributed to fossil fuels, as these technologically allow for relatively easier changes in pro-

not reduced. However, a reduction in billed or unbilled consumption might have welfare consequences for
consumers, which we are unable to capture in this calculation.
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duction, compared with other sources. Our calculations indicate that the reduction in CQ
per KWh reduction of electricity services consumed is 0.76 kg C&ZkWh for our responsive
mix.

Note that the above estimate is one of many alternatives. If we instead assume that
marginal production takes place solely through natural gas (the least carbon intensive of
Pakistan's fossil fuel generation mix) or Residual Fuel Oil (the most carbon intensive of the
country's fossil fuel generation mix), our estimates change to 0.46 kg CZkWwh and 1.06
kg CO»/KWh, respectively. Our responsive mix then is a conservative estimate, between
both bounds, though we provide estimates using all three.

After calculating the change in CO, emissions per change in electricity generated by
generation fuel type, we compare those calculations to Pakistan's annual CCemissions to
put those numbers in perspective. Results are in Table 3.10. In column 1, we present the
result of multiplying each of these estimated changes in C®per KWh change in generation
by fuel type times the estimated reduction in generation: 97,213.3 KWh per feeder-line per
month (from column 1 of Table 3.9). This provides us with a range of estimated reductions
in CO, emissions per year per feeder-line, by fuel source of the marginal generator. We
aggregate these numbers to all high-loss feeders (column 3) and compare them with the
estimated CO, emissions from KE's annual generation (column 4). This reduction in CQ
emissions is non-trivial, equal to roughly 1.67% to 4.26% of KE's annual emissions due to

generation.

3.8.2 Comparing ABCs with Other Interventions

To provide a sense of magnitude for these calculations, we compare the ABCs' reductions
in billed electricity consumption with the feasible reductions from other technologies. To
do so, we convert the ABCs' feeder-line-level reductions into residential consumer-level
reductions. From our regressions, we know that ABCs reduced the quantity sent out by
97,213.3 KWh per feeder-line per month. We divide that by the average number of residential

consumers per feeder-line (1,685), which provides an ABC-induced reduction in electricity
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Table 3.10: Change in CQ Emissions per Change in Electricity Generated

Aggregated: High-Loss Feeders

Din CO, DinCO, DinCO; % of KE's
(tCOy)/ Emissions Emissions Annual CO »
D Generation per Feeder per Year Emissions
(MWh) (tons) (tons) from Generation
Generation Fuel(s) 1) (2) 3) 4)
Natural Gas 0.46 536.6 213,574 1.67%
Responsive Blend 0.76 886.6 352,861 2.77%
RFO 1.06 1,236.6 492,148 3.86%
Coal 1.17 1,364.9 543,190 4.26%

Notes The steps leading to these results are detailed in Appendix B.6. Column 1 is based on the numbers
reported in Table B.14. Column 2 is calculated by multiplying the values in column 1 by 97,213 kWh per
month, which is the reduction estimated in Table 3.9 as the reduction in quantity sent out to a feeder-line
per month as a result of the ABC installation. Column 3 is calculated by multiplying column 2 by 398, based
on the utility's 398 high-loss feeder-lines. Column 4 is calculated by dividing column 3 by 12,754,639 tons
of CO5, which was our estimate for the total CO , emissions for generating the units of electricity (kWh)
that KE purchased per year.

consumption of 57.7 KWh per residential customer per month.

We perform back-of-the-envelope calculations for the electricity savings that would occur
if a household replaced three incandescent light bulbs with more e cient LED light bulbs.
We perform these calculations based on Carranza and Meeks (2021), which reports esti-
mated reductions in electricity consumption due to a randomized energy e cient light bulb
intervention in Kyrgyzstan. First, we calculate the power reduction (KW) per household
from making this switch to LEDs.?® We then use that estimated reduction to calculate the
expected reduction in billed electricity (KWh) per month (Appendix Table B.16). Calcula-
tions by season place the per-household KWh reduction due to switching three incandescent
light bulbs to LEDs at between 24.3 and 44.55 KWh per month, which is just below the
57.7 KWh per month ABC-induced reduction we calculated per consumer. Therefore, the

reduction from ABCs is equivalent to that of shifting to more e cient lighting.

26 We assume households would replace a 100 W incandescent bulb with a 100 W equivalent LED bulb.
Actual wattage listed for LEDs is typically 10 W for a 100 W equivalent bulb. Therefore for each incandescent
bulb replaced by an LED, there is a reduction of 90 W (100 W 10 W). If the household has three light bulbs
and replaces all of them, the power reduction is 270 W or 0.27 kW.
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3.9 Conclusions

The International Energy Agency (2020) expects that between 2020 and 2030, 16 million
kilometers of existing electricity distribution lines need to bereplaced with approximately
60% of these replacement needs located in low and lower-middle income countries. This
will require vast nancial investments by distribution companies worldwide; and this does
not even include the investments needed fonewly-constructeddistribution lines in settings
that are being electri ed for the rst time in e orts to meet the Sustainable Development
Goals?’ Taken together, substantial investments in distribution infrastructure are expected
in the near future, as distribution companies face the decision as to whether to invest in
bare wires or upgraded cables such as ABCs.

In this paper, we present impacts of an infrastructure upgrade in Karachi, Pakistan
that prevented illegal connections to the grid, thereby making the electricity infrastructure
excludable. We nd that ABC conversion both signi cantly reduced unbilled consump-
tion/theft and increased bill payment. We nd evidence that ABCs achieved these impacts
by increasing the total number of formal metered residential customers, increasing the quan-
tity of billed units (and therefore the billed monetary amounts) as well as the payment ratio,
while decreasing irregular bill payment and indicators of theft. Together, these results are
indicative of ABCs making illegal connections to the distribution wires more di cult and,
as a result, more customers becoming formal customers of the utility.

From an environmental perspective, despite an increase in both the total number of cus-
tomers and billed units per customer, the amount of electricity sent out over the distribution
system decreased after ABC installation. We estimate that the reduction in CQ emissions
from ABC installations, in only its high-loss feeder-lines is between 1.7% and 4.3% of the
utility's annual emissions from electricity generation. In a country that depends on thermal

power plants to produce close to 70% of its total electricity, the carbon-reducing impact of

27 Sustainable Development Goal 7 calls to “ensure access to affordable, reliable, sustainable and modern
energy for all.” As of 2020, 733 million people around the world still were without electricity (United Nations,
2022).

115



ABCs is non-trivial.

Finally, our consumer-related results both the consumer surplus analysis and the
results from the household survey suggest that some consumers are worse o than they
were prior to the ABC conversion. The overall fall in consumption (as measured by the
amount sent out to the feeder-line) at ABC-treated feeder-lines, even though load shedding
decreased, indicates that at least some of the kunda users a ected by ABC installation
were poorer households for which electricity rationing was not binding. This suggests that
while ABCs were e ective at reducing unbilled consumption, they ought to be paired with

additional pricing and social assistance reforms for the poorest households.
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4. Heat Adaptation and Human Performance in a
Warming Climate

Co-authors: Steven Sexton, Jamie T. Mullins

4.1 Introduction

As high ambient temperatures are expected to become more common due to global
climate warming, evidence is accumulating that exposures to such conditions impair hu-
man performance across many domains. Scholastic test scores fall, learning is diminished,
and labor supply and productivity decline (Garg et al., 2020; Gra Zivin & Neidell, 2014;
Gra Zivin et al.,, 2018; Park, 2020; Park et al., 2020, 2021). In laboratory settings,
decision-making and cognition are impaired at even moderately high ambient temperatures
(Seppanen et al.,, 2003). Such impacts result from physiological responses to hot envi-
ronments that favor heat dissipation, including increases in cutaneous blood ow, at the
expense of blood ow to muscles and other organs, including the brain (Brinnel et al., 1987,
Robinson et al., 1943; Wyndham, 1967; Yoshimura, 1960). They imply losses in human
capital formation and labor productivity from a warming climate that are evidenced by the
temperature sensitivity of aggregate economic production (Burke et al., 2015b; Dell et al.,
2012; Hsiang, 2010).

These temperature impacts are typically estimated from idiosyncratic changes in tem-
perature, and, thus, they predict losses from a mean-shift in the temperature distribu-
tion due to climate change in the absence of human adaptation to persistent temperature
changes (Au hammer et al., 2013; Burke & Emerick, 2015; Dell et al., 2014; Deschénes &
Greenstone, 2007, 2011; Gra Zivin et al., 2018; Hsiang, 2016). Though mortality impacts
of weather and e orts to mitigate the harm from temperature extremes vary by climate
(Carleton et al., 2020; Deschénes & Greenstone, 2011; Heutel et al., 2020), evidence of hu-
man adaptation to climate change is sparse, even in the climate-exposed agriculture sector

(Burke & Emerick, 2015; Schlenker & Roberts, 2009; Schlenker et al., 2013). The lack
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of evidence of climate change adaptation may re ect challenges in identifying adaptations
to long-term dynamic processes, as well as incorrect perceptions of harms or high costs of
behavior changes that moderate the ill-e ects of heat exposure (David et al., 1975; Heutel
et al., 2020; Mendelsohn, 2000; Moore et al., 2019).

This paper estimates the human performance e ect of heat adaptation, or acclimatiza-
tion, and its implications for estimates of human performance losses from climate change.
Acclimatization is de ned by the U.S. Centers for Disease Control and Prevention (CDC)
as the bene cial physiological adaptations that occur during repeated exposure to a hot
environment. Such adaptations can occur within one week and persist amid heat exposure,
yielding reduced body temperature, improved skin blood ow, improved thermal tolerance,
increased sweat rate, and other physiologic responses that improve thermal comfort in hot
environments and mitigate the consequences of heat stress, including diminished perfor-
mance (Périard et al., 2015). The universal human capacity for acclimatization has been
investigated, predominantly in occupational and military settings, since at least 1768, when
it was documented in Europeans exposed to East and West Indian climates (Hellon et al.,
1956; Henschel et al., 1943; Horvath & Shelley, 1946; Lind, 1963; Lind, 1768; Pandolf
et al., 1977; Robinson et al., 1943; Shvartz et al., 1973; Strydom et al., 1966; Wyndham,
1967). European colonists were observed to enjoy a pretty good state of health" upon
acclimatization (Lind, 1768).

We employ data on millions of outdoor, collegiate track and eld performances by
hundreds of thousands of athletes and exploit idiosyncratic variation in competition tem-
peratures and preceding 7-day temperature exposures to identify their causal e ects on
performance. Performance losses from projected end-of-century climate change are simu-
lated, as are the losses avoided by acclimatization.

We estimate statistically signi cant e ects of acclimatization: performance in hot tem-
peratures is diminished for some events, but previous exposures to hot temperatures miti-
gate these performance losses. In our data, such human adaptation is projected to reduce

performance losses from climate change by at least 50% relative to projections that ignore
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acclimatization. Therefore, our results suggest existing studies that ignore acclimatization
or exclude su cient temperature lags may be confounded by lagged temperature e ects
that may attenuate estimates of performance sensitivity to contemporaneous temperatures
amid acclimatization.! As a result, such biased temperature parameters may lead to over-
estimation of performance losses from climate change by ignoring capacity to adapt to
consistently higher temperatures? The magnitude of these biases increases in the variance
of contemporaneous and lagged temperatures because contemporaneous temperatures less
e ectively proxy for the omitted lagged temperatures® Even where lagged temperature
e ects are modelled in the previous literature in order to deconfound contemporaneous
temperature e ects, their implications for adaptation to climate change are ignored?
Though we exploit idiosyncratic temperature variation to identify the human capacity
for acclimatization, we use the identi ed parameters to estimate the performance conse-
guences of acclimatization amid alternative projections of future temperatures de ned by
increased mean temperatures relative to today. On average, the additional acclimatization
attributable to a long-term shift in mean temperature will persist amid a persistent mean
shift, e.g., climate warming. Hence, the higher average level of acclimatization developed in
response to the mean temperature shift anticipated under climate change can be thought
of as resulting from a single additional acclimatization period with concomitant costs
though the resulting bene ts of the higher average level of acclimatization will persist as long

as the climate remains warmer. Such a change in average acclimatization levels in response

1 See for instance Baylis (2020), Dundas and von Haefen (2020), Heilmann and Kahn (2019), Heyes and
Saberian (2019), and Park (2020). Adhvaryu et al. (2020) and Somanathan et al. (2021) are prominent examples
of models that include temperature lags and avoid such bias.

2 Cumulative heat effects may cause contemporaneous temperature effects to be estimated with upward
bias if cumulative heat effects are ignored and if they dominate acclimatization effects.

3 The Pearson correlation of contemporaneous daily average temperature and the preceding one-week av-
erage of daily average temperature is 0.532 in our data. Hence, we show that failure to model lagged temper-
ature effects introduces considerable bias in projections of future climate change harms.

4 Though they do not include temperature lags in their models of temperature effects on time allocation
between labor and leisure, Graff Zivin and Neidell (2014) explore the possibility for adaptations inclusive of
acclimatization to mute temperature induced reallocations. They do not nd robust evidence of acclimatiza-
tion.
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to the mean temperature shift, does not foreclose acclimatization and de-acclimatization to
intra-annual or intra-seasonal weather variability around the long-term mean temperature

in a warmer future. However, the costs of this seasonal acclimatization are not expected to
increase from climate change because climate change is not generally expected to change
the intra-annual variability of temperature, and, indeed, it does not in the temperature
projections we employ. Hence, the mean-shift in temperature and acclimatization to that
mean shift, drive our projection results.

Our ndings of human adaptation contrast with ndings in the agriculture sector, e.g.,
Schlenker and Roberts (2009), Schlenker et al. (2013), and Burke and Emerick (2015). Our
results are consistent with Deschénes and Greenstone (2011), Heutel et al. (2020), and
Carleton et al. (2020) who identify less mortality sensitivity to hot temperatures in hot
climates. Our results suggest a mechanism by which the diminished heat sensitivity of
mortality in hot climates is achieved.

While we expect the cost of acclimatization to a persistent change in climate to be low
relative to the perpetual bene ts amid climate warming, Carleton et al. (2020) estimate
substantial costs of adaptation based on observed heterogeneity in temperature sensitivity
of mortality, which are assumed to embody di erences in marginal adaptation bene ts
across local climates. Such cost estimates are inclusive of all forms of adaptation currently
extant, including both physiological acclimatization and technical measures such as air
conditioning systems. These estimates do not therefore con ict with our results, which
suggest one low-cost adaptation, but certainly do not imply all adaptations would be cheap
nor that optimal levels of adaptation would come cheaply.

The study of acclimatization in this setting is advantageous for several reasons. First,
performance in track and eld events is precisely, consistently, and objectively measured
by distance, height, or speed, and directly comparable across venues, particularly when
conditioned on event and venue-speci ¢ factors. Second, our reliance upon student ath-
lete performances allows credible measurement of pre-competition training temperature

exposures so long as collegiate athletes reside at or near their home institutions between col-
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legiate competitions. Third, by exploiting random variation in one-week spells of weather,
this study identi es the causal performance e ects of a rapid adaptive response while exibly
controlling for individual athlete characteristics. Studies of other forms of climate change
adaptation are hindered by the temporal invariance of climate over relevant time frames,
and, therefore, are subject to omitted variables bias, including that induced by endogenous
location choices. Because the bene cial e ects of human acclimatization emerge quickly
and persist with continued exposure to high temperatures, this setting provides a unique
opportunity to leverage plausibly random temperature variation to identify an adaptive
response that is relevant to a long-term mean shift in the temperature distribution.

The physiological consequences of heat stress and the responses a orded by acclima-
tization both indicate that the performance e ects we estimate likely generalize to other
populations and to other performance settings, including those that are relatively more cog-
nitively demanding. In particular, heat stress diminishes cerebral blood ow, leading to the
accumulation of heat in the brain, which has been shown to acutely impact brain function.
In fact, the brain is particularly sensitive to heat, and acclimatization is shown to mitigate
heat-induced decline in cognitive function (Brinnel et al., 1987; Hales et al., 2010; Nielsen &
Nybo, 2003; Nybo & Nielsen, 2001; Racinais et al., 2017; Radakovic et al., 2007; Wijayanto
et al.,, 2017). Moreover, acclimatization is induced by exposure to elevated temperature,
not by physical activity per se, and it is observed in experimental settings among young
and old, and trained and untrained individuals. It is evidenced by performance of physical,
cognitive, and occupational tasks (Armstrong & Maresh, 1991; Dresoti, 1935; Hanna &
Brown, 1983; Hellon et al., 1956; Horvath & Shelley, 1946; Pandolf et al., 1977; Pandolf
et al., 1988; Périard et al., 2015; Robinson et al., 1943; Shvartz et al., 1973; Strydom et al.,
1966; Wagner et al., 1972; Wyndham, 1967). There are no known demographic limitations
to acclimatization (Edholm & Weiner, 1981; Hanna & Brown, 1983). Consequently, the
U.S. Occupational Safety and Health Administration (OSHA) and the CDC recommend
acclimatization protocols for all heat-exposed workers across occupations.

This paper proceeds by introducing data and methods in section 4.2. Section 4.3
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presents results. Section 4.4 discusses the implications of these results.

4.2 Data and Methods
4.2.1 Identi cation of Heat and Acclimatization Effects

The extent to which performance is diminished amid hot temperatures is assessed sep-
arately for sprint, strength and endurance events contested at collegiate competitions from
2005-2019. Standardized measures of 3.5 million performances are related to a function
of contemporaneous daily average temperatureg(T), that is exibly modeled as either a
step function admitting a unique temperature response for eaclh F temperature interval,

a quadratic or cubic function of temperature, or a linear or cubic temperature spline. Stan-
dardized performance for athletei in year j P t1, 2, 3, 41 of athletic eligibility competing in

event e during meet m at venue z in week-of-seasorw is estimated as:

Yijemzw = 9(Tm) + dlxem"‘ kdi; + @+ Sj+ Iz + tw + Hjemaw (4.1)

where Xem is a vector of control variables that includes precipitation, dew point, ozone, and
wind assistance", an event-and-competition-speci ¢ measure of wind speed and direction;
di; is the distance between the home institution of athletei and venuez. We control for
xed e ects by athlete ( @), athlete year of eligibility, i.e., freshman, sophomore, etc., §;),

a triple interaction of indicators for event, venue, and home- eld advantage (iez), and week
of competitive season (v). #jemzw IS @n idiosyncratic error. Standard errors are two-way

clustered by athlete and competition®

5 Collegiate competition schedules are typically determined months in advance of competition in coordina-
tion among teams and athletic conferences. That is, venues are selected long before accurate weather forecasts
are available. Hence, it is extremely unlikely venues are selected according to weather, though they may be
determined as a function of climate, i.e., mean weather. Variation in outcomes due to selection along mean
venue characteristics is absorbed by venue xed effects. To test for selection on weather, we related venue
adoption probability for each observed competition to a step function of daily average temperature on event
date, meet xed effects, and venue-by-month-of-year xed effects. We nd no evidence of selection away
from venues that experience hot temperatures on competition day. However, we estimate statistically signi -
cant negative effects of cold weather on venue selection probability. We attribute this effect to the cancellation
of scheduled events due to winter storms or cold shocks. Results are available from the authors upon request.
These results notwithstanding, we conclude that were venues selected to avoid hot temperatures, and were
such selection of relatively cool venues to advantage proximal teams also exposed to relatively cool weather
to an extent beyond that captured by their proximity and any home- eld advantage, for which we control,
then we would attribute the relatively strong performances of such teams to relatively cool pre-competition
temperatures. This would induce a downward bias in our estimates of acclimatization.
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The performance response to pre-competition temperature exposures is investigated by
interacting the competition temperature function with f(H), a function of 7-day (or 14-day)
average daily temperature at the athlete's home institution immediately preceding compe-
tition. This function is alternatively modeled as (1) the di erence in the pre-competition
average temperature exposure and competition temperature, (2) the count of days during
the pre-competition exposure period for which average temperature exceedé@ F, (3) the
mean daily average temperature during the pre-competition exposure period, and (4) an
indicator for whether the pre-competition average temperature exposure excee@® F.°

The response tof (H) is allowed to vary acrossg(T) by interacting the two functions.
For identi cation of acclimatization e ects, we specify g( ) as the competition temperature

step function previously de ned. Thus, we estimate:

Yijemzwz ) bbtempbirﬁ"' ] Ob tempbirﬁ] f(Him)
bPBzt55 60u bPB

+ dXem+ kdiz + @ + Sj* liezt tw * Hjemzw (4.2)

where tempbir, are indicators for the temperature bin that includes T, for bP B = t
40,40 45,...,70 75,j 75u. For performances impeded by hot competition temperatures,
i.e.,, b, 0, acclimatization is identi ed as statistically signi cant and positive marginal

e ects of pre-competition heat exposures, i.egpi O.

4.2.2 Simulating Performances in Warmer Climates

With su cient density of performance observations in each competition temperature bin
for each bin of pre-competition temperature exposures, we could estimate the temperature-
performance relationship non-parametrically with su cient temperature granularity to in-
form projections of performance in alternative climate warming scenarios. Absent data
with such density of observations, we estimate continuous, semi-parametric temperature
functions in the spirit of (4.2). In our baseline speci cation, the competition temperature

function, g(T), is exibly modeled as a linear spline with knots at 50, 60, and70 F, and

6 Results reported in the manuscript are for f(H) de ned by a 7-day pre-competition exposure period.
Results are similar if f(H) is a function of a 14-day exposure period, as shown in the appendix.
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f(H) is modeled as a linear spline with knots ab0 F and 60 F, representing approximately
the 33rd and 66th percentiles of the pre-competition temperature distribution. Speci cally,
g(f(H),T) is de ned as:

7

5

g(f(H),T) = boT + b [T 10k(T 10k)
k=5

2 7 #

+ 7 max(H Cp,0  biT+  bPAT; 10K|(T 10k (4.3)
p=0 k=5
whereC, (p= 0,1,2 is the 0, 33rd, and 66th percentiles of the historic training tempera-
ture distribution.

We use parameter estimates from these models to generate conditional predictions of
future performances pursuant to future temperature scenarios described in the next section.
We project future performances based on four distinct assumptions about acclimatization.
In the rst simulation, pre-competition temperatures are completely omitted from the esti-
mation of the temperature-performance relationship. This is consistent with treatment in
some of the literature that precedes us. The resulting competition temperature parameters
are used to predict future performances as a function of future competition temperature
projections. In the second simulation, we estimate (4.3) inclusive of pre-competition tem-
perature exposures and use the full set of temperature parameters to predict future perfor-
mances as a function of projected competition and pre-competition temperatures. In this
way, we expressly model acclimatization due to hotter competition and pre-competition
temperatures.

A third simulation estimates parameters as in (4.3) but assumes only competition tem-
peratures are hotter than the historic record used in estimation. This scenario is deemed
highly unlikely because there is no reason to expect only competition days become hot-
ter due to climate change. However, this simulation mirrors others studying adaptation
that conservatively assume agents do not adapt beyond actions observed in the historical

record. In the present setting, however, the adaptation is a consequence of an autonomous
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response that exhibits increasing returns to performance at higher temperatures over the
study period.

A nal simulation estimates (4.3) to identify competition temperature e ects uncon-
founded by pre-competition temperature exposures, but projects future performances as a
function only of competition temperature. This simulation e ectively turns o the human
capacity for heat adaptation. It is distinguished from the rst simulation by deconfounding
competition temperature responses from adventitious, or random, acclimatization due to
idiosyncratic weather variation in the historical data. It, thus, excludes both the systematic
acclimatization in response to a mean shift in temperature that is modeled in our second
simulation, as well as the adventitious acclimatization due to random weather uctuations

that confounds the rst simulation.

4.2.3 Data
4.2.3.1 Dependent Variable

Track and eld performance outcomes are reported by Direct Athletics, Inc., which
operates the ocial track and eld results reporting system of the National Collegiate
Athletic Association. All outdoor results from 2005-2019 were scraped from a website
operated by Direct Athletics, as were competition date, event type, venue, athlete gender,
year of eligibility, home institution, and wind assistance. These data include 3.5 million
results across 8,829 competitions for 3,176 teams and 285,609 athletes. Venue and home
institution zip codes were obtained from Google Maps.

In order to compare performances across events, and following Mullins (2018), a result
i in event g Resulte, is standardized as:

- _ jWorldRecorde  Resulte]
Yie = SD(Result) ’

where WorldRecord, is the 2019 World Record in evente and SD(Resulty) is the standard
deviation of event eresults reported in the data. The negative sign ensures that an increase

in this standardized measure is associated with a move toward the world record, which is
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always an improvement in performance. Men's and women's competitions are treated as
separate events. Events are classi ed as Sprint, Strength, or Endurance as indicated
in Appendix Table C.1.2 Summary statistics for standardized results and independent

variables are reported in Appendix Table C.2.

4.2.3.2 Temperature

Pre-competition and competition temperature observations are the daily average tem-
peratures recorded by the Global Historical Climatological Network (GHCN) and reported
by the National Centers for Environmental Information. For each training and competi-
tion zip code, daily average temperatures are computed as the inverse-distance-weighted
average of the observations of all weather stations within 50-kilometers of the respective
Zip code centroids. For missing observations from these weather stations, we interpolate
temperatures by taking the weighted average of the temperatures within 5 days of the
missing observation with higher weights assigned to observations in greater proximity to
the missing observation. Competition weather characteristics, including temperature, are
computed as averages across days of the competition because dates on which speci c events
are contested at competitions are unreported in the data. Because we do not precisely
measure event-speci c competition temperatures or athlete-speci ¢ pre-competition tem-
perature exposures, our estimates of temperature responses are attenuated by measurement

error.

4.2.3.3 Control Variables

Our main analyses control for inverse-distance-weighted average precipitation and dew
point as observed at weather stations within 50 kilometers of zip code centroids, and wind
assistance as observed at the time and venue of competition. Precipitation is measured in

inches per day. Dew point is speci ed as a step function with intervals of 5. Wind assis-

7 World records are reported by World Athletics: https://www.worldathletics.org/records/by-category/
world-records.

8 Following convention, endurance events include all running races of 800-meter distance or greater.
Strength events include all jumping and throwing events.
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tance is measured in meters per second. We also control for daily average ozone measured
in parts per million by air quality monitoring stations of the Environmental Protection
Agency (EPA) Air Quality System. Zip-code measures are the inverse-distance-weighted
average of observations within 50 kilometers. Results are robust to the exclusion of these

control variables, as reported in Appendix C.1.5.

4.2.3.4 Future Temperatures

Simulations of the performance impacts of climate change rely upon assumptions about
future temperature distributions. In our baseline future temperature scenario, we assume
the same athletes compete in the same competitions amid the temperatures projected for
80 years in the future. Temperatures for these days are projected by the NASA Earth
Exchange Global Daily Downscaled Projections (NEX-GDDP) dataset. These data report
daily temperatures for each of 21 climate models of the Coupled Model Intercomparison
Project 5 (CMIP5) model set that projects daily temperatures. Our baseline model re-
lies upon temperature projections pursuant to the Representative Concentration Pathway
(RCP) 8.5 business as usual scenario, wherein emissions continue to rise throughout the
21st century (van Vuuren et al., 2011). Daily maximum and minimum temperatures are
projected for each climate model at a spatial resolution of 25 square-kilometers. We average
these daily maximum and minimum temperatures to generate a daily average temperature,
and we further average these daily averages across all 21 climate models. Zip code projec-
tions are the daily average temperatures projected for the 25 square kilometers nearest the
Zip code centroid. Relative to observations in the historical record of this analysis, these
projections result in an average 7.4F increase in competition temperature and an average
7.0 F increase in one-week pre-competition temperature.

We also report results in Appendix C.1.3 for three alternative future temperature sce-
narios, including one that employs climate model projections of warming from stabilized
carbon emissions over the century, i.e., RCP4.5. Additionally, we consider mean shifts in

daily average temperatures of 1, 2, and 4. The distributions of historical temperatures

127



and temperature projections by the climate models are shown in Appendix Figure C.1.

These distributions are also summarized in Appendix Table C.2.

4.3 Results
4.3.1 Temperature Effects

For strength, sprint, and endurance events, performance is estimated to generally in-
crease at a decreasing rate in temperature, yielding concave performance-temperature re-
lationships. This is shown in Figure 4.1, which depicts the estimated temperature step
functions in solid lines, and 95% con dence intervals de ned by the gray-dashed lines. The
vertical axis in each gure marks the change in performances relative to 55-6&. The hori-
zontal axis indicates contemporaneous (competition) temperature intervals. The histogram
in each panel of Figure 4.1 shows the distribution of daily average competition tempera-
ture in the analyzed data for each event category. This concave temperature relationship
exhibited across event categories in the gure is common to many outcomes of interest to
economists, including economic growth, labor supply, and crop yields, and it implies an
optimal temperature for performance beyond which performances su er (e.g., Burke et al.
2015a; Gra Zivin and Neidell 2014; Schlenker and Roberts 2009).

Sprint and strength event performances improve on average amid warmer competition
temperatures up to 75F, beyond which performance declines modestly and insigni cantly.
In contrast, performances in endurance events decline signi cantly when temperatures are
above 60F. An absence of signi cant performance decline for sprint and strength events is
unsurprising: we do not observe extremely hot average temperatures in the data because
collegiate competition occurs in spring in North America; and the short-duration e orts
that characterize sprint and strength events are unlikely to generate su cient metabolic
heat to induce heat stress amid mild temperatures. Absent heat stress, acclimatization is
not expected to provide discernible performance gains (Périard et al., 2015). Therefore, our
subsequent analysis focuses on endurance events. Further results for strength and sprint

events are reported in Appendix C.1.12 and are appropriately interpreted as placebo, or
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FIGURE 4.1: Nonlinear Relation between Temperature and Performance by Event Type
Notes Event types are de ned in the Appendix. Graphs at the top of each frame display changes in perfor-
mance by 5 F competition temperature interval relative to performance at 55-60 F . The 95% con dence band,
after adjusting for competition and athlete error correlation, is depicted between the gray, dashed curves. His-

tograms at the bottom of each frame display the distribution of competition temperature exposure among all
competitions in the event category.

falsi cation, tests.

Heterogeneity in the competition-temperature response function by pre-competition
temperature exposure is demonstrated in Figure 4.2. It depicts the performance e ects
of competition temperature separately for the one-third of performances preceded by the
coolest training temperatures (in gray) and for the one third of performances preceded by
the warmest training temperatures (in black). Dashed lines indicate +/- two standard er-
rors. Panel A displays an estimated quadratic function of competition temperature. An
estimated cubic function of temperature is shown in panel B. Panel C depicts an esti-
mated linear spline with two knots at 50 F and 60 F, and a cubic spline with knots at
50 F, 56 F, and 63 F, respectively the 25th, 50th, and 75th percentiles of average training
temperatures, is shown in panel D. With each of these speci cations, both the level and
temperature of peak performance are estimated to be greater for performances preceded by
hot temperature exposure than for those preceded by relatively cool temperature exposure.
The di erences in performance levels are statistically signi cant at the 5% level or greater

across a range of hot temperatures for each speci cation. At cool competition temperatures,
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performances are similar whether preceded by relatively hot or cold exposures, indicative
of pre-competition exposure to high temperatures mitigating heat stress, as opposed to

providing a generalized performance advantage.

FIGURE 4.2: Nonlinear Relation between Temperature and Performance by Pre-
competition Temperature Exposure

Notes Each frame depicts a non-linear temperature relation for one-third of competitions preceded by
warmest one-week temperature averages (in black) and coolest one-week temperature averages (in gray).
The horizontal axis is standardized performance relative to world record. Less negative values indicate per-
formances closer to the world record. Dashed lines de ne +/- two standard errors corrected for possible

athlete and competition error correlation. From right to left, panels depict quadratic, cubic, linear spline, and
cubic spline functions of competition temperature.

Estimates of the marginal e ect of the di erence in pre-competition and competition
temperature exposures at eactb F interval of competition temperature, i.e., gy in (4.2),
are reported in Table 4.1. As reported in column (1) of the table, the hotter is pre-
competition exposure relative to competition temperature, the better is performance at
warm competitions, ceteris paribus The same is true for pre-competition exposures de ned
by the fourteen days preceding competition, as we show in the appendix. Below daily
average competition temperatures of 55, temperature di erences have no statistically
signi cant performance e ect. Above daily average competition temperatures of 60F, the
performance e ects of temperature di erences are statistically signi cant at the 1% level for
each temperature interval. The magnitudes of the e ect increase monotonically up to daily
average temperatures of 79-. Across hot competitions with daily average temperatures
greater than 70 F, each 1-degree increase in temperature di erence reduces the performance

loss from high competition temperature by 1.6 3.5%.
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Table 4.1: Adaptation from One-Week Exposure to Warm Temperatures

Variables 1) ) 3) 4) (5)
Interact With: Temperature #Days i 60F Mean Training Hottest 3rd of #Days i 60F
Difference in One Week Temperature Pre Exposure in One Year
a40F 0.00065 0.00400 0.00185* 0.12275*** -0.00013
(0.00093) (0.00507) (0.00096) (0.03112) (0.00020)
40-45F 0.00010 0.00241 0.00079 -0.00533 0.00033**
(0.00065) (0.00260) (0.00063) (0.01617) (0.00016)
45-50 F 0.00048 0.00147 0.00040 0.00496 0.00027**
(0.00037) (0.00137) (0.00037) (0.00776) (0.00012)
50-55 F 0.00052 0.00028 0.00066** 0.00859 0.00030***
(0.00032) (0.00105) (0.00032) (0.00645) (0.00010)
55-60 F 0.00062** -0.00048 0.00049 0.00493 0.00027***
(0.00031) (0.00096) (0.00031) (0.00612) (0.00010)
60-65 F 0.00107*** 0.00079 0.00089*** 0.02398*** 0.00034***
(0.00030) (0.00086) (0.00030) (0.00603) (0.00010)
65-70 F 0.00145*** 0.00284*** 0.00123*** 0.03660*** 0.00038***
(0.00035) (0.00107) (0.00035) (0.00726) (0.00010)
70-75F 0.00176*** 0.00385** 0.00163*** 0.03911*** 0.00047***
(0.00046) (0.00157) (0.00047) (0.01204) (0.00011)
¥75F 0.00165*** 0.00371* 0.00118** 0.02937 0.00052***
(0.00061) (0.00200) (0.00059) (0.01861) (0.00012)
Observations 929,470 929,470 929,470 541,665 929,470
# Athletes 101,798 101,798 101798 85,280 101,798
Adjusted R? 0.886 0.886 0.886 0.886 0.900

Notes: This table presents the coef cient estimates for the interaction terms between the competition temperature step function and a
function of one-week average temperature at athlete's home institutions immediately preceding the competitions, including the differ-
ence in the pre-competition average temperature exposure and competition temperature (Column 1), the count of days within one week
prior to the competition for which average temperature exceeded 60 F (Column 2), the average temperature during the pre-competition
exposure period (Column 3), and an indicator for whether the pre-competition average temperature exceeds 60 F (Column 4). In Col-
umn 4, we compare the performance of the athletes who experienced the coolest and the warmest third of pre-competition temperature
exposure. Column 5 interacts the competition temperature step function with the count of days within one  yearprior to the competition
for which average temperature exceeded 60 F. The standard errors in parentheses are two-way clustered at the athlete and competition
level. *p 0.1,*p 0.05,*p 0.01.

Similar results are obtained if the competition temperature step function is interacted
with counts of days in the week prior to competition for which daily average temperature
exceeded60 F. These are reported in column (2). Column (3) reports results relating
performance to the interaction of the competition temperature step function and average
temperature during the pre-competition exposure period. Results reported in column (4)
demonstrate that training in the warmest one-third of temperatures in the data o sets hot
competition temperature losses by 44 72% relative to training in the coolest third of
temperatures for those competitions contested betweef5 75 F. These marginal e ects

are statistically signi cant at the 1% level.
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To explore whether longer exposures to hot temperatures also mediate the e ect of hot
competitions, we interact the contemporaneous temperature step function with a count
of the number of days for which average daily temperature exceed® F in the one year
preceding competition. Hot average temperatures at home institutions statistically signi -
cantly improve performances at all but the coldest competition temperatures, as reported
in column (5) of Table 4.1. The magnitude of performance improvements is greatest for
competition temperatures above70 F. The marginal e ect of an additional hot day is ap-
proximately an order of magnitude greater if it occurs within seven days of competition
than if it occurs within one year as evident by comparing point estimates of column (5) to
those of column (2).

Consistent with physiological theories of seasonal acclimatization, we also nd that ac-
climatization bene ts are greatest for performances occurring within the rst half of the
competitive season, which typically runs from spring to summer amid progressively warming
temperatures across the U.S. Intuitively, the rst exposure to warm training temperatures
confers adaptation bene ts to all future warm competitions unless an absence of heat ex-
posure causes acclimatization to degrade. These results are reported in Appendix C.1.2.
As also reported in the appendix (see C.1.1), we nd no evidence of systematic di erences
across athlete abilities in the magnitudes of acclimatization e ects relative to competition

temperature responses, indicating common acclimatization across abilities.

4.3.2 Performance Losses from Climate Change

The performance e ects of temperature form a performance surface de ned by compe-
tition and training temperatures. This estimated surface is depicted in Appendix Figure
C.2(a) for our baseline model given by (4.3), and in Appendix Figure C.2(b) for the compe-
tition temperature function speci ed as a quadratic, a cubic, a two-knot linear spline, and
a three-knot cubic spline? These gures depict three-dimensional, concave functions. The

competition-temperature-performance plane de nes the concavity, which becomes atter

9 The linear spline is de ned by knots at 50 and 60 F; the cubic spline is de ned by knots at 50, 56, and 63 F.
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with movement toward higher temperatures along the training temperature axis. Esti-
mated coe cients for competition and training temperature splines of our baseline model

are reported in Appendix Table C.310

Table 4.2: Estimated Performance Change by 2100 from RCP8.5 Climate Warming

Linear Cubic
. ) ) . Spline Spline
Scenarios Baseline Quadratic Cubic 2 Knots 3 Knots
1. No Explicit Accounting for Adaptation:
Level Change -0.0102 -0.0112 -0.0110 -0.0097 -0.0096
(0.0000) (0.0000) (0.0000) (0.0000) (0.0000)
Percentage Change (%) -0.6488 -0.7136 -0.7005 -0.6108 -0.5973
(0.0103) (0.0066) (0.0079) (0.0113) (0.0131)
2. Accounting for Future Adaptation:
Level Change -0.0026 -0.0047 -0.0037 -0.0031 -0.0038
(0.0000) (0.0000) (0.0000) (0.0000) (0.0000)
Percentage Change (%) -0.2369 -0.3547 -0.3010 -0.2593 -0.2916
(0.0116) (0.0077) (0.0095) (0.0130) (0.0135)
3. Accounting for Historical Adaptation:
Level Change -0.0107 -0.0120 -0.0114 -0.0104 -0.0102
(0.0000) (0.0000) (0.0000) (0.0000) (0.0000)
Percentage Change (%) -0.6725 -0.7514 -0.7197 -0.6465 -0.6280
(0.0118) (0.0071) (0.0092) (0.0125) (0.0131)
4. “Turn Off” Adaptation Effect:
Level Change -0.0346 -0.0343 -0.0251 -0.0216 -0.0183
(0.0001) (0.0001) (0.0000) (0.0000) (0.0000)
Percentage Change (%) -2.0603 -2.0123 -1.4440 -1.2086 -1.0641
(0.0367) (0.0142) (0.0156) (0.0270) (0.0038)

Notes: In scenario 1, we estimate the semi-parametric function speci ed in Equation (3) of the manuscript without explicitly accounting for adap-
tation effect, i.e., not including the terms with pre-competition temperatures. In row scenario, we account for adaptation effect by including the
pre-competition temperatures in the semi-parametric estimation, and assume that both competition and pre-competition temperature are warmer

in the future. In scenario 3, we assume that competition temperatures are warmer in the future, but pre-competition temperatures are those ob-
served in the historical record. In scenario 4, we include a function of pre-competition temperature in the estimation of competition temperature
responses, but setting equal to zero those parameters related to pre-competition temperature. For each scenario, we calculate the level change
measured in standardized performance result and the percentage change measured in percent.

For each of these temperature functions, Table 4.2 reports predicted performance changes
by end of century for simulations that (1) ignore acclimatization in estimation of contem-
poraneous temperature e ects and in projecting future performances (scenario 1), and (2)
explicitly model acclimatization in estimation and prediction (scenario 2). We report both
the level change measured in standardized performance result and the corresponding per-

centage change relative to the current performance. Across alternative speci cations of

10 Temperature parameter estimates of the alternative models are available from the authors upon request.

133



temperature functions, future performances are predicted to decline amid a warmer cli-
mate. When explicitly modeled, however, acclimatization reduces these performance losses
by 50-58%. Hence, models that ignore the ameliorative e ects of acclimatization may over-
state future performance losses by 100% or more. These di erences in performance changes
are statistically signi cant as determined by 1,000 bootstrap samples of athletes in the
data. The distribution of these bootstrapped estimates of mean performance losses for

each simulation are shown in Figure 4.3 for our baseline model.

FIGURE 4.3: Distribution of Bootstrap Estimates of Mean Performance Losses

Notes This gure plots the distribution of block-bootstrap estimates of mean performance losses at the end of
the century for the baseline performance model in Equation (4.3) that respectively models or ignores adapta-
tion to pre-competition temperature exposures. To account for sampling uncertainty, the performance model
is estimated 1,000 times by randomly sampling with replacement the athletes in the data. For each bootstrap
sample, estimated competition and training temperature effects are used to project end-of-century perfor-
mance changes.

Table 4.2 also reports results for two additional simulations. The rst of these supposes
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that competition temperatures are warmer in the future, but pre-competition temperatures
are those observed in the historical record of this study (scenario 3). As such, the scope for
acclimatization, i.e., the extent of adaptation, is limited to that which is observed in the his-
torical record. This simulation admits no systematic acclimatization to the warmer climate

re ected in competition temperatures and no greater idiosyncratic adaptation to warmer
temperatures during pre-competition exposures. Performance changes reported in scenario
3 are strikingly similar to those reported in scenario 1, indicating that the acclimatization

e ects on performance changes estimated in scenario 2 are not predominantly attributable
to relatively greater bene ts of adventitious acclimatization. A comparison of the rst
three scenarios of the table suggests that considerable mitigation of performance losses is
aorded by systematic acclimatization to a mean temperature shift, not to adventitious
acclimatization.

The nal simulation we consider assumes future humans do not adapt to temperature.
We purge contemporaneous temperature e ect estimates of bias from adventitious acclima-
tization (by controlling for acclimatization in the historical data) and project performances
amid warmer competition temperatures without consideration of pre-competition temper-
atures. These results are reported in the last four rows of Table 4.2. The performance
change under this scenario is appropriately compared to the performance change reported
in scenario 2 wherein temperature parameters are estimated from the same empirical spec-
i cation. Performance losses under this scenario are an order of magnitude greater than
those under the model that explicitly accounts for acclimatization, highlighting both the
bias in conventional estimates of contemporaneous temperature response that ignore heat
adaptations or lagged temperature e ects and the considerable capacity for heat adaptation

to ameliorate harms from climate change.

4.3.3 Robustness and Limitations

The foregoing results are robust to various permutations of the modeling choices pre-

viously described, including de nition of two-week pre-competition exposure periods, mea-
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surement of temperatures by daily maximums rather than daily averages, omission of control
variables in estimation of temperature e ects, and alternative speci cations of xed e ects
and assumptions about error correlation structures. We also demonstrate that the perfor-
mance losses avoided by systematic acclimatization to mean temperature shifts are similar
for alternative future temperature scenarios. These results are reported in the appendix.

Despite the robustness of our main results, and the advantages a orded by the quasi-
experimental setting of this study, it is not without limitations. First, we imprecisely
measure the temperatures at which performances occur and the temperatures to which
individuals are exposed prior to performances. Imprecision in our measures of tempera-
ture exposures likely results in classical measurement error that attenuates our estimates
of competition temperature response and heterogeneity by training temperature exposure.
Strategic behavior that we deem unlikely may cause dependence between measurement er-
rors and the true, underlying temperature exposures. However, such dependence is likely
still to attenuate estimates of the acclimatization e ect. If colleges and universities in ex-
treme climates are equipped with facilities to minimize exposure to extreme temperatures,
such as indoor tracks, treadmills, etc., then our analysis overstates the variation in pre-
competition temperature exposure across collegiate teams. We would attribute marginal
changes in performance to di erences in pre-competition exposures that are too large, bi-
asing toward zero our estimates of the acclimatization e ect. Similarly, if athletes a rma-
tively seek to acclimatize in advance of events expected to be contested in hot conditions,
e.g., by training away from campus or in climate-controlled settings, then we attribute the
relatively strong performances of such actively acclimatized athletes to relatively cool am-
bient conditions at their home institutions. This raises the average performances of those
to whom we ascribe relatively cool temperature exposures, lowering the estimated average
gain from hot pre-competition temperature exposure.

Second, this analysis identi es acclimatization to warm temperatures in the current
climate. There may exist limits to adaptation such that acclimatization is ine ective in

mitigating performance losses at extreme competition temperatures not observed in the
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temperature record of our analysis. Likewise, training in extreme temperatures may less
e ectively moderate performance losses in hot competition environments. Our results,
however, suggest acclimatization bene ts are increasing over the support of competition
and training temperatures in our data. This is evident in Appendix Figures C.3(a) and
C.3(b), which show the mean temperature response for each of several distinct ranges of
pre-competition temperature, i.e., 35-44F, 45-54 F, etc. Temperature sensitivity is lower
on average for performances preceded by warmer pre-competition temperatures; perfor-
mances are generally better at hot competitions when preceded by warmer pre-competition
temperature exposures; and the performance di erence between those results preceded by
hot or cold temperature exposures generally increases in competition temperature. Thus,
the scope for future acclimatization is likely to be greater than that which is exhibited in
the historical record of any analysis. This evidence not withstanding, assessment of any
such limitations to thermo-regulatory adaptation comprises interesting ground for future
research.

Finally, the setting of this study is admittedly specic. Yet the robust ndings of the
physiological literature on the universality of acclimatization implies the scope for such
adaptation and its capacity to mitigate cognitive and physical harms of heat stress across
settings should be in proportion to the heat stress to which individuals are exposed. Our
ndings are relevant, therefore, to any settings in which heat stress a ects outcomes of
interest.

The performance bene ts of lagged temperatures in hot performance settings that we
identify as acclimatization are net of any cumulative e ects of heat stress that may ex-
acerbate the performance losses from hot temperatures, e.g., during heatwavésIn our
setting, performance is unlikely to be encumbered by cumulative heat stress given oppor-
tunities for individuals to retire from the heat to climate-controlled conditions outside of

training periods. However, because acclimatization diminishes heat stress in response to

11 such performance losses would imply that models ignoring lagged temperature effects may generate es-
timates of contemporaneous temperature effects that have both an upward bias due to overlooked acclimati-
zation and a downward bias from overlooked cumulative heat stress.
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heat exposure, we might also expect it to slow the accumulation of heat stress. Thus,
the bene ts of acclimatization may not be diminished in such settings where cumulative
heat e ects are relevant. In fact, acclimatization may confer additional performance and
health bene ts during heatwaves if harms increase at an increasing rate in cumulative heat
exposure.

Several recent studies have estimated detrimental e ects of lagged temperature expo-
sures on various outcomes. Such results are consistent with our focus on the importance
of considering exposures beyond contemporaneous ones, though none are directly relevant
to the comparison of contributions from acclimatization and cumulative heat exposure on
performance because of the nature of the studied outcomes. Park et al. (2020) and Park
et al. (2021) identify negative impacts on test scores of high temperature realizations in
(the up to 5) preceding years. These results demonstrate the cumulative nature of learning:
reduced human capital formation in past years driven by contemporaneous high tempera-
ture realizations during school days accumulate losses across years. While important, this
intertemporal aggregation process is not one of accumulating heat stress but of aggregating
e ects of contemporaneous heat stress. The study design neither identi es nor disproves
acclimatization in their setting. Somanathan et al. (2021) identify increased absenteeism
at work due to lagged temperature e ects, but they do not identify reduced productivity
conditional on work attendance. Hence, their results are suggestive of cumulative heat

e ects on time allocation but not performance.

4.4 Discussion

Evidence of climate change adaptation is di cult to obtain because of the relative tem-
poral invariance of climate and because, in most settings, short-run temperature shocks are
unlikely to induce adaptations that may be undertaken in response to expected long-term
temperature changes. Studies that exploit temperature shocks can identify low-cost, and
short-run adaptations, like changes to the timing of recreation, but they cannot identify

costlier adaptations to climate warming that may only be undertaken in response to ex-
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pected long-run temperature changes (Dundas & von Haefen, 2020). Studies that instead
rely upon cross-sectional climate variation are subject to selection bias, and potentially
other omitted variables bias (Deschénes & Greenstone, 2011; Heutel et al., 2020). Finally,
those studies that exploit slight temperature variation in long-run mean temperatures since
the mid- to late-twentieth century seek to identify adaptation to temperature di erences
that may re ect idiosyncratic weather variations and that may have been unanticipated
by agents when decisions were made about long-term adaptation investments (Burke &
Emerick, 2015).

This paper's focus on acclimatization overcomes many of these challenges to identify
one mechanism of adaptation to persistent temperature change. Because acclimatization
bene ts accrue from as little as one-week exposure to hot temperatures, the research de-
sign of this paper exploits random, short-run temperature variation in combination with
xed competition schedules to identify a response to persistent temperature change that is
unconfounded by the omitted variables that impede cross-sectional studies. The statistical
evidence this paper documents of acclimatization and its impacts on human performance
amid climate warming, though novel, is consistent with numerous case studies in the physi-
ology literature on thermoregulation and hyperthermia (Brinnel et al., 1987; Dresoti, 1935;
Edholm & Weiner, 1981; Eichna et al., 1950; Fox et al., 1967; Hales et al.,, 2010; Hanna
& Brown, 1983; Hellon et al., 1956; Horvath & Shelley, 1946; Lind, 1963; Nielsen & Nybo,
2003; Nybo & Nielsen, 2001; Pandolf et al., 1977; Pandolf et al., 1988; Périard et al., 2015;
Robinson et al., 1943; Shvartz et al., 1973; Strydom et al., 1966; Wyndham, 1967; Wyndham
et al., 1968). This literature documents heat adaptation among all test subjects, including
young and old, athletic and nonathletic. It also documents both the particular sensitivity
of the brain to heat stress and the moderating e ects of acclimatization on such sensitivity
(e.g., Racinais et al. 2017; Radakovic et al. 2007; Wijayanto et al. 2017. Acclimatization
occurs with remarkable ease (Hanna & Brown, 1983), leading to lower heart rates, internal
body temperatures, skin temperatures, and perceived e ort in hot environments, as well as

higher blood ow and perceived comfort.
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This fairly rapid and autonomous response to hot temperatures may, therefore, consti-
tute a low-cost human adaptation to climate warming that signi cantly mitigates future
human performance declines and improves human comfort. Such physiological adaptations
may explain, for instance, why youth cognitive performance in the U.S. is impaired by hot
temperatures, and, yet, long-run cognitive attainment is not (Gra Zivin et al., 2018). Like-
wise, heterogeneity in the sensitivity of mortality to extreme temperatures across climate
Zzones may re ect acclimatization, in addition to other long-run adaptations, like infrastruc-
ture and durable goods investments (Heutel et al., 2020).

The acclimatization identi ed in this paper constitutes passive adaptation because it
is identi ed from ambient temperature exposures where individuals reside. Such passive
acclimatization is expected to occur in a warmer climate in any setting in which individuals
are customarily exposed to elevated temperatures, whether in a classroom, a factory, or on
an athletic eld (Fox et al., 1967; Hanna & Brown, 1983; Périard et al., 2015). Just as
acclimatization occurs rapidly amid repeated exposure to hot temperatures, the adaptation
also dissipates quickly upon the cessation of hot temperature exposures. In the context of
climate change, however, this does not imply a short-run adaptation, as predicted changes
in temperature due to climate warming are generally approximated by a mean shift in
the temperature distribution. Thus, acclimatization can be expected to a ord a long-run
adaptation to a mean shift in temperatures unless and until it is reversed, even though
inter-annual temperature variability is expected to induce continual seasonal adaptation
and de-adaptation in a warmer future much as it does today.

Models that relate human performance or other economic outcomes only to contem-
poraneous temperature generate biased estimates of contemporaneous temperature sensi-
tivity amid the autonomous heat adaptation identi ed in this study. Just as this study
identi es acclimatization parameters from idiosyncratic variation in one-week temperature
distributions, studies that ignore acclimatization are likely to estimate contemporaneous
temperature responses that are biased down by such adventitious acclimatization. Despite

this downward bias in the estimated contemporaneous temperature responses, projections
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of climate change damages based upon such parameter estimates are biased up, implying
greater losses in human performance, for instance, than are expected if humans acclimatize.
They fail to account for the greater adventitious and systematic acclimatization induced by

a warmer climate.
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5. Conclusions

Each of these chapters has important implications for environmental and energy policy
in the United States and other emerging economies. Chapter 1 shows gas infrastructure ex-
pansion a ects household appliance choice and increases the cost of electri cation through
the lens of water heating in residential buildings. The ndings highlight a long-run eco-
nomic burden of utilizing natural gas as a bridge fuel in the transition towards a net-zero
carbon emissions future. This paper provides important lessons for the energy transition in
emerging economies, where both the energy demand and gas infrastructure are expanding
rapidly in the next decade. Chapter 2 provides novel evidence on a path to mitigate the
nancial crises facing utility companies in many developing countries. We nd that elec-
tric cable upgrades signi cantly and meaningfully reduce unbilled consumption, improve
service quality, and provide climate bene ts. The results contribute to the literature on
addressing poor electricity service quality by adding new insights on dealing with theft
and unbilled consumption through infrastructure investments. Chapter 3 identi es heat
adaptation and a mechanism by which the diminished heat sensitivity of mortality in hot
climates is achieved. The ndings provide implications for valid climate damage estimates

and thereby, the determination of optimal stringency of climate mitigation e orts.
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Appendix A. Appendix to Chapter 1

A.1 Energy Consumption in Buildings

The building sector, including residential and commercial buildings, is becoming a sub-
stantial energy sink and carbon dioxide emitter. It contributes to almost half of the global
CO; emissions, among which 27% of emissions come from building operations (UNEP,
2022). In 2040, two-thirds of the global building stock is predicted to be the same as those
that exist today (GlobalABC, 2021), which will continue emitting CO , without e ciency
upgrades or energy transition.

Building operations account for approximately 30% of nal energy consumption world-
wide (IEA, 2022). This energy use is associated with heating, cooling, lighting, and the
operation of various household appliances. In particular, space and water heating account
for almost half of total energy consumption. Energy demand from residential buildings
is expected to grow in the coming decades due to population growth, urbanization, and
increased access to modern energy services. A signi cant portion of residential energy con-
sumption comes from the direct combustion of fossil fuels, such as natural gas, oil, and coal.
Among the di erent types of fuels used for heating purposes, fossil fuels account for more
than 60%, and natural gas has a share of about 45%. Achieving the net-zero emissions
target requires building electri cation, i.e., replacing fossil-fuel systems and appliances in
buildings with e cient and zero-emission electric ones.

In pursuit of net-zero carbon emission objectives, many countries have implemented
policies to promote building electri cation. For instance, the United Kingdom has pledged
to ensure that all new residential constructions will be exclusively electric by 2025. Similarly,
the European Union has established an objective to decrease greenhouse gas emissions
originating from the building sector by 40% come 2030. Under the In ation Reduction Act,
the US government will subsidize energy-e cient electric appliances and heat pumps. Many

governments are enacting bans to phase out fossil-fuel-dependent appliances and heating
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systems or are forbidding new buildings from connecting to gas networks. In the US, New
York State will ban natural gas and other fossil fuels in mots new buildings as early as
2026. Sales of gas water heaters will be banned in the Bay Area of the US after 2026. The
German government has approved a bill that bans most new oil and gas heating systems
from 2024. These policies, from national and state levels to municipal ordinances, expedite
the transition toward electri cation and the use of alternative renewable fuels.

Electrifying water heating could be a low-hanging fruit, given the low switching costs
and the ease of implementation. Water heaters generally have fewer moving parts compared
to space heating systems, like heat pumps or heating radiators, and therefore, switching
water heaters generally incurs lower installation and maintenance costs. Replacing a water
heater can be a simple and straightforward process, often requiring minimal changes to
the existing housing infrastructure or ductwork. In contrast, transitioning from a gas or
oil-based space heating system to an electric one may require more signi cant alterations to
the building's infrastructure, such as upgrading electrical systems, installing new ductwork,
or integrating with existing heating distribution systems. According to the U.S. National
Association of Home Builders, the cost of switching from gas to electric water heating is
estimated to be $870 $4,100. The corresponding cost for spacing heating is much higher,
ranging from $2,900 to $9,500.

Compared to the rest of the world, China's building sector has experienced rapid growth
in recent years, leading to substantially increased energy consumption and carbon emissions.
The nal energy consumption in China's buildings increases by almost 50% relative to the
level in 2000. The Chinese building sector accounts for about 40% of end-use energy con-
sumption and contributes nearly one-third of the country's total greenhouse gas emissions.

China is and will remain the country with the largest building stock in the world. Every
year, China adds around 4 billion n¥ of new building oor area, which is almost half of
the world's total. Carbon emissions from the entire life cycle of buildings make up 51% of
the country's total carbon emissions, with 22 percent coming from the operational phase

and 29% from materials and construction (Greene et al., 2022). Heating is the largest
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contributor to operational emissions, accounting for 20%, due to the use of fossil fuels
on-site and indirect emissions from fossil-fueled power plants.

As the world's largest carbon emitter, China has made the commitment to peak C@
emissions by 2030 and achieve carbon neutrality by 2060. In alignment with China's dual-
carbon objectives, the central government has instituted strategies to reach a peak in carbon
emissions within the domain of urban and rural construction. Cutting the carbon emissions
from China's building sector is critical to global e orts to combat climate change and will

provide important insights into policy designs to achieve the net-zero emissions target.

A.2 Water Heater Types and Features

There are four main types of water heaters in China, including gas water heaters,
electric water heaters, heat pump water heaters, and solar water heaters. Each oers
distinct advantages and disadvantages in terms of energy e ciency, operational costs, and
environmental impact. Table A.1 summarizes the key features of each water heater type.

Gas water heaters use natural gas, coal gas, or lique ed petroleum gas (LPG) as fuel to
heat water. Natural gas needs to be delivered through pipelines. In comparison, coal gas or
LPG can be stored in tanks, and therefore, households without gas infrastructure in their
house can use lique ed gas tanks to fuel their gas water heaters. They are known for their
high energy e ciency and fast heating speed. In China, almost all the gas water heaters
are tankless ones and, therefore, can provide hot water instantly and endlessly. Despite
their fast-heating features, gas water heaters require proper ventilation, and there is a risk
of gas leaks, making regular maintenance essential. There are also concerns pertaining to
the instability of water temperature in such systems.

Electric water heaters are a popular choice among Chinese consumers due to their ease
of installation, low upfront costs, and simple maintenance. They use electrical resistance
coils to heat water. Electric water heaters can be further classi ed into tank heaters and
tankless ones. Electric tankless water heaters can heat water instantly, providing an endless

supply of hot water without the need for a storage tank. Tank models, on the other hand,
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heat and store a large volume of water in an insulated tank, providing hot water when
needed. The electric tank water heaters often take longer to heat water and can consume
more electricity, which may lead to higher operational costs depending on local electricity
rates. A further limitation associated with these tank-based systems is the potential for
exhausting the supply of hot water during activities such as bathing.

Heat pump water heaters are increasingly recognized for their energy e ciency. Unlike
traditional models, which generate heat directly, heat pumps move heat from one place to
another using a refrigerant. This process consumes signi cantly less electricity, making it a
cost-e ective long-term choice, but it usually takes a long time to heat the water. Although
heat pump water heaters have a higher upfront cost compared to traditional electric or gas
models, they can o er lower operating costs in the long run. Heat pumps are ideally suited
for moderate climates but can be less e cient in colder environments, where a backup
heating system might be needed.

Solar water heaters use solar panels to capture sunlight, converting it into thermal energy
to heat water. The heated water is then stored in an insulated tank for later use. Although
initial installation costs can be high, the operational costs are negligible. However, solar
water heaters also take much longer to heat the water. Their e ectiveness and the reliability
of hot water supply are contingent on geographic location and weather conditions; during

cloudy or rainy days, a backup heating system may be necessary.

A.3 Data Sources and Sample Construction
A.3.1 Natural Gas Infrastructure

Transmission Pipeline Network. To construct data on the whole natural gas transmis-
sion pipeline network in China, | rst use the Asia Gas Tracker assembled by the Global En-
ergy Monitor. This dataset provides comprehensive information on all natural-gas-related
infrastructure across East Asia, South Asia, and Southeast Asia. From the data, | extract
the natural gas infrastructure that intersects or is located in China, including 621 trans-

mission pipelines, 120 lique ed natural gas (LNG) terminals, and 49 gas extraction sites.
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| then supplement this dataset with the natural gas infrastructure information from the
Baker Institute China Energy Map and the Global Energy Dialogue. The Baker Institute
China Energy Map provides data on China's key energy infrastructure, such as natural gas
pipelines, power plants, etc. As of April 2023, this map covers 414 natural gas pipelines with
a total length of 110,433 kilometers and 78 LNG terminals. The Global Energy Dialogue
is a research program in China that compiles information for four industries, including oil,
gas, electrical power, mining, and metallurgy. For the natural gas industry, it provides data
on natural gas pipelines, underground gas storage, LNG terminals, etc. | synthesize the
information about natural gas pipelines, LNG terminals, and gas extraction sites from these
sources. To ensure data integrity and completeness, | manually cross-validate the compiled
information with o cial documents and government reports to con rm the accuracy of
these datasets and to supplement instances of missing or omitted data. Figure A.2 shows
the map of these natural gas infrastructures.

Intra-City Distribution Infrastructure . | combine the information on intra-city natu-
ral gas distribution infrastructure from two sources: China Urban Construction Statistical
Yearbooks and the Global Energy Dialogue. For each city in each year, the data reports
a rich set of measures on natural gas distribution infrastructure in urban areas, including
the length of distribution pipelines, number of households with access to gas infrastructure
in their house, natural gas storage capacity, and total natural gas supply. The dataset
covers 310 cities from 2006 to 2019. With these variables, | further calculate the pipeline
intensity (de ned as the ratio of pipeline length to urban city area) and the infrastructure
penetration (de ned as the percentage of households with access to gas infrastructure in

their house).

A.3.2 Water Heater Data

Product Attributes . The water heater sales data from the market research company con-
tains information on key product attributes, such as average price, tank size, fuel type, and

Stock Keeping Unit (SKU). To supplement this data, | scrapped other product attributes
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from ZOL,! one of the leading providers of technology-related content and shopping advice
in China. This platform provides comprehensive information on electronic products, home
appliances, o ce supplies, etc. For each product, it reports related news, customer reviews,
and comparisons to similar products. | scrapped information on product attributes for all
water heater products. These attributes include appearance, color, control function, hy-
draulic pressure, energy e ciency level, heating method, rated power, and other advanced
features. | obtain detailed energy e ciency information for each water heater from the
product record database maintained by the China Energy E ciency Label Website? The
Chinese government requires every water heater manufacturer to register the energy e -
ciency information of their products. | retrieve the energy e ciency parameters, including
energy e ciency level, thermal e ciency, hot water output rate, and standing loss ratio,
for each water heater product via their SKU.

Water Heater Manufacturers. | collect information on water heater manufacturers from
Tianyancha, a platform that o ers access to the universe of China's business registration
records® These records cover every rm that was ever registered in China over the past 40
years. For each water heater manufacturer, | obtain detailed information on its location,
year of establishment, value of registered capital, shareholder and their shareholdings, and
a liated brands. The shareholder and shareholding information enables me to construct the
conglomerate network for each manufacturing rm, which covers all the facilities of water
heater production. | use the description of the business scope for each rm to identify
the production location of each type of water heater under each brand. | combine the
information from Tianyancha and manufacturers' websites to identify the headquarters
and plant location for each rm.

Raw Material Price. The production of water heaters involves the amalgamation of

various raw materials, each serving speci ¢ functional and structural purposes. The prin-

1 Website URL: https://www.zol.com.cn/.
2 Website URL: https://www.energylabel.com.cn/.

3 Website URL: https://tianyancha.com/.
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cipal constituents generally comprise metals, plastics, ceramics, and electrical components,
among others. | compile data on the annual average price of stainless steel, copper, poly-
mer, magnesium, etc. fromWind. | use these raw material prices as instrumental variables

for product prices when estimating the demand model.

A.3.3 Residential Fuel Price

| have compiled annual residential fuel price data fromWind and the National Bureau
of Statistics of China. The dataset contains province-level average electricity price over
2010 2019 and average natural gas price over 2013 2019. Since residential fuel prices in
China are stringently regulated and highly subsidized by the central government, there is

limited variation across regions or over time.

A.3.4 Geographic Data

| construct a series of city-level geographic characteristics to understand the routing
decision of natural gas transmission pipeline expansion. | obtain elevation measures using
the ASTER Global Digital Elevation Model V3, developed by NASA and Japan's Ministry
of Economy, Trade, and Industry. It provides a global measure of elevation for land areas
on Earth, from which | extracted the segment covering mainland China. The original data
has a resolution of 30-by-30 meters, which | average to the city level to calculate the mean,
minimum, maximum, and standard deviation of elevation. | also use this data to construct
the slope measures for each city.

The geographic data of rivers in China is from the National Earth System Science Data
Center of China, which contains the distribution of all the rivers nationwide. | calculate
the total river length within each city boundary and divide it by city area to construct the
river intensity measure.

To characterize the types of land cover in each city, | use the 30-meter annual land cover
dataset produced by Yang and Huang (2021). The data provides annual snapshots of land
cover in China, which is classi ed into nine categories: cropland, forest, shrub, grassland,

barren, impervious cover, water, snow/ice, and wetland. The sample period covers 1990 to
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2019, and | use the data for 2005. For each city, | calculate the share of land cover that

belongs to each of these nine categories.

A.3.5 Weather and Climate

The weather data comes from the National Meteorological Information Center of China.
| collect station-level daily data for over 800 stations across China from 2000 to 2019. The
data contains the geographic location of each weather station and daily summaries of tem-
perature, precipitation, dew point, and wind speed. For each city, | construct daily weather
data using the inverse-distance weighted average of all available weather information from
monitors within 200 kilometers of the city centroid. For each city, the long-run climate
pattern is measured by the average annual heating degree days (HDD) over the 20-year
period. HDD captures both the number of cold days and the intensity of cold during those
days, which are usually used as a summary measure for heating demand. In the empirical

analysis, | calculate HDD as the sum of daily average temperature below 2G.

A.4 Additional Regression Analyses
A.4.1 Determinants of the Routing of Pipeline Expansion

Following Almond et al. (2019) and Barwick et al. (2022), | estimate the relationship
between the timing of pipeline expansion and a rich set of city characteristics. Table A.5
reports the results. The outcome variable is the year when the transmission pipeline that
intersects the corresponding city has started operating.

All covariates, except for the land cover and region indicators, are standardized, so the
interpretation of the coe cients is how much change in the timing of pipeline expansion is
associated with one standard deviation of the characteristics. A negative coe cient means
that an increase in the characteristics is associated with the city being connected by the
pipeline earlier.

In Column (1), regressors include a constant term and indicators for a series of proxies
of city administrative hierarchy and an indicator for regions with gas extraction sites or

LNG terminals. The coe cient estimates suggest that provincial capitals and cities in
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the Beijing-Tianjin-Hebei area, Yangtze River Delta, and Pearl River Delta are connected
earlier than others. | de ne cities in these regions as tier-1 cities.

Column (2) asks whether observed covariates in the baseline period provide additional
explanatory power. Speci cally, in addition to the indicator for tier-1 cities and cities with
gas extraction sites or LNG terminals, | include population, average income, and trends
in the regression model. The trends are measured by a city's average over the ve years
prior to their connection to the expanded pipeline. The estimation results suggest that
conditioning on cities' administrative hierarchy, the level or trend of city population, and
average wage do not predict the timing of pipeline expansion.

Column (3) replaces city economic characteristics with geographic features, including
average slope, river intensity, and the percentage of land covered by wetlands or forests.
The results suggest that regions with at terrain and less wetlands are connected earlier. In
Column (4), | restrict the sample to cities that are not connected by the rst two key trunk
lines constructed as part of the West-East Gas Pipeline Project (WEPP). In addition to
city geographic characteristics, | include the nearest distance between a city to those two
trunk lines. The coe cient estimate of the distance variable shows that cities closer to
the trunk lines are connected earlier, which con rms that the construction of subsequent
gas pipelines is likely based on the existing trunk line network and gradually extends to
adjacent or surrounding areas.

In Column (5), | omit the indicators for administrative hierarchy and investigate the
correlation between the timing of pipeline expansion and a city's economic or environmen-
tal attributes. Cities connected earlier tend to have a larger population, more industrial
rms, and higher SO, intensity. Table A.6 tests whether these factors correlate with gas
pipeline expansion, conditioning on city and year xed e ects. The small and statistically
insigni cant estimates suggest that gas pipeline expansion is not associated with these city
attributes, alleviating the concerns about city-level confounding factors.

Lastly, | examine the degree to which the routing of gas pipelines adheres to straight

paths connecting terminal cities at both ends. Speci cally, for each pipeline, | rst identify
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the terminal cities at both ends and connect them with a straight line. Then, for each
actual pipeline, | calculate the share of cities that are also on the hypothetical straight line,
excluding the terminal cities. Figure A.7 plots the histogram of these shares. The results
con rm that the routing of most pipelines follows the direct path between terminal cities.
There are a few exceptions in the Sichuan Basin, where the government tries to construct

a ring network to increase transmission e ciency and reliability.

A.5 Environmental Bene ts of Water Heater Electri cation

To provide insights into the environmental bene ts of these electri cation policies, |
combine existing engineering estimates with parameter assumptions to calculate the avoided
direct carbon emissions from gas and water heating. Later, | will discuss the role of indirect
emissions from electric water heating.

Table A.3 presents the calculated lifetime CQ emissions from gas water heaters by
energy e ciency level. According to Energy Foundation (2015), the annual CQ emissions
from a gas water heater are estimated to be 0.33-0.37 ton. Assuming a lifetime of ten years
and a 3% discount rate, | calculate a discounted lifetime CQ emissions from gas water
heaters, as listed in the last column. This discounted measure aims to account for the
fact that the avoided emissions in the future will generate fewer bene ts relative to those
avoided today, which is in a similar spirit to the ideas behind discounting.

Similar to the discussions on electric vehicles, whether the electric water heater is cleaner
than gas depends on the carbon intensity of the power grid (Holland et al., 2016, 2019).
Ignoring the indirect emissions from electric water heating could overestimate the environ-
mental bene ts of electri cation. The indirect emissions from electricity usage are deter-
mined by the mix of China's electricity generation capacity, which currently is dominated
by fossil fuels. The top panel of Figure A.13 plots the historical and projected trend of the
average carbon intensity of China's electricity grid, as measured by kilogram of C®emis-
sions per KWh electricity generation. The carbon intensity had a at trend before 2010 but

has declined rapidly since 2013. According to the estimates from Abhyankar et al. (2022),
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the carbon intensity would decrease from the current 0.55kgC@kwWh to 0.15kgCO »/KWh
in 2035 under the clean energy scenario.

Although in the current static setting, electrifying water heating is not optimal given
the high carbon intensity of the power grid in China, it can generate net environmental
bene ts as the grid becomes cleaner over time. In the bottom panel of Figure A.13, | plot
the di erence in lifetime CO, emissions between the electric water heater and gas ones,
taking into account both the direct emissions and indirect emissions. The electricity con-
sumption by electric water heaters is calculated based on Table A.4. Given the projected
decarbonization pathway of China's electricity grid under the clean energy scenario, elec-
tric water heaters will generate less emissions since 2029, which is before the time when
the grid is completely decarbonized. Therefore, as suggested by Li (2020), the optimal
timing of electri cation policies should take into account both the dynamics of the grid

decarbonization and the long-run environmental bene ts.
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A.6 Additional Figures and Tables

FIGURE A.1l: Natural Gas Pipeline Development Status across Countries

Notes This gure plots the kilometers of natural gas pipelines that are in construction, proposed, and shelved.
Only the top countries with the highest length of proposed and construction pipelines are included.

FIGURE A.2: Natural Gas Extraction Sites, Pipelines, and LNG Terminals

Notes This gure shows the spatial distribution of natural-gas-related infrastructures in China, including
extraction sites (red triangles), transmission pipelines (dark lines), and LNG terminals (blue circles).
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FIGURE A.3: Natural Gas Infrastructure and Delivery

Notes The graph shows the delivery process of natural gas. It is rst transported from the production site
to distribution nodes that serve a city. After that, natural gas is delivered to end users through intra-city
distribution infrastructure. This gure is modi ed from RegionalEnergy.ca.

FIGURE A.4: Trend of Natural Gas Distribution Infrastructure Penetration

Notes This gure plots the trend of natural gas distribution infrastructure penetration, measured by the
percentage of households with access to gas infrastructure in their house. The red circles are the national
average of penetration in a year. The black line is the quadratic t of the trend, with the 95% con dence

interval in blue.
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FIGURE A.5: Coef cient Paths as a Function of LASSO Penalty Parameter

Notes This gure plots the coef cient paths after a LASSO t. The dependent variable is an indicator for
whether the household has a gas or electric water heater. The vertical dash lines are the selected penalty
parameter through the 10-fold cross-validation method. Among the coef cient paths, the ones with solid
lines are the predictors selected by LASSO.
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FIGURE A.6: OLS Estimates of the Predictors for Water Heater Adoption

Notes This gure plots the coef cient estimates from a linear regression of water heater adoption on a series
of household/housing characteristics. The dependent variable is an indicator for whether the household has
a gas or electric water heater. The blue ones are the predictors selected by LASSO.

FIGURE A.7: Histogram of the Share of Straight-Line Cities among Transmission Pipelines

Notes The horizontal axis is the share of cities that are also intersected by the straight line between two ends
of each natural gas transmission pipeline. The vertical axis is the percentage of transmission pipelines.
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FIGURE A.8: Impacts on Water Heater Sales — Alternative Event-Study Estimators

Notes This gure plots the event-study estimates for the impacts of natural gas transmission pipeline expan-
sion on water heater sales, using alternative estimators, including the two-way xed effect estimates with no
additional adjustments and the approaches suggested by Sun and Abraham (2021b), Borusyak et al. (2023),
de Chaisemartin and D'Haultfceuille (2020), and Callaway and Sant'Anna (2021).
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FIGURE A.9: Impacts on Distribution Infrastructure — Alternative Event-Study Estimators

Notes This gure plots the event-study estimates for the impacts of natural gas transmission pipeline expan-
sion on intra-city natural gas distribution infrastructure, using alternative estimators, including the two-way
xed effect estimates with no additional adjustments and the approaches suggested by Sun and Abraham
(2021b), Borusyak et al. (2023), de Chaisemartin and D'Haultfceuille (2020), and Callaway and Sant'Anna

(2021).
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(a) Unmatched Sample

(b) Matching Based on Whole Sample

(c) Within-Province Matching
FIGURE A.10: Distribution of Water Heater Sales in 2014

Notes This gure plots the distribution of the market share and sales quantity of gas water heaters in 2014
between cities that are intersected by an expanded natural gas transmission pipeline versus those that are
not. Panel (a) shows the distribution using the unmatched sample. Panel (b) presents the distribution for
the matched sample based on whole-sample matching. Panel (c) displays the distribution for the matched
sample based on within-province matching.
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(a) Semi-Elasticity

(b) Prot Margins
FIGURE A.11: Price Elasticities and Implied Markups of Water Heater Products
Notes Panel (a) plots the semi-elasticities (i.e., the percentage increase in sales quantity when the price de-

creases by 100 RMB) against consumer prices. Panel (b) plots pro t margins (i.e., rm price minus marginal
cost) against consumer price. The gray circles represent gas water heaters. The blue squares represent electric

tank water heaters. The crosses represent electric tankless water heaters.
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FIGURE A.12: Average WTP for Gas Water Heaters Relative to Electric Ones

Notes The gure plots the estimated additional willingness to pay for gas water heaters relative to electric
ones, using the coef cient estimates of g and a;,; from the demand model, where gjn: captures consumer
utility from a gas water heater and a;; is marginal utility from price decrease. Speci cally, given the gas
infrastructure penetration and household income, the estimated relative WTP is  E[Qimt/ @mt]. The WTP is
plotted for three household annual income levels separately, including 30 thousand (the 25 percentile), 60
thousand (the median), and 100 thousand (the 75 percentile).
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FIGURE A.13: Grid Decarbonization and Water Heater Emissions

Notes The top panel shows the historical and projected average carbon emission factor of electricity gen-
eration in China (i.e., kilogram of CO , emissions from 1 kWh electricity generation) under two scenarios.
The black dashed line represents the current policy scenario while the blue dotted line represents the clean
energy scenario, where 80% of electricity is generated by clean energy in 2035. The emission factor data is
from Abhyankar et al. (2022). The bottom panel shows the difference in lifetime carbon emissions (including
both the direct emissions from fossil fuel combustion and indirect emissions from electricity consumption)
between the electric water heater and gas water heater under the two scenarios.
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(a) Tax Rate and Price Change

(b) Welfare Impacts
FIGURE A.14: Gas Infrastructure Expansion and Welfare Impacts of Electri cation via Tax

Notes The gure plots the welfare impacts of achieving the 75% electri cation target (i.e., the share of electric
water heater sales reaches 75%) through a tax scheme under the scenario with no gas expansion (in gray bars)
vs the scenario with a 20% increase in natural gas distribution infrastructure penetration (in red bars). Panel
(a) shows the tax/subsidy rate on water heaters and the average change in nal consumer prices. Panel (b)
shows the change in consumer surplus, rm pro ts from gas heaters and electric heaters, and total welfare. In
Panel (b), the numbers at the bottom represent the difference in welfare impacts relative to the scenario with
no gas expansion. Welfare refers to the sum of consumer surplus, rm pro ts, and government tax revenue.
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FIGURE A.15: Impacts of Gas Expansion on Share of Gas Water Heater Sales

Notes The gure plots the simulated impacts of the change in gas distribution infrastructure penetration on
the sales share of gas water heaters. The horizontal axis is the percentage change in gas penetration rate (i.e.,
percentage of households with access to gas infrastructure in their house). The vertical axis is the predicted

sales share of gas water heaters.
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Table A.1: Comparison of Key Features by Water Heater Type

Gas Electric Heat Pump Solar
Tank Tankless
Natural
Gas, Coal

Energy Source Gas, LPG Electricity Electricity Air + Electricity Solar
Water Tank X X X
Instant Heating X X
Constant Water X X
Heating Time 0.1 min 30 min 0.1min  60-120 min  90-240 min

Notes This table summarizes the key features of each water heater type. The gas water heater can use nat-
ural gas, coal gas, or LPG. Heat pumps use electricity to transfer thermal energy from the air. The heating
time reported here is an average heating time, which could vary depending on the amount of hot water
produced.

Table A.2: Summary Statistics of Water Heater Features

Gas Water Heater Electric Water Heater
Mean S.D. Mean S.D.
Price (1000 RMB) 3.28 1.91 2.06 1.26
Tank Size (L) - - 59.11 18.58
Heating Power (L/min) 12.99 6.07 1.54 0.60
Tier-1 Ef ciency 0.07 0.25 0.58 0.49
Tier-2 Ef ciency 0.93 0.26 0.33 0.47
Tier-3 Ef ciency 0.01 0.08 0.05 0.23
Smart Control 0.95 0.22 0.73 0.44
# Products per Market 251.87 117.85 304.06 114.46

Notes This table reports summary statistics of key features for gas water heaters and electric water
heaters. Tank Size is the volume of the water tank. Heating Power measures the amount of water a
water heater can raise by 25 C in one minute. Tier-1, 2, and 3 Ef ciency are indicators for the energy
ef ciency level of the water heater. Smart Control is an indicator for whether the product has LCD
screens and allows smart control functions.
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Table A.3: Gas Water Heater Ef ciency and Carbon Emissions

Thermal Annual Annual Lifetime Discount Discounted
Ef ciency Gas CO, Rate Lifetime
Consumption Emissions Emission
(%) (m3) (ton) (year) (ton)
Tier 1 96 181.05 0.33 10 0.03 2.88
Tier 2 88 197.51 0.36 10 0.03 3.14
Tier 3 84 206.92 0.37 10 0.03 3.29

Notes The emission factor of natural gas is set to be 1.809 kgCQ/m 3. Estimated annual natural gas con-
sumption comes from Energy Foundation (2015). Thermal Ef ciency is the percentage of heat effectively
utilized relative to the total heat produced by gas combustion.

Table A.4: Electric Water Heater Ef ciency and Electricity Consumption

Estimated
Annual
Hot Water Standing Loss Electricity
Output Rate Ratio Consumption Lifetime
(%) (kWh) (year)
Tier 1 70 0.6 1,971 10
Tier 2 60 0.7 2,300 10
Tier 3 55 0.8 2,628 10

Notes Estimated annual electricity consumption comes from Energy Foundation (2015). Hot Water Output
Rate is the ratio of the actual hot water produced by the water heater to its total volume under standard con-
ditions, which measures the heating ef ciency of an electric water heater. Standing Loss Ratio is the ratio of
the amount of electricity consumed to maintain the water temperature relative to the standard-rated energy
consumption, which measures the ef ciency performance of maintaining the water temperature.
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Table A.5: Determinants of Transmission Pipeline Expansion across Cities

Dep. Var.: Year of Pipeline Expansion
1) (2 3) (4) (5)
Gas Extraction Site -0.448 -1.577%** 0.237
(0.946) (0.545) (0.937)
Beijing-Tianjin-Hebei -4.342%**
(0.763)
Yangtze River Delta -4.781%**
(0.546)
Pearl River Delta -2.612%**
(0.829)
Provincial Capital -3.788***
(0.608)
Tier-1 City -2.563***  -4,119***
(0.528) (0.537)
Population -0.190 -0.776**
(0.252) (0.331)
Population Trend -0.623
(0.477)
Average Income 0.559
(1.116)
Average Income Trend -0.136
(0.434)
GDP per Capita 1.309 1.014
(1.186) (0.780)
Slope 1.586*** 2.271%x*
(0.505) (0.545)
River Intensity 0.424 0.649
(0.366) (0.458)
%Wetland 6.847* -2.753
(3.846) (4.329)
%Forest 0.011 0.015
(0.016) (0.018)
Distance to WEPP Trunk Line 1.968***
(0.317)
Share of GDP from Industrial Sector -1.150**
(0.489)
Industrial SO ; Intensity -0.975%**
(0.370)
Number of Firms -0.859***
(0.251)
Observations 365 365 365 237 365

Notes Tier-1 cities include all provincial capitals, the Beijing-Tianjin-Hebei area, the Yangtze River Delta, and the Pearl River
Delta. Column (4) restricts to cities not connected by the rst two key trunk lines constructed as part of the West-East Gas
Pipeline Project. Robust standard errors are reported in parentheses. *p 0.1, **p  0.05,**p 0.01.
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Table A.6: Impacts of Pipeline Expansion on City Economic Characteristics

Industrial Industrial

Popula- GDP per  Sector GDP SO, Industrial Firm
Dep. Var. tion Capita Share Intensity Output Number
(in logs) @ ) 3) 4) ®) (6)
Gasline -0.003 0.006 -0.010 0.011 -0.008 -0.007

(0.006) (0.022) (0.009) (0.011) (0.039) (0.033)
City FE X X X X X X
Year FE X X X X X X
Observations 1,401 1,414 1,414 1,173 1,243 1,415

Notes This table reports the estimated impacts of natural gas transmission pipeline expansion on a city's economic
characteristics. Gasline is an indicator for whether an expanded natural gas transmission pipeline has started oper-
ating in a city. All regressions include city and year xed effects. Standard errors in parentheses are clustered at the
citylevel. * p  0.1,**p 0.05,**p 0.01.
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Table A.7: Impacts on Water Heater Sales — Alternative Measures

Revenue Sales Quantity In(Sales Revenue)
Share of Non Non
Gas Heater All Gas Gas All Gas Gas
(1) (2 3) (4) 5) (6) (7)

Gasline 0.035*** 532.690 1,984.880** -1,508.993** 0.021 0.722*** -0.063***

(0.008)  (610.728) (860.615)  (717.293)  (0.013) (0.256) (0.020)

City FE X X X X X X X
Year FE X X X X X X X
Obs. 1,602 1,602 1,602 1,602 1,602 1,602 1,602

Notes This table reports the estimated impacts of natural gas transmission pipeline expansion on water
heater sales using alternative sales measures. Column (1) is the revenue share of gas water heater sales.
Columns (2)-(4) are sales quantity. Columns (5)-(7) are logarithm of sales revenue. Gasline is an indicator
for whether an expanded natural gas transmission pipeline has started operating in a city. All regressions
include city and year xed effects. Standard errors in parentheses are clustered at the city level. * p 0.1, **
p 0.05**p 0.01.
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Table A.8: Impacts on Water Heater Sales — Robustness Checks on Confounding Factors

Dep. Var.: Market Share In(Sales Quantity)
Gas Water Heater (1) (2)
A. City FE + Year FE + Province Trend 0.021%** 0.358***
(0.006) (0.127)
B. City FE + Province-Year FE 0.022*** 0.330***
(0.006) (0.127)
C. City FE + Year FE + City Controls 0.017* 0.546***
(0.007) (0.140)
D. Exclude Coal-to-Gas regions 0.027*** 0.550***
(0.007) (0.143)
E. Exclude Beijing-Tianjin-Hebei area 0.028*** 0.545%**
(0.007) (0.137)
F. Exclude LNG terminals or gas extration places 0.022*** 0.522%**
(0.007) (0.142)
G. Exclude provincial capitals 0.029*+* 0.538***
(0.007) (0.143)
H. Exclude distribution hubs along the trunk line 0.024*** 0.528***
(0.009) (0.200)
I. Exclude the two ends of pipelines 0.033*** 0.392**
(0.009) (0.187)

Notes The dependent variables are the market share and logarithm of sales quantity of gas water heaters. Each
cell in Columns (1) and (2) reports the coef cient estimate of the Gasline indicator from one regression. Panel A
controls for city xed effects, year xed effects, and province-speci c linear trends. Panel B controls for city and
province-year xed effects. Panel C controls for city xed effects, year xed effects, and time-variant city-level
control variables, including population, GDP per capita, savings per capita, average wage, and the share of GDP
from the secondary industry, all measured in logs. Panel D excludes the cities covered by the Coal-to-Gas policy.
Panel E excludes cities in the Beijing-Tianjin-Hebei area. Panel F excludes cities that have LNG terminals of natu-
ral gas extraction sites. Panel G excludes provincial capitals. Panel H excludes natural gas distribution hubs along
the trunk line. Panel L excludes the two ends of each natural gas transmission pipeline. Standard errors in paren-
theses are clustered at the city level. *p 0.1, **p 0.05, *p 0.01.
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Table A.9: Impacts on Distribution Infrastructure — Robustness Checks on Confounding
Factors

Pipeline Pipeline Storage Number of Penetra-

Dep. Var. Length Intensity Capacity Supply Households tion

1) 2 3) 4 ®) (6)

A. City FE + Year FE + Province Trend

Gasline 3.279%** 3.131 % 1.715%* 4.682%* 7.007*** 0.135***
(0.216) (0.225) (0.165) (0.280) (0.403) (0.029)

B. City FE + Province-Year FE

Gasline 2.519%*= 2.439%** 1.274%* 3.634x** 5.431%* 0.106***
(0.256) (0.245) (0.136) (0.312) (0.534) (0.025)

C. City FE + Year FE + City Controls

Gasline 3.425%** 3.240%** 1.616*** 5.163*** 7.184*** 0.198***
(0.230) (0.268) (0.148) (0.290) (0.436) (0.021)

D. Exclude Coal-to-Gas regions

Gasline 3.505*** 3.263*** 1.722%* 5.252%** 7.319%* 0.204***
(0.223) (0.254) (0.177) (0.282) (0.423) (0.024)

E. Exclude Beijing-Tianjin-Hebei area

Gasline 3.435%** 3.181%** 1.715%* 5.180%*** 7.174%* 0.208***
(0.233) (0.266) (0.178) (0.293) (0.442) (0.024)

F. Exclude LNG terminals or gas extraction places

Gasline 3.482%** 3.242%* 1.711%* 5.203*** 7.233%* 0.194#**=
(0.238) (0.273) (0.186) (0.300) (0.453) (0.023)

G. Exclude provincial capitals

Gasline 3.410*** 3.174%x* 1.655%** 5.197*** 7.241%* 0.190***
(0.227) (0.261) (0.179) (0.289) (0.440) (0.023)

H. Exclude distribution hubs along the trunk line

Gasline 3.382%** 3.114%** 1.703*** 4.902%** 6.899*** 0.197***
(0.261) (0.297) (0.204) (0.328) (0.514) (0.027)

I. Exclude the two ends of pipelines

Gasline 3.323*** 3.054%** 1.517*** 5.064*** 7.152%* 0.196***
(0.243) (0.272) (0.195) (0.305) (0.472) (0.025)

Notes Each cell reports the coef cient estimate of the Gasline indicator from one regression. The dependent variables are
intra-city natural gas distribution infrastructure measures, including the length of distribution pipelines, pipeline intensity
(i.e., pipeline length divided by city area), natural gas storage capacity, total supply of natural gas, number of households
and share of households with access to natural gas infrastructure in their house. The rst ve dependent variables are mea-
sured in logs. Panel A controls for city xed effects, year xed effects, and province-speci c linear trends. Panel B controls
for city and province-year xed effects. Panel C controls for city xed effects, year xed effects, and time-variant city-level
control variables, including population, GDP per capita, savings per capita, average wage, and the share of GDP from the
second industry, all measured in logs. Panel D excludes the cities covered by the Coal-to-Gas policy. Panel E excludes cities
in the Beijing-Tianjin-Hebei area. Panel F excludes cities that have LNG terminals of natural gas extraction sites. Panel G
excludes provincial capitals. Panel H excludes natural gas distribution hubs along the trunk line. Panel L excludes the two
ends of each natural gas transmission pipeline. Standard errors in parentheses are clustered at the city level. *p 0.1, **
p 0.05 **p 0.01.
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Table A.10: Impacts on Water Heater Sales — Heterogeneity Robust Estimators

Market Share In(Sales Quantity)
Gas Electric Gas Electric
1) (2) 3) (4)
A. Borusyak et al.
Gasline 0.051*** -0.052%** 0.494*** -0.080***
(0.007) (0.007) (0.154) (0.013)
B. Callaway & Sant'/Anna
Gasline 0.050*** -0.050%** 0.487*** -0.078***
(0.006) (0.007) (0.159) (0.013)
C. de Chaisemartin & D'Haultfoeuille
Gasline 0.049*** -0.049%*** 0.543*** -0.075%**
(0.007) (0.006) (0.155) (0.010)

Notes The dependent variables are the market share and logarithm of sales quantity of gas and
electric water heaters. Panel A uses the approach suggested by Borusyak et al. (2023). Panel B uses
the approach suggested by Callaway and Sant'Anna (2021). Panel C uses the approach suggested
by de Chaisemartin and D'Haultfceuille (2020). Standard errors in parentheses are clustered at the
citylevel. * p 0.1,**p 0.05,***p 0.01.
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Table A.11: Impacts on Distribution Infrastructure — Heterogeneity Robust Estimators

Pipeline Pipeline Storage Number of
Length Intensity Capacity  Supply Households Penetration
1) 2) 3) (4) (5) (6)
A. Borusyak et al.
Gasline  3.458*** 3.203*** 1.695**  5.197*** 0.205*** 7.226***
(0.228) (0.262) (0.177) (0.286) (0.023) (0.433)
B. Callaway & Sant'Anna
Gasline  3.176*** 3.088*** 1.542%**  4,861*** 0.167*** 6.897***
(0.236) (0.262) (0.166) (0.294) (0.019) (0.458)
C. de Chaisemartin & D'Haultfoeuille
Gasline  2.778*** 2.711%** 1.415%*  4.126*** 0.110*** 6.234***
(0.189) (0.221) (0.173) (0.276) (0.016) (0.428)

Notes The dependent variables are intra-city natural gas distribution infrastructure measures, including the
length of distribution pipelines, pipeline intensity (i.e., pipeline length divided by city area), natural gas
storage capacity, total supply of natural gas, number of households and share of households with access to
natural gas infrastructure in their house. The rst ve dependent variables are measured in logs. Panel A
uses the approach suggested by Borusyak et al. (2023). Panel B uses the approach suggested by Callaway
and Sant'Anna (2021). Panel C uses the approach suggested by de Chaisemartin and D'Haultfceuille (2020).
Standard errors in parentheses are clustered at the city level. *p 0.1, *p  0.05, **p  0.01.
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Table A.12: Impacts on Water Heater Sales — Checks on Spatial Spillovers

Dep. Var.: Market Share In(Sales Quantity)

Gas Water Heater 1) (2)

A. Keep cities connected earlier than neighbors

Gasline 0.029* 0.566*
(0.016) (0.311)

B. Drop cities whose neighbors are also connected

Gasline 0.080** 0.434*
(0.030) (0.239)

C. Control neighboring city's status

Gasline 0.026*** 0.521***
(0.006) (0.129)

D. Check the impacts of neighbor's connection

NBGasline 0.012 0.162
(0.009) (0.255)

Notes The dependent variables are the market share and logarithm of sales quantity of gas wa-
ter heaters. Panel A restricts the sample to cities that are connected by an expanded gas trans-
mission pipeline earlier than their neighbors. Panel B drops cities whose neighbors are also
connected by an expanded gas transmission pipeline. Panel C controls neighboring cities' con-
nection status. Panel D restricts the sample to the pre-connection period of each city. NBGasline
is an indicator for whether a neighboring city has been connected by an expanded gas transmis-
sion pipeline. Standard errors in parentheses are clustered at the city level. * p  0.1,**p  0.05,
¥*p 0.0l
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Table A.13: Impacts on Distribution Infrastructure — Checks on Spatial Spillovers

Households

Penetra-
tion

(6)

Pipeline Pipeline Storage
VARIABLES Length Intensity Capacity
1) ) 3)
A. Keep cities connected earlier than neighbors
Gasline 4 554+ 4 573+ 1.298***
(0.698) (0.707) (0.142)
B. Drop cities whose neighbors are also connected
Gasline 7.036*** 7.077** 2.665***
(0.096) (0.041) (0.237)
C. Control neighboring city's status
Gasline 3.460** 3.197*** 1.698***
(0.229) (0.261) (0.178)
D. Check the impacts of neighbor's connection
NBGasline 0.025 -0.094 0.045
(0.079) (0.164) (0.078)

0.420%+
(0.093)

0.357++
(0.052)

0.205+
(0.023)

0.000
(0.009)

Notes The dependent variables are intra-city natural gas distribution infrastructure measures, including the length of
distribution pipelines, pipeline intensity (i.e., pipeline length divided by city area), natural gas storage capacity, total
supply of natural gas, number of households and share of households with access to natural gas infrastructure in their
house. The rst ve dependent variables are measured in logs. Panel A restricts the sample to cities that are connected
by an expanded gas transmission pipeline earlier than their neighbors. Panel B drops cities whose neighbors are also
connected by an expanded gas transmission pipeline. Panel C controls neighboring cities' connection status. Panel D re-
stricts the sample to the pre-connection period of each city. NBGasline is an indicator for whether a neighboring city has
been connected by an expanded gas transmission pipeline. Standard errors in parentheses are clustered at the city level.

*p 0.1,*p 0.05 **p 0.0
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Table A.14: Impacts on Water Heater Sales — Poisson Regression

Dep. Var.: Electric
_ Gas Heat Pump Solar
Sales Quantity All Tank Tankless
1) 2) 3) (4) (5) (6)
Gasline 0.119*** -0.006 -0.007 0.032 0.118 -0.087

(0.031)  (0.010)  (0.011)  (0.101)  (0.079)  (0.660)

City FE X X X X X X
Year FE X X X X X X
Observations 1,602 1,602 1,602 1,602 1,602 1,602

Notes This table reports the estimated impacts of natural gas transmission pipeline expansion on sales
quantity of water heaters by type, using the Poisson pseudo-maximum likelihood regression (Silva &
Tenreyro, 2006). Gasline is an indicator for whether an expanded natural gas transmission pipeline has
started operating in a city. All regressions control for city and year xed effects. Standard errors in
parentheses are clustered at the city level. *p  0.1,**p 0.05, **p 0.01.

Table A.15: Impacts of Pipeline Expansion on Appliance Choice — Placebo Tests

OoLS Poisson
Online Search In(Sales Quantity) In(Sales Revenue) Sales Quantity
1) ) ©) (4)

Gasline -0.111 -0.015 -0.013 0.021

(0.069) (0.052) (0.054) (0.056)
City FE X X X X
Year FE X X X X
Observations 1,584 1,474 1,474 1,474

Notes This table reports the placebo tests of the impacts of transmission pipeline expansion on appliance choice, using
data on air conditioners. Column (1) is the online search volume for air conditioners, measured by the standardized
Baidu Search Index. Columns (2) and (3) report the logarithm of sales quantity and sales revenue of air conditioners,
respectively. Column (4) shows the estimates from a Poisson pseudo-maximum likelihood regression. Gasline is an in-
dicator for whether an expanded natural gas transmission pipeline has started operating in a city. All regressions con-
trol for city and year xed effects. Standard errors in parentheses are clustered at the city level. * p 0.1, *p 0.05,
*¥*p 0.0l
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Table A.16: Balance Test of the Unmatched and Matched Sample

Unmatched Whole Sample Match  Within Province Match
Diff. P-value Diff. P-value Diff. P-value

(1) (2) (3) 4) (5) (6)
A. Covariates Used in Matching
Share of Gas Heater -0.029 0.370 -0.007 0.856 0.026 0.547
In(# Gas Heater) 1.216 0.002 0.046 0.900 0.395 0.286
B. Other Covariates
Share of Electric Heater ~ 0.027 0.411 0.006 0.878 -0.026 0.548
In(# Electric Heater) 0.852 0.000 0.099 0.432 0.174 0.313
In(# All Heater) 0.799 0.000 0.088 0.462 0.212 0.158
In(GDP per Capita) -0.073 0.466 -0.006 0.964 0.119 0.294
In(Savings per Capita) -0.126 0.183 -0.105 0.388 -0.016 0.881
In(Average Wage) -0.051 0.108 -0.023 0.609 0.026 0.517

Notes This table summarizes the difference in water heater sales and a series of economic characteristics in 2014 be-
tween cities that are connected by an expanded natural gas transmission pipeline versus those that are not. Columns
(1)-(2) shows the difference for the unmatched sample. Columns (3)-(4) presents the difference for the matched sample
based on whole-sample matching. Columns (5)-(6) displays the difference for the matched sample based on within-
province matching. Panel A reports the covariates used in the matching process, while Panel B reports other covariates.

Table A.17: Impacts on Water Heater Sales — Matched Sample

Dep. Var.: Share of Gas Heater In(Quantity of Gas Heater)
1) (2) 3) (4)

Gasline 0.034*** 0.022*** 0.661*** 0.570***
(0.007) (0.007) (0.185) (0.189)

City FE X X X X

Year FE X X X X

Within-Province Match X X

Observations 1,740 1,570 1,740 1,570

Notes This table reports the estimated impacts of natural gas transmission pipeline expansion on wa-
ter heater sales using the matched sample. Columns (1) and (3) are based on whole-sample matching.
Columns (2) and (4) are based on within-province matching. Gasline is an indicator for whether an
expanded natural gas transmission pipeline has started operating in a city. All regressions control for
city and year xed effects. Standard errors in parentheses are clustered at the city level. * p 0.1, **

p 0.05 **p 0.01.
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Table A.18: Placebo Test of the Instrumental Variable

Market Share In(Sales Quantity)
Gas Electric Gas Electric
1) (2) 3) (4)
A. LNG terminals or extraction places
Gasline 0.001 -0.000 -0.023 -0.019
(0.019) (0.019) (0.115) (0.033)
B. Regions with low penetration increasel(0%)
Gasline 0.007 -0.007 -0.070 -0.012
(0.013) (0.013) (0.077) (0.030)
C. Regions with already high penetration40%)
Gasline -0.010 0.010 -0.025 0.041
(0.013) (0.013) (0.081) (0.034)

Notes This table reports the estimated impacts of natural gas transmission pipeline expansion
on water heater sales, among cities that have little change in gas distribution infrastructure.
Panel A retricts the sample to cities that have LNG terminals or natural gas extraction sites
and, therefore, already have advanced natural gas distribution infrastructure. Panel B restricts
the sample to cities where the increase in gas infrastructure penetration is less than 10%. Panel
C restricts the sample to cities that already have gas infrastructure penetration higher than 90
percentage points. Gasline is an indicator for whether an expanded natural gas transmission
pipeline has started operating in a city. All regressions control for city and year xed effects.
Standard errors in parentheses are clustered at the city level. *p 0.1, *p  0.05,**p 0.01.

Table A.19: Robustness Check with Valid t-Ratio Inference

Period Coef. S.E. F-stat tF Factor tFS.E. 95% ClI
1) 2 3 4) 5) (6) (7)
Share of Gas Heaters t 0.347 0.147 30.29 1.20 0.176  [0.001, 0.693]
In(Quantity of Gas Heaters) t 9.008 3.631 30.29 1.20 4.357 [0.468, 17.548]
In(Quantity of All Heaters) t 0.073 0.070 30.29 1.20 0.084 [-0.092, 0.238]
Share of Gas Heaters t 1 0460 0.168 43.14 1.12 0.188 [0.091, 0.829]
In(Quantity of Gas Heaters) 't 1 11.230 4.750 43.14 1.12 5.325 [0.793, 21.667]
In(Quantity of All Heaters) t 1 0.043 0.096 43.14 1.12 0.108 [-0.168, 0.254]

Notes This table reports the tF con dence intervals for the coef cient estimates in Table 2.7, following the approach sug-

gested by Lee et al. (2022).
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Table A.20: Estimates of Consumer Utility Parameters — Alternative Models

Logit Nested Logit
Coef. S.E. Coef. S.E.
Price -0.003 (0.000) -0.002 (0.000)
Tank Size 0.068 (0.006) 0.045 (0.003)
Heating Power 1.165 (0.085) 0.556 (0.036)
I[Ef ciencyl] I[Electric] 0.645 (0.122) 0.980 (0.078)
I[Ef ciency2]  I[Electric] 0.244 (0.096) 0.382 (0.055)
I[Ef ciencyl] I[Gas] 3.725 (0.475) 3.013 (0.299)
I[Ef ciency2] I[Gas] 2.635 (0.392) 1.745 (0.258)
I[Fast Heating] 0.674 (0.064) 0.510 (0.035)
I[Instant Hot Water] 1.989 (0.231) 1.565 (0.153)
I[Smart Control] 1.516 (0.073) 1.130 (0.040)
I[Gas] -3.594 (1.448) -4.004 (1.806)
I[Gas] In(Gas Penetration) 0.877 (0.205) 1.211 (0.140)
Within-Nest Correlations ( r) 0.566 (0.026)

Notes This table presents the estimates for consumer utility parameters using alternative mod-
els. The rst two columns report estimates from the plain logit model. The last two columns
display estimates from the nested logit model, where the nests are de ned by heating power
and energy ef ciency level. The model contains city, year, and brand xed effects. Instruments
for the price include local differentiation instruments, raw material prices, driving distance be-
tween the market and manufacturing rm location, and government subsidies. Tank Size is the
volume of the water tank. Heating Power measures the amount of water a water heater can raise
by 25 Cinone minute. I[Ef ciencyl] and I[Ef ciency?2] are indicators for tier-1 and tier-2 energy
ef ciency levels. I[Fast Heating] is an indicator for whether the product can expedite the heat-
ing process. I[Instant Hot Water] is an indicator for whether the product can provide hot water
immediately after turning on the tap. [[Smart Control] is an indicator for whether the product
has LCD screens and allows smart control functions. I[Electric] is an indicator for electric water
heaters. I[Gas] is an indicator for gas water heaters. Gas Penetration is the intra-city natural gas
distribution infrastructure penetration, measured using the percentage of households with ac-
cess to gas infrastructure in their house.
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Table A.21: Price Elasticities Across Different Water Heater Types

Gas Electric Tank Electric Tankless
Gas -4.251 0.036 0.004
Electric Tank 0.032 -3.365 0.003
Electric Tankless 0.040 0.036 -4.035

Notes The value in row i column jis gﬁ;f a , 1.e., the percentage change in sales quantity of prod-

uct i in response to 1% increase in the price of product j.

Table A.22: Price Elasticities Among Best-Selling Products

Brand Type | Elasticities

Vanward Gas -4,210 0.076 0.063 0.054 0.045 0.039 0.001
Midea Gas 0.104 -3.825 0.054 0.048 0.038 0.036 0.001
Macro Gas 0.129 0.072 -3.784 0.055 0.037 0.040 0.001
Haier Electric Tank 0.049 0.034 0.023 -3.833 0.236 0.058 0.004
A.O. Smith Electric Tank 0.041 0.021 0.016 0.192 -4.626 0.061 0.006
Midea Electric Tank 0.071 0.046 0.036 0.116 0.161 -3.678 0.003
Hannover  Electric Tankless | 0.087 0.028 0.011 0.132 0.212 0.068 -3.943

Notes The value in row i column j of the elasticity matrix is g’gf ‘;‘j , i.e., the percentage change in sales quantity

of the i-th product in response to 1% increase in the price of the j-th product. | select the products with the high-
est sales during the sample period for each water heater type. The detailed SKU of each product is omitted.
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Table A.23: Gas Infrastructure Expansion and Welfare Impacts of Electri cation via Tax

No Gas
Expansion Expansion Diff.

1) (2) 3)
Tax/Subsidy Rate (RMB)
Tax Rate 747 926 179
Subsidy Rate 0 0 0
Change in Average Price (RMB)
D Gas Heater Price 667 824 157
D Electric Heater Price 11 14 3
Change in Welfare (Billion RMB)
D Consumer Surplus -34.19 -45.70 -11.50
D Gas Heater Pro ts -17.21 -22.16 -4.95
D Electric Heater Pro ts 6.87 8.69 1.82
D Total Pro ts -10.12 -13.21 -3.08
D Tax Revenue 17.87 22.11 4.25
D Welfare -26.45 -36.79 -10.34

Notes This table summarizes the simulation results of achieving the 75% electri cation target (i.e., the
share of electric water heaters reaches 75%) through a tax on gas water heaters under two natural gas
infrastructure scenarios: (1) status-quo scenario with no change in gas infrastructure (in Column 1); (2)
a scenario where the natural gas distribution infrastructure penetration increases by 20% (in Column 2).
Column (3) reports the difference between these two scenarios. The top panel shows the tax/subsidy rate
on water heaters. The middle panel displays the average change in nal consumer prices. The bottom
panel presents welfare changes (in billion RMB) relative to the no-policy case under each gas infrastruc-
ture scenario. Welfare refers to the sum of consumer surplus, rm pro ts, and government tax revenue.
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Appendix B. Appendix to Chapter 2

B.1 Background on Electricity Distribution Networks

The International Energy Agency (2020) expects that between 2020 and 2030, 16 million
kilometers of existing electricity distribution lines need to bereplaced with approximately
60% of these replacement needs located in low and lower-middle income countries. This
will require vast nancial investments by distribution companies worldwide; and this does
not even include the investments needed fonewly-constructeddistribution lines in settings
that are being electri ed for the rst time in e orts to meet the Sustainable Development
Goals! Taken together, substantial investments in distribution infrastructure are expected
in the near future.

To better understand the di erent technology options available for use within distribu-
tion networks and and the path towards the ABCs' intervention studied in this paper, we
conducted several types of literature searches. First, we reviewed the academic literature on
ABCs, which is primarily from the eld of electrical engineering, to understand the history
of the ABCs technology, both in terms of the timing of development and the motivation
for historical uses. Second, we looked to popular news coverage and project documents
to understand the motivation for recent installation of ABCs in Pakistan. We report the
results of our search ndings in the following sub-sections.

Overall, distribution network investments are costly, both in terms of time costs and
monetary value. Lower voltage distribution projects typically require 4-7 years to complete
(International Energy Agency, 2022). Costs vary based on the quality and materials used

in the components of the distribution network.

1 Sustainable Development Goal 7 calls to “ensure access to affordable, reliable, sustainable and modern
energy for all.” As of 2020, 733 million people around the world still were without electricity (United Nations,
2022).
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B.1.1 Low-cost Infrastructure

To invest in new or updated infrastructure, distribution companies need adequate rev-
enue to cover those costs. Network revenues typically are generated through tari s that are
designed to incorporate the costs of grid investments (International Energy Agency, 2020).
Inherently, there is a tension between pressure to keep electricity taris low and e orts
to set tari s su ciently high in order to generate revenue to cover infrastructure invest-
ments. This tension is particularly felt in low and lower-middle income countries, where
there are pressures to increase electricity access, but large proportions of the populations
live in poverty.

E orts to keep down electricity tari s in low-income settings means that the quality of
infrastructure construction and service provision often diverges from that which is found
in middle and high income settings. Of the aerial options, ABCs are more expensive than
the open/bare lines frequently used in these settings. A distribution company must weigh
the benets of the dierent wire/cable options against their costs (Clapp et al., 1997)
and analyses comparing the costs of replacing existing conductors with either new bare
conductors, new covered conductors, or relocating the conductors underground, the costs
were estimated to be 0.3, 0.43, and 3 million USD per mile, respectively (Southern California
Edison, 2018). As a result, low voltage distribution lines in higher income countries are
typically either buried underground or are comprised of covered conductors such as aerial
bundled cables (ABCs), whereas in lower income countries bare wires were most often

installed, until recently.

B.1.2 Technical Background and Historical Use of ABCs

Many high and middle income countries have engineering standards for distribution
networks that require components that are more expensive than the most basic components
available on the market. In some high income countries, electricity distribution networks
are now underground. Being underground makes the distribution system less susceptible

to service interruptions and safety concerns than the aerial alternatives, but requires high
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upfront investment costs (International Energy Agency, 2022). In low- and lower-middle
income countries, such high upfront costs mean that underground distribution networks are
much less common (La Salvia, 2006).

Aerial distribution networks are the alternative to underground systems. The lowest
cost aerial network option is comprised of open cables or bare lines, which have been con-
vention in many settings (Agarwal et al., 2013). These bare cables, however, are prone
to weather/storm damage (e.g., puncturing by trees), and therefore, are prone to outages,
safety challenges (e.g., electrical shock, re risk, accidental contact with people and ani-
mals), environmental concerns (i.e., extensive tree clearance required), and electricity theft
via illegal tapping (La Salvia, 2006; Southern California Edison, 2018).

Starting in the early 1970s, electricity distribution companies began installing aerial
insulated and covered wires and cables within their distribution systems to overcome prob-
lems with bare wires. Broadly-speaking, covered conductor is the term used to refer to
conductors with an internal semiconducting layer and external insulating UV resistant
layers to provide incidental contact protection (Pacic Gas and Electric Company, 2021).
This covering di erentiates the conductor from a bare wire conductor? Aerial Bundled
Cables (ABCs), one type of commonly used covered conductor, are twisted and tightly
bundled insulated low voltage cables (Pacic Gas and Electric Company, 20213. When
introduced to electricity distribution systems in the late 1900s, ABCs were considered quite
revolutionary; upon installation in Australia in the early 1980's, ABCs were hailed as the
biggest step forward in overhead distribution line practice in 50 years (Williamson et al.,
1989), particularly in areas with dense vegetation and forests (Southern California Edison,
2018).

The earliest ABC installations are documented in high income countries, justi ed by the

technology's ability to increase personal safety and make the distribution system resistant

2 Other terms used for “covered conductors” include “insulated conductor” and “coated conductor” (Paci ¢
Gas and Electric Company, 2021).

3 Depending on the setting, ABCs refer to aerial bundled cables, aerial bunched cables, aerial bunch con-
ductors, and aerial bundled conductors. We will use ABCs to refer to all of these.
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to external abrasion and puncture due to trees (Li et al., 2010; Oliveira et al., 1996). For
example, when the Electricity Supply Board serving the Republic of Ireland replaced their
aging traditional open distribution wires with low voltage ABC lines in the late 1970s,
they argued that ABCs led to fewer incidences of accidental electrical contact, improved
continuity of service provision during storms, and reduced need for frequent tree trimming
(Murray, 1995).

Since the 1980s, ABCs have become ubiquitous in many high income countries, par-
ticularly in Europe. La Salvia (2006) mapped ABC low voltage usage worldwide as of
2006; at that time, ABCs were pervasive in Europe and installed albeit less extensively

in South America. For example, international energy giant, Enel Power, reported on
its extensive introduction of ABCs back in 1993 (Gasparini et al., 1993) and, as of early
2000s, low voltage ABCs were France's largest installed distribution network (La Salvia,
2006). In the northeastern region of the United States, an estimated 80% of distribution
lines are comprised of covered conductors, with the remaining 20% comprised of bare wires
(Southern California Edison, 2018). Recently, covered conductors including ABCs have
received much attention in California, as the state seeks to prevent future wild res, but
until this time were relatively rarely installed (Pacic Gas and Electric Company, 2021).
Other high income countries with extensive installation of covered conductors include the
United Kingdom, Finland, Sweden, South Korea and Japan.

Historically, there is less ABC installation in South Asia and Africa, with South Africa
being a notable exception (La Salvia, 2006). However, the literature indicates that the jus-
ti cations for ABC installation have shifted over time, leading to the technology spreading

to additional countries.

B.1.3 ABCs to Reduce Unbilled Consumption

The characteristics of ABCs that make them less prone to tree puncture also make
them less susceptible to illegal tapping and electricity pilferage. Indeed, in more recent

publications, engineers argue that replacing basic aerial lines with ABCs is considered a
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practical and e ective solution to reduce non-technical losses by (Abdollahi et al., 2020).
This use of ABCs is patrticularly focused on settings where electricity theft is common, in
low and lower middle income countries (La Salvia, 2006). The literature documents the
installation of ABCs with the specic purpose of reducing theft, and non-technical losses
more broadly, by utilities in countries such as Brazil, India, Iran, Mexico (Abdollahi et al.,
2020; Agarwal et al., 2013; La Salvia, 2006).

The potential of ABCs to help rectify the challenge of unbilled consumption is clearly
described in a recent report on India (Regy et al., 2021). Theft, which occurs through meter
tampering and illegal tapping into bare wires, is a major source of losses in India. Incurring
high losses annually, distribution companies then have di culty paying for investments
in upgraded or new infrastructure or even for the electricity purchased from generation
companies.

The Indian central government recommended that distribution companies upgrade their
infrastructure in order to reduce losses, including the use of ABCs for high and low tension
distribution lines to reduce illegal direct hooking (Regy et al., 2021). This recommenda-
tion is perhaps not surprising, given ABCs are believed to have contributed to reductions
in transmission and distribution losses within India between 2003 and 2016, with instal-
lations documented in the states of Assam, Delhi, Gujarat, Jharkhand, Madhya Pradesh,
Maharashtra, Punjab, and Uttarkand (PricewaterhouseCoopers Pvt. Ltd., 2016).

Recent research has shown that ABCs can reduce losses due to both technical ine -
ciencies and unbilled consumption. Abdollahi et al. (2020) conducted a study to closely
measure the e ects of ABCs on both technical ine ciencies and unbilled consumption in
Iran, where losses are high (18% of total energy input), like our setting, and 80% of those
occur in the distribution system. Their study's key ndings are pertinent to ours. First,
before the installation of ABCs, the majority of total losses are due to unbilled consumption
(1970.03 kW, or 70%), rather than technical ine ciencies (844.28 KW, or 30%). Second, un-
billed consumption was essentially eliminated after the installation of the ABCs, providing

strong evidence to support the claim that ABCs make illegal tapping impossible. Third,
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together, these ndings mean that of the ABC-induced reduction in total losses, 92% came

from the elimination of unbilled consumption.

B.1.4 ABC Installation in Pakistan

In its 2022 State of the Industry Report, Pakistan's regulator recommended that the
country's electricity distribution companies install ABCs in order to reduce losses (NEPRA,
2022). However, theft and ABCs were already major points of discussion for Pakistan's
electricity sector. Unbiiled consumption and ways to mitigate them featured prominently
in the country's news. Below we provide highlights of news stories from Pakistan covering
ABCs.

 The Express Tribune. September 07, 2015. Against tampering: Locals to have

theft-resistant electricity cables. Article discussed how the Peshawar Electric Sup-
ply Company (PESCO) was replacing old wires with ABCs in an e ort to reduce
electricity theft. https://tribune.com.pk/story/951944/against-tampering-locals-to-
have-theft-resistant-electricity-cables

e Such TV. November 24, 2018. New system being introduced to stop power theft:

Omar Ayub. In a television interview, Pakistan's Minister of Energy explained that
ABC installation would help control electricity theft and announce plans for an Asian
Development Bank funded e ort to install ABCs within the distribution network of
IESCO, PESCO, and LESCO. https://www.suchtv.pk/pakistan/general/item/ 77702-
new-system-being-introduced-to-stop-power-theft-omar-ayub.html

« Pakistan Today. July 27, 2020. Segmented load-shedding in line with National Power

Policy: K-Electric. The article described Karachi Electric's e orts to reduce elec-
tricity theft through the installation of ABCs. https://pro t.pakistantoday.com.pk
12020/07/27/segmented-load-shedding-in-line-with-national-power-policy-k-electric/

» Business Recorder. November 30, 2020. K-Electric to invest $1.5 billion in energy

infrastructure. Article reports that the utility already invested 55 billion rupees into

its distribution network in FY 2020, converting to ABCs and signi cantly reducing
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transmission and distribution losses, and load shedding.
https://www.brecorder.com/news/40036286

e The Daily Times. December 19, 2020. K-Electric requests consumers' understand-
ing as it conducts annual preventive maintenance. Article reported that installa-
tion of ABCs is a regular part of Karachi Electric's work to upgrade the network
and reduce illegal kundas in Karachi. https://dailytimes.com.pk/703407/k-electric-
requests-consumers-understanding-as-it-conducts-annual-preventive-maintenance/

« The News International. November 23, 2022. KE says transmission, distribution
losses reduced to 15pc in FY22. Article reported on discussion of Karachi Elec-
tric's Chief Financial O cer and the company's e orts to enhance its infrastructure
and continue e orts to reduce distribution losses by rolling out aerial bundled cables
on its network. https://www.thenews.com.pk/print/1012680-ke-says-transmission-
distribution-losses-reduced-to-15pc-in-fy22

B.2 Maps
B.3 A Model of ABCs' Impacts on Consumers

At baseline, excluding non-payers from electricity consumption is di cult for the elec-
tricity utility. The introduction of ABCs makes such exclusion more feasible. In this section,
we provide a simple model to conceptualize how consumer surplus may change with the

introduction of ABCs.
B.3.1 The Setup

We consider a case in which there are two types of residential electricity consumers
that acquire electricity via the grid, F (formal consumers) andK (kunda users). Formal
consumers are those that registered with the the utility and are served by a formal connec-
tion to the electrical grid. Formal consumers receive a bill from KE for electricity services
consumed, as captured by the electricity meter readings. Kunda users are not served by
a formal KE connection. Instead, they connect to the electrical grid through an informal
line, called a kunda. The kunda user pays a xed monthly fee to the kunda provider for

their consumption, which is unmetered. The utility does not receive any of the fee from
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(a) 2016m6

(b) 2018m12

(c) 2020m12
FIGURE B.1: ABC Installation at PMTs

Notes The gures show the location of PMTs in one of the IBCs with high losses. Light-colored circles indicate
PMTs without ABCs, and darker-colored circles indicate PMTs that have been converted to ABCs.

the kunda user? Both formal consumers and kunda users can reside in the same neigh-

4 For ease of exposition, we simplify the scenario to these two consumer types. Although a formal consumer
could, on occasion, manipulate their meter or also use a kunda, so as not to pay the full cost of their electricity
services consumed, we note that mathematically it would be equivalent to "split" such a consumer into two
distinct consumers, one with a "formal demand" and one with a "kunda demand." Intuitively, this is similar to
the construction of a demand curve with different willingness to pay for additional units of a product under
the law of diminishing marginal utility.
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