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THE ENVIRONMENTAL AND SAFETY PERFORMANCE OF GAS
UTILITIES IN THE UNITED STATES

Ryan. P. Scott?,
Colorado State University

Tyler A. Scott,
University of California, Davis

Robert A. Greer
Texas A&M University

Abstract

The performance of energy service providers has important environmental and safety
consequences in local communities. This paper uses a novel dataset compiled from operator
reports and infrastructure monitoring data obtained from three different US federal agencies to
assess the performance of retail gas utilities nationwide in terms of addressing gas leaks and
minimizing leak volumes. Our panel data set includes yearly observations for 727 retail gas
utilities from 2009 to 2017. We show that safety hazards and environmental costs of gas leaks are
widespread across providers that vary in terms of ownership, size, and region. We then use series
of Bayesian hierarchical models to regress four outcome variables--hazardous leaks, end-year
unfixed leaks, total gas volume leaked, and significant incidents--on infrastructure conditions,
regional service context, and socio-economic service population characteristics. Unlike what is
observed in other critical infrastructure cases such as drinking water, socioeconomic conditions are
not strongly predictive of service outcomes. Public utilities exhibit better environmental
performance on average, and no difference in maintenance backlogs. Because the environmental
costs of poor performance--primarily in terms of methane greenhouse gas emissions--are
predominantly social, policy tools such as consolidation and privatization are unlikely to improve
environmental outcomes.

Keywords
Utilities; gas distribution; leaks; performance; demographics; privatization

1. INTRODUCTION?

Gas service problems often gain public attention only when major local catastrophes are
publicized in the news media (e.g., Gutman, 2018; Hernandez and Stave, 2018). However,

*Corresponding Author: ryan.p.scott@colostate.edu.
2E|A: Energy Information Administration

INLA: Integrated Nested Laplace Approximations
PCA: Principal Components Analysis



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Scott et al.

2.

Page 2

monitoring and performance records evidence more systemic, widespread problems (Brandt
et al., 2014; Jackson et al., 2014; Phillips et al., 2013; Tollefson, 2013). From well to use,
estimates indicate 2.5% of all natural gas is leaked (Alvarez et al., 2018). These leaks have
serious consequences--leaked methane has an outsized greenhouse effect relative to other
emissions (Tollefson, 2013), gas leaks are a major contributor to ozone pollution (Fiore et
al., 2002), and on average 13 people are killed each year in pipeline safety incidents
(Parfomak, 2015).

This paper addresses one overarching question: How does gas utility performance vary by
the infrastructure conditions and socio-economic context of gas service providers? To
answer this question, we compile operator reports and infrastructure monitoring data
obtained from three different US federal agencies to link gas utility leak and safety outcomes
with system characteristics and infrastructure conditions for all US retail gas utilities.
Aggregated reporting data describe yearly safety incidents, leaks, and volume losses. Thus,
we are able to assess multiple dimensions of performance reflecting safety, public health,
and environmental outcomes. Performance is analyzed using a series Bayesian hierarchical
models regressing multiple outcome measures--hazardous leaks, end-year unfixed leaks,
significant incidents and total gas volume lost--on service system, utility and community
characteristics.

This national, comprehensive assessment extends beyond prior work focusing on leaks in
particular urban areas (Jackson et al., 2014; McKain et al., 2015) or extrapolating emissions
from monitored subsamples (Lamb et al., 2015). By identifying major risk factors and
correlates of poor performance in all three areas, these results can guide state regulatory
oversight and inform policy interventions targeted to assist managers and regulators.
Moreover, evidence from other infrastructure sectors speaks to: (1) how local economic
conditions and service population characteristics affect providers’ capacity to fund
operations and make capital investments (Scott et al., 2018; Teodoro, 2018); and (2) the role
of organizational structure (Konisky and Teodoro, 2016) and regional provider landscape
(Pierce et al., 2019) in shaping regulatory oversight and service outcomes. Using geographic
information systems (GIS) records to link utility service areas to weighted census tract
measures, we examine whether gas utility performance similarly varies by socio-economic
and organizational context. We proceed by providing a background and rationale for the
research, describing the methodology, relaying and discussing results, then finally providing
policy implications.

BACKGROUND

2.1 Gas service provision in the United States

Retail natural gas services in the United States are provided by an array of organizations that
vary widely in terms of ownership, scale, and market orientation. Providers range from small
municipally owned and operated systems to major investor-owned firms such as Pacific Gas

PC: Penalized Complexity
PHMSA: Pipeline and Hazardous Materials Safety Administration

PY: Prior Year
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& Electric (PGE), which provides gas service to around 15 million people throughout most
of the state of California (“Natural Gas System Overview,” 2018). Natural gas infrastructure
can be grouped into three main categories: gathering systems, which bring gas from
extraction sites to processing and generation facilities, transmission systems, which transport
gas from production sites to “city gates”, where gas is then received into distribution systems
operated by retail providers that bring gas to local homes and businesses. This paper is
concerned with distribution systems.

Gas distribution in the United States is regulated within a federalized structure. The US
Pipeline and Hazardous Materials and Safety Administration (PHMSA)--a unit of the US
Department of Transportation which was created in 2004--enforces a variety of federal
statutes related to hazardous materials management and transportation, including the Natural
Gas Pipeline Safety Act of 1968, the Hazardous Liquid Pipeline Act of 1979, and the
Pipeline Safety Improvement Act of 2002. Following these statutes, PHMSA sets rules
concerning a variety of issues such as pipeline placement, build materials, monitoring
requirements, and incident reporting. A second federal agency, the Energy Information
Administration (a unit of the US Department of Energy), administers a series of surveys
required by federal law to collect information about operator finances, resource flows, and
pricing. Within this nationwide framework, day-to-day regulation of intrastate pipelines
occurs at the state level by public utilities commissions. All states but Alaska and Hawaii
have PHMSA-certified safety programs that designate a state agency as bearing primary
responsibility for inspections, investigation, and enforcement (PHMSA, 2018a). Up to 80%
of each state’s program costs are reimbursable by PHMSA, with the exact amount
determined by fund availability and past program performance (PHMSA, 2018b) -- in 2017,
the proportion of state program spending reimbursed by PHMSA ranged across states from
64% to 70%.3 Overall, spending on gas pipeline safety is fairly small in scale; in 2017, the
state of California reported the highest total spending, around $6M a year, while South
Carolina reported $0 in spending and Montana reported around $200Kk.

The level of spending on pipeline safety is outpaced by the economic damage of major
events that occur each year in distribution systems. For reporting purposes, PHMSA
distinguishes between “significant” and “serious” incidents based on criteria such as whether
loss-of-life occurred and the volume of gas escaped. Figure 1 plots the yearly health and
economic damages of all reported incidents from 1998 through 2018: While some years
(e.g., 2010) have particularly bad outcomes, in general, around 20 people are killed, and
$300 million in economic damages are caused by major gas distribution system incidents
each year. Incident reports are only required for “significant events”. A significant event is
an official designation wherein death or serious injury occurs or where a sufficiently large
volume of gas is leaked. To gain a fuller perspective on the environmental consequences of
gas distribution system performance beyond significant events, we turn to yearly operator
reports filed with the EIA. Figure 2 plots the percentage of lost gas volume over total gas
supply by an operator for the year 2017. For most utilities, the utility-estimated lost volume
ranges between 0% and 5%--these numbers are nominally small, but represent a

3https://primis.phmsa.dot.gov/(:omm/publications/CY2017%208tateGrants.xlsx?nocache:9627
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considerable amount of emissions. For instance, PGE, the primary provider for much of
California, lost 0.36% of its total gas disposition in 2017 (author calculations, based on EIA
Form 176), but that percentage represents 3.3 billion cubic feet of natural gas. On average,
less than 1% of this leaked gas is lost in significant events (author calculations, based on
PHMSA data).

Existing studies of gas utility environmental and safety performance have largely focused on
technical fixes, including better leak-detection technology, accounting, and monitoring
(Lamb et al., 2016; McKain et al., 2015). However, these studies do not consider
organizational and service-oriented performance factors. Many natural gas delivery services
carry unfixed leaks at year-end and utilities in the United States must report year-end leak
volumes and incidents, thereby providing a systematic, large-scale method of assessing
environmental and safety outcomes (Scott and Scott, 2019).

2.2 Gas System Performance

In this analysis, we use four different, but related, measures of gas distribution system
performance. First, we consider the total volume of leaked gas reported by each operator on
a yearly basis. This measure is reported to the Energy Information Administration as a
record of yearly gas lost and represents a measure of each utility’s environmental
performance in terms of wasted emissions.

The second measure is the number of hazardous leaks each year. A hazardous leak is
defined as “a leak that represents an existing or probable hazard to persons or property and
requires immediate repair or continuous action until the conditions are no longer hazardous”
(49 CFR Ch. | § 192.949 49). In other words, hazardous leaks pose an imminent safety
threat, requiring immediate remedy by the operating firm.

Third, we evaluate the occurrence of significant events--events resulting in injury, loss of
life, or $120,840% in 2018 dollars or more in damage. A hazardous leak is not the same thing
as a significant event since a hazardous leak can occur without causing damage to life or
property. While volume lost in significant events is included in firms’ annual leak volume
estimates, we evaluate significant events by count-of-event as some events may have minor
gas loss but significant injuries or damages.

The fourth and final outcome measure we use is the total number of known leaks
remaining at the end of each calendar year. As described by PHMSA in their directions to
operators, known leaks are the

“the total number pipeline system leaks being monitored and scheduled for repair at
the end of the calendar year. Monitored leaks also include those leaks which have
been temporarily repaired until a permanent repair can be performed. These leaks
are non-hazardous unless reclassified following the operator’s operation and
maintenance procedures’

(Department of Transportation, n.d.).

4$50,000 in 1984 dollars, adjusted to 2018 based on CPI.
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Since hazardous leaks, by definition, require continuous action until the conditions are no
longer hazardous, we expect that unaddressed, but known, leaks are not major safety risks.
Instead, these leaks are a measure of maintenance backlog. Small, nonhazardous, methane
leaks are not likely to be a major concern for utilities unless the leak jeopardizes system
pressurization, or the volume of gas lost exceeds the cost to fix the infrastructure. Concern
for small leaks is minimized by the fact that the natural gas delivery is comparatively
redundant, with interconnecting pipeline points that provide supply redundancies and
physical systems where local disruptions do not lead to cascading failures (AGA, 2014).
Utilities can deliver consistent services and maintain a constant balance of leaks by
leveraging redundant connections, supplementing escaped gas with increased inputs from
storage or the city gate, increasing pressurization at compression stations, and using pressure
regulators and emergency vents. Such practices may benefit short-run profits but impose
long run environmental and safety costs.

Collectively, these four measures speak to each utility’s ability to operate safely and
minimize nonproductive environmental damages. In the next section, we describe the data
sources and measures in more detail.

2.2 Service Populations and Service Outcomes

Along with assessing how operator and infrastructure characteristics correspond to
performance outcomes, this analysis considers how observed gas utility performance differs
by socio-economic context. Although we are unaware of existing studies specifically
concerning utility characteristics and local service populations in the case of natural gas
services, more broadly the public policy and management literature has long been concerned
with the relationship between organizational context and public service outcomes (Burns,
1994; Mullin, 2009; e.g., Ostrom et al., 1961; Parks and Oakerson, 1989). Most relevant are
studies of critical infrastructure services--such as water, sewerage, transportation, and
electricity--that examine how characteristics of the service provider and the service
population affect quality and infrastructure management decisions (Casello, 2007; Mullin
and Rubado, 2016; Parinandi and Hitt, 2018; Switzer and Teodoro, 2018; Teodoro et al.,
2018b).

A few key takeaways can be drawn from this body of work. First, the relationship between
infrastructure development and neighborhood composition is attributable to a complex mix
of disproportionalities in siting decisions, market pressures, and enforcement (Banzhaf et al.,
2019). As a result of practices such as redlining and segregation, infrastructure decisions
made in previous generations have lasting legacies (Grove et al., 2018). Natural gas
infrastructure is largely correlated with the wider built environment, and older cast iron pipes
are the most leak prone (Jackson et al., 2014). Likewise, disadvantaged communities are less
likely to be able to participate in and influence governance (Daley and Reames, 2015).

Second, public service quality also often differs considerably by the economic and ethnic
status of local communities (Allaire et al., 2018; Allard, 2017; Teodoro et al., 2018a). One
reason is differential patterns of oversight and regulatory enforcement. Evidence from the
US Safe Drinking Water Act and the US Clean Air Act demonstrates lessoned oversight and
enforcement in disadvantaged communities (Konisky and Reenock, 2018; Teodoro et al.,
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2018a). Further, these localities face capacity limitations. Critical infrastructure operations
rely upon skilled technical labor, a lack of which constrains management success (Teodoro
and Switzer, 2016). Service providers also fund capital investments and maintenance
through service fees and taxes--where customers are unable to bear higher service fees
(Teodoro, 2018) or support major debt obligations (Scott et al., 2018), providers face an
uphill battle in maintaining operational quality.

3. DATA AND METHODS
3.1. Data

3.1.1. Data sources—The data used for this analysis come from several different
administrative sources. First, the US Department of Energy’s Energy Information
Administration (EIA) collects an annual form from all gas system operators, Form 176,% on
which operators report gas volumes, prices, and operational details. While Form 176 data are
available from 1997 onwards, our second key data source is only available starting from the
year 2010. The US Pipeline and Hazardous Materials and Safety Administration (PHMSA),
a unit of the US Department of Transportation, maintains annual data on pipeline
infrastructure conditions, leaks and leak volumes, and safety incidents.6 Operators are
required to submit a system report to PHMSA every year and face fines up to $100k per day
for a delayed submission (making the response rate quite robust). Third, we draw upon
geographic data showing natural gas7 and electricity8 service territories from the
Department of Homeland Security. Finally, we couple these administrative resources with
local demographic and economic data from the US Census Bureau. One barrier to
connecting these data is that there are no common keys on which to aggregate the different
sources--namely, PHMSA and EIA data, while pertaining to the same utility systems, are not
assigned a common identification scheme. Nor are electric and gas utility GIS data linked by
a common identifier. Thus, part of aggregating these data involve text-based matchings
strategies, which we explain below. In what follows, we establish the unit of analysis and
key variables for testing hypotheses.

4.1. Dependent variables

As described above, we use four different measures of yearly system performance: total leak
volume, hazardous leak count, significant incident count, and end-of-year known, unfixed
leaks. Natural gas leak and incident data are reported at the year-end to both EIA and
PHMSA. EIA receives a report of volume of gas lost to natural incidents specifically as part
of operator production and distribution reporting. The EIA measure provides an annual
quantity of volume lost from leaks, both fixed and unfixed. As such, total leak volume is a
measure of environmental performance, reflecting the unproductive greenhouse gas
emissions produced by system failures. The EIA instructs operators to “Report known loss
volumes as a result of leaks, damage, accidents, migration and blow down...Volume can be

5https://www.eia.gov/survey/form/eia_176/form.pdf, last accessed November 2, 2018.
https://www.phmsa.dot.gov/data-and-statistics/pipeline/source-data, last accessed November 2, 2018.

7https://hiﬂd—geop|atform.opendata.arcgis.com/datasets/natural—gas—service—territories, last accessed November 2, 2018.
https://hifld-geoplatform.opendata.arcgis.com/datasets/electric-retail-service-territories, last accessed November 2, 2018.
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your best estimate”®. Thus, this value is somewhat subjective in that calculation methods
between operators (Costello, 2014).10

The PHMSA receives an annual report that documents each operators’ unfixed leaks and
hazardous leak incidents. In addition, significant incidents are always reported to PHMSA.
We regard hazardous incident count and significant incident occurrences as measures of
safety performance. Leaks are often caused by actions outside the utility such as excavation
strikes, land movement, and weather. Significant incidents can arise not only from line
strikes or breaks but also from other system failures such as overpressurization. While a
utility cannot control for all eventualities, safety programs, stakeholder education, and
operations and maintenance efforts do affect safety outcomes (Scott and Scott, 2019).

Finally, remaining known, but unfixed leaks represent maintenance backlog to which a
utility has not attended. Importantly, these unfixed leaks are leaks that are scheduled for
repair. A pro-active operator might find and schedule more leaks, increasing backlog. Thus,
instead of total unfixed leaks, we model annual change in backlog-- a maintenance backlog
increase year over year is potentially problematic in terms of service performance whereas a
simple volume of unfixed leaks is less problematic and may reflect better leak detection
(Barco A. L., 1994; Scott and Scott, 2019). As noted above, these leaks are not immediately
hazardous (since hazardous leaks are by law not allowed to remain unfixed).

demographic, and contextual variables

For each utility, we incorporate four general attribute categories as explanatory variables for
performance: (1) service characteristics; (2) physical infrastructure characteristics; (3)
service population demographics; and (4) operating environment. In this section, we briefly
explain each set of covariates and how we measure relevant concepts.

First, physical infrastructure characteristics refer to the quantity and material condition of
each utility’s built capital. For these data, we draw upon yearly operator reports filed with
the PHMSA. We then include the prior year’s reported leak volume and unfixed known leak
balance. PHMSA reports also detail the total number of services and total length of gas
mains operated by each utility, as well as itemization of mains and services in terms of the
decade in which they were constructed and the materials with which they are made. This is
significant because older pipelines were installed using different technologies and subject to
older safety regulations. Post-1970 technological improvements in materials construction,
welding, and protection make pipelines much more reliable, such that PHMSA pays
particular attention to each utility’s balance of pre-1970 infrastructure (PHMSA, 2018c).
Moreover, cast iron and bare steel pipes are much more prone to corrosion and related safety
problems (PHMSA, 2018c). To some extent, these attributes are interconnected--for
instance, older pipelines are more likely to be constructed with problematic materials, and
older/poorly constructed mains are likely to co-occur with older/poorly constructed services.
Thus, we use a principal component analysis (PCA) (Jolliffe, 2011) model to generate a

9https://wvvw.eia.gov/survey/form/eia_l?G/instructions.pdf, pg. 4, last accessed November 2, 2018.

City-wide comparison of methane emission estimates to air samples demonstrates that distribution systems tend to leak more gas
than is reported (Jackson et al., 2014; Lamb et al., 2015; Phillips et al., 2013). Thus, to some extent measurement of performance is
confounded by the administration of monitoring and surveillance (Biber, 2013).
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“bad infrastructure” factor variable based on the first principal component for the PCA
model fit to four variables: % mains pre-1970, % services pre-1970, % bare metal pipes, and
% bare metal services. Figure 3 shows the observed relationship between the first principal
component and each of the four variables, indicating broad correlation and a strong
measurement via one factor.

To control for basic operational characteristics, we also include total gas usage, price per
volume delivered to residential customers, and ownership type of utility. These give
measures of scale, performance, and ownership structure found to be important in related
research (Atkinson and Halvorsen, 1986; Boardman and Vining, 1989; Demsetz and Lehn,
1985; Hiebert and Dean Hiebert, 2002; Parinandi and Hitt, 2018).

To evaluate the variance of performance in relation to socioeconomic drivers, we draw upon
US Census American Community Survey data at the tract-level. First, using GIS data for
tract boundaries, we compute the overlap between gas service territories and census tracts.
Then, we compute weighted measures of demographic indicators--median income,
proportion of non-white residents, proportion of owner-occupied households, proportion of
population over 25 with a Bachelor’s degree of higher, median home price, and median year
of built structures--based upon the overlap. For count and ratio variables (e.g., total
population and proportion of non-white residents), we compute a weighted sum across all
tracts and then compute the ratio statistic; for measures of central tendency (e.g., median
home price), we compute a weighted average across all tracts.

Finally, to incorporate regional operational environment, we control for summer and winter
temperature at the level of the utility (mean high temperature within service area), state-level
gas prices in the current and prior year, and state-level gas receipts and deliveries.
Temperature is an important predictor of service context for several reasons. Temperature
affects both energy use and operational conditions (e.g., ground upheaval from freezes and
thaws). Finally, regional gas prices and import and export behavior reflect how reliant a
given state is on natural gas and the extent to which gas is likely to be imported from
elsewhere versus sourced locally. All variables are illustrated in table 1.

While there are some missing observations (table 1, column 4), data are largely complete for
utilities that are recorded in the Department of Homeland Security utility database as
distribution utilities. Where all intersecting census tracts are missing data, the utility is
recorded as missing data for that demographic variable. We address missingness within the
model by relying on Bayesian inference given observed data (described in the following
section).

4.3. Model specification

The basic conceptual model we employ is: Performance ~ Infrastructure characteristics +
service characteristics + service demographics + environmental context, with yearly system
performance measures as units of observation. To account for unobserved between-system
heterogeneity, we use a multilevel model that groups system-year observations within
modeled system-specific intercepts. Since primary oversight and regulatory responsibilities
rest at the state level, we further fit a state-level intercept term that groups observations by

Energy Policy. Author manuscript; available in PMC 2020 October 01.
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state of operation. Finally, we fit a varying intercept term (Gelman, 2005) for each year
(2009-2017) in the sample. This means that each regression model is a cross-classified
multilevel model because two observations can be from the same operator but different
states, or different states but the same year.

In the multilevel model, each group intercept term is modeled using the functional form of
an independent and identically distributed (/7id) random effect. However, in practice, we can
only observe one possible outcome for the year 2011 or for Harris County, TX, for instance.
Thus, it is more appropriate to think of these varying intercepts to be acting as a shrinkage
estimator rather than as a random draw from a possible distribution (Hodges and Clayton
2011). Moreover, evidence shows a high degree of robustness for random effects which
violate the normality assumption and does not demonstrate bias in estimates of between- and
within-cluster covariates (McCulloch and Neuhaus 2011).

There are several advantages of using varying, instead of fixed, intercepts for this
application. First, given the heterogeneous nature of energy service provision nationwide,
most data groupings are unbalanced--for instance, some states and counties have many
providers, while others just a handful. Modeled intercepts act as a shrinking estimator by
accounting for within-group covariance while adjusting for group size and variance
(Hodges, 2014). When group size is small or within group variance considerable, the model
places more weight on the sample mean, and when group size is large and/or within-group
variance is small, more weight is given to the group mean (Gelman and Hill, 2006).

Second, the multilevel structure allows for both time-varying and time-invariant covariates
fit at multiple levels. For instance, ownership type is observed at the gas utility level and is
non-time varying. Some infrastructure characteristics such as pipeline materials composition
change relatively slowly over time such that they are functionally largely time-invariant over
the 2012-2017 period.

We fit four separate regression models, each with a different dependent variable. The basic
formulation is specified in equation 2, where the dependent variables Yy (3, Y1, YHA4
Y34, is are observations of known end-year leak counts Y7, total yearly leak volume Y\,
yearly hazardous leak occurrence Yy~ and yearly significant incidents Y5 for observation /.

Anyoneof Y, Yy, YHZI) Ysi) = @+ s+ T+ BnXmi + €; (Equation 1)

where a, is the modeled intercept for operator v,p0s is the modeled intercept for state s, and
¢ the intercept for year ¢ In equation 1, X is then a matrix of operator-year covariates /m
(e.g., yearly volume, pipeline material characteristics, etc.), andp ;A corresponding vector of
coefficient estimates. Equation 2 then shows the second level of the model, where each
utility-specific intercepta;is modeled as a function of the whole sample mean ag and utility
characteristics 1 to n (e.g., sector type), with [, representing the utility-level error term.

ay = ag+ AWy + py (Equation 2)

Similarly, equation 3 shows the state-level component of the model:

Energy Policy. Author manuscript; available in PMC 2020 October 01.
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ps=po+t ngps + &5 (Equation 3)

For functional form, we use a zero-inflated negative binomial likelihood to link the observed
counts to the linear predictors. We fit models using the R-/NLA package in R (rinla.org). /-
INLA estimates hierarchical Bayesian models using Integrated Nested Laplace
Approximation (INLA) (Blangiardo and Cameletti, 2015; Rue et al., 2012). In brief, INLA
is an alternative to Markov chain Monte Carlo (MCMC) maximum likelihood estimation
that uses a Gaussian Markov random field model syntax (Rue and Held, 2005) to estimate
the model parameters as a function of a joint hyperparameter distribution (Hodges, 2014).

INLA is a Bayesian modeling technique. This means that model coefficient estimates are in
the form of posterior densities--i.e., a probability distribution for a given parameter
estimated on the basis of the observed data and the prior, or pre-set distribution. Before
discussion posterior densities, we address the issue of priors. Given that many empirical data
analyses have limited, if any, preceding analysis, it is common to employ “uninformative
priors” (e.g., a flat, uniform prior distribution). However, recent scholarship has
demonstrated the superiority of weakly informative penalized complexity (PC) priors for
hierarchical models (Fuglstad et al., 2018; Martins et al., 2014). While a full explanation of
PC priors is beyond the scope of this paper, in brief PC priors penalize increased model
complexity, defined in terms of deviation from a simpler base model. This serves to prevent
overfitting to the observed data, which can lead to the estimation of spurious spatial,
temporal, or group-level trends in modeled intercepts (Fuglstad et al., 2018).

Interpretation of a posterior density is straightforward -- the posterior density quantifies
uncertainty about a parameter value by presenting an estimated probability of the value
given the observed data. We then compute a 95% credible interval by identifying the 0.025
and 0.975 quantile values of the posterior density; the credible interval presents a range of
values that is predicted to with 95% probability to contain the “true” parameter value. In
terms of interpretation, posteriors can be understood as representing the predicted
association between a single standard deviation increase in variable a,, ps, T, Or Xmon the
difference in the In counts of volume lost, events, or leaks given the administratively
observed data. The standard deviation interpretation results from the independent scaling of
all explanatory variables in the model.

5. RESULTS

5.1.

Physical Infrastructure Characteristics

In evaluating the results, we first turn to physical infrastructure characteristics (Figure 4). As
would be expected, larger systems--those with more miles of mains--are associated with an
increased likelihood of all four outcomes. In other words, the more gas mains that a utility
operates, the greater the risk of gas leaks and safety hazards. To compute a standardized
ratio of gas volume, we divided total volume by the length of mains; here, we see mixed
results across the different outcome measures. Volume ratio is a strong predictor of increased
leak volume. This makes sense because leak volume should increase with overall gas usage.

Energy Policy. Author manuscript; available in PMC 2020 October 01.
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For hazardous leaks, we see disparate results. High volume utilities exhibit fewer hazardous
leaks on average, holding all else constant. We address this discrepancy in more detail in the
discussion section. Finally, high volume usage is not associated with a significant difference
in maintenance backlog (known leaks).

Along with volume-to-main-length, we also compute a standardized measure of the services
to main length (since total main length and total number of services are strongly correlated).
Mains are larger and have better known locations, while services deliver gas from mains to
individual users. Thus, this ratio represents a potentially important difference in gas
infrastructure: A gas distribution system with a higher services-to-volume ratio is a more
complicated and densely concentrated physical system, with more connections and
endpoints. This additional complication is reflected in the results--systems which have a
higher services-to-volume ratio have significantly more hazardous leaks, greater leak
volume, and a larger end-of-year maintenance backlog. Only the rate of significant incidents
has no association with services-to-volume ratio.

Figure 4 further shows that prior year outcomes are loosely predictive of current-year
results, as both known leaks and leak volume are positively correlated year-to-year.
Unsurprisingly, a system with a greater maintenance backlog in one year is likely to have a
higher backlog the following year as well, all else equal. Interestingly, carrying a larger
maintenance backlog from the prior year does predict an increased rate of hazardous leaks
the following year (although there is no corresponding uptick in the rate of significant
incidents).

Finally, somewhat unexpectedly the “bad infrastructure” factor variable (representing the
extent to which a system relies upon old and/or bare metal gas mains and services) has a
mixed association with performance outcomes. Poor infrastructure is positively associated
with known leaks--not surprising for a system using older and more corrosive pipes.
Likewise, although the credible interval is wide and spans zero (given the relative rarity of
significant incidents, results for the model fit to this performance measure tend to be more
uncertain in general), poor infrastructure also has a strong positive association with
significant incidents. However, there is no significant association between poor
infrastructure and leak volume, and the association between poor infrastructure and
hazardous leaks is negative. The likely reason for this is twofold: First, most systems have a
very low percentage of bare metal pipes remaining in service (1.8% of services and 2.4% of
mains, on average), and so even if these pipes leak a lot, the total gas loss attributable to this
issue alone must remain small. Second, it stands to reason that utilities prioritize replacing
problematic infrastructure in areas where failure is most likely to create a hazardous
situation. Thus, even systems carrying a larger inventory of older and/or bare metal pipes are
likely to seek to prioritize safety risks, whereas there is less corresponding incentive with
respect to lost volume.

5.2. Utility Service Characteristics

Next, figure 5 presents coefficients for three service characteristics--residential gas price,
whether a system is public or privately owned, and whether a utility is both a producer and
distributor. One might expect that systems with higher prices have greater financial capacity,
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and thus are better able to conduct operations and maintenance. However, we observe no
correspondence between average price and any of the four performance outcomes. Publicly
owned and privately owned systems have similar significant incident rates, and likewise
differ little with respect to maintenance backlog (known unfixed leaks). Publicly owned
utilities do perform significantly better in terms of gas leak volumes and the rate of
hazardous leaks. Finally, the coefficient estimates for producer versus non-producer utilities
are quite noisy, with wide credible intervals. There are no significant associations observed
between vertically integrated systems and performance outcomes.

5.3. Service Population Demographics

Figure 6 presents coefficient estimates for the series of demographic variables used to
characterize each service population. Turning first to total leak volume, communities where
we observe a higher median home price, a greater proportion of owner-occupied homes, and
newer housing stock do have lower gas losses on average. Ethnicity, income, and education
are not associated with leak volume.

For maintenance backlog, service population characteristics are not associated with any
meaningful differences and all coefficient estimates are closely bounded around zero. As
with the prior plots, the relative scarcity of significant incidents results in greater uncertainty
and wider credible intervals. All credible intervals for significant incident rate span zero, and
the overall pattern is ambiguous (e.g., median income and median home price have a
positive association with incident rate). Finally, the results for hazardous leak rate are also
mixed--communities with higher median income have fewer hazardous leaks on average, but
better educated communities have more hazardous leaks on average. Collectively, these
estimates indicate that the attributes of the service community do not correlate with major
differences in gas utility performance.

6. DISCUSSION

In evaluating natural gas service performance, this analysis did not observe a consistent
divergence in outcomes based on socio-economic strata. To understand why this might be
the case, it is helpful to think about how energy services differ from other service sectors,
particularly water systems (which, for a variety of reasons, are prominently featured in
recent scholarship on environmental service provision). Water services are a useful point of
comparison because water and gas systems have many similarities. First, water and gas
systems are highly asset specific, with high fixed costs that require significant capital
investment, and very technical, requiring trained operators, engineers, and other skilled
labor. Second, water provision and hazardous materials transmission are both subject to
extensive regulatory oversight at both the state and federal level. Third, water and energy
access and affordability are significant social justice issues, with the quality and consistency
of service provision having a major impact on livelihoods (McDonald and Jones, 2018;
Walker and Day, 2012).

However, in thinking about the population of service providers and the nature of service
problems and, the two cases diverge. For water, the costs of poor service-- unsafe water or
irregular service for example-- are largely borne by customers, the end users. While there are
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many social costs attributable to lack of clean water, drinking water service quality is
approximately a private good. Although water system leaks can be quite damaging to
property, leaky water pipes do not generally pose a public health risk or damage the
environment. In contrast, end users of natural gas are not typically concerned with gas
condition or quality--during processing, natural gas must be decontaminated, but
contaminated gas service is not an issue for customers. Rather, leaky and malfunctioning gas
service lines affect users and non-users alike by threatening public safety and harming the
environment. Certainly, natural gas consumers are proportionately more at risk since they
dwell in piped buildings and use gas systems, but non-users and the public at large also bear
the costs of gas service problems.

With respect to our results, this means that the demographics of the user base itself might be
less important correlates for gas service problems than has been observed in the case of
water. For instance, many leaks and damage incidents are caused by line strikes from
excavation and construction (Scott and Scott, 2019). Thus, in a manner of speaking, the
construction industry is a major user base for the public goods of gas system safety and
environmental performance. Research showing inequality in drinking water services
typically points to a user group’s lack of social influence, financial capacity, and political
capital as drivers (e.g., Teodoro et al., 2018a). The key “user groups” for gas system
performance include not just local residents, but also interest groups such as the local
construction industry. Future work to understand utility efforts to inform and educate these
stakeholders, and the influence that said stakeholders have on companies, regulators, and
local officials, can perhaps better shed light on how community economic and political
attributes affect service outcomes.

It is also simply more difficult to assess socio-economic differences in service performance
given the large scale at which many gas providers operate. There are vastly more water
utilities in the United States than there are gas providers (EPA 2019, DHS 2019). While gas
providers such as PGE, Atmos Energy, or Southern Company Gas operate a regional scale
(DHS 2019), the very largest water utilities are still municipal systems, and many water
systems serve specific neighborhoods or housing developments (EPA 2019). This makes
linkages between community attributes and service delivery relatively straightforward. In
contrast, demographic estimates for large gas providers’ service territories are less reflective
of meaningful differences in socio-economic conditions since values are averaged across
many local areas. While our analysis includes both small and large gas providers, for large
providers operator-level performance outcomes are likely to be less informative for
understanding how socio-economic conditions shape service performance.

Further, after controlling for infrastructure quality we observe better performance on average
for public operators versus private firms in terms of total leak volume and hazardous
incident occurrence, but no meaningful differences with respect to maintenance backlog or
significance incident occurrence. It is not clear what might be driving these observed
differences. Research suggests that public infrastructure operators are more difficult to
regulate and thus tend to have worse environmental performance relative to private firms
(Konisky and Teodoro, 2016). For natural gas systems, however, there is not an active
compulsory regulatory program for controlling small methane leaks of a non-hazardous
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nature such that public operators might be more weakly regulated. The lack of leak
regulation coupled with the ability of firms to price losses into rates may mitigate the
environmental benefits of privatization (Hausman and Muehlenbachs 2019). Of course, this
explanation does not necessarily help to explain the differences in safety outcomes.

Another likely contributing factor to the observed performance differences between public
and private gas providers is that a competition-based rationale for privatization is
problematic for monopolized gas provision. In their study of benchmark competition in
water services, Wallsten and Kosec (2008) conclude that the public-private distinction does
not really have an opportunity to matter in the absence of competition. As discussed above,
the natural monopoly enjoyed by gas providers, coupled with high concentration in the
sector, creates an environment that lags in both standard and benchmark competition. In the
electricity sector, which suffers from a similar issue, one policy strategy has been to divorce
generation and transmission (Hight, 2018). Under a consumer choice system, such as that in
the state of Texas, consumers can purchase electricity from a retail electric provider of their
choosing, while the incumbent utility maintains a monopoly on transmission. Under such a
model, consumers would be able to choose their retail provider, but not the distribution
system operator. While privatization might make sense for other reasons--for instance, lack
of technical or financial capacity by the local government--it is unlikely to leverage
competitive forces to improve environmental and safety performance.

CONCLUSION AND POLICY IMPLICATIONS

Analyses of energy services have often focused on market performance and pricing (Larsen
etal., 2012; Marino et al., 2011); however, energy services are subject to the same base
considerations-public efficiency, effectiveness, and equity--as other public services. The
most enduring finding from existing research asking fundamental questions about what
institutional and organizational factors drive effective and equitable service outcomes is that
the answers to these questions are highly contextual. For many of the reasons we discuss in
this paper, gas services present somewhat of a “hard case” for many theoretical expectations
about performance and service outcomes. This speaks to the importance of testing these
factors in just such a context, however; what works in water, solid waste, or air quality
management might not work in energy, and vice versa. Our results suggest, for instance, that
regulators and policymakers are unlikely to see major gains from privatization alone--at least
in terms of environmental damage and public safety based on observations of current
outcomes. However, variation within privatization strategies might obscure critical
differences.

Second, there are no clear patterns of differential performance across socio-economic
classifications. This provides useful evidence that despite institutional and infrastructural
variation in gas service provision, maintenance of systems and safety performance measured
at the operator level is not observably different by race, and class. Whether this means that
gas service performance is more egalitarian than many other public services, or that large
scale systems attenuate operator-level comparisons across socio-economic strata, is an
important question for future research).
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interdependent infrastructure and coupled infrastructure systems (e.g., the “food-water-
energy nexus”) (Romero-Lankao et al., 2017; Schlor et al., 2018). While case-based and

qualitative work has shed light on the implications posed by coupled systems (e.g.,
Villamayor-Tomas, 2018), developing a more systematic understanding of coupled
infrastructure systems requires building a base of research that helps to frame what

performance looks like, and what attributes matter, in component systems. By analyzing the
case of gas service delivery, we aim to provide a building block towards achieving a more
holistic perspective on metropolitan service delivery that accounts for multiple dimensions

of performance.
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12.: APPENDIX A: Tabular model results

Model 1:
Leak Volume as Dependent Variable

Variable Mean  0.025quantile 0.975quantile Model

Bad Infrastructure, Eigen -0.003 -0.088 0.083 Leak Volume
Ed. Bachelor or Higher, % 0.052 -0.054 0.158 Leak Volume
Known Leaks PY, In 0.036 -0.027 0.099 Leak Volume
Leak Volume PY, In 0.033 -0.013 0.079  Leak Volume
Mains, In 1.008 0.867 1.148 Leak Volume
Median Home Price -0.113 -0.209 -0.016 Leak Volume
Median Income 0.014 -0.052 0.080 Leak Volume
Median Year Structures -0.123 -0.222 -0.025 Leak Volume
Non White, % In 0.023 -0.080 0.126  Leak Volume
Owner Occupied Household, %  -0.083 -0.156 —-0.009 Leak Volume
Producer -0.131 -0.657 0.403  Leak Volume
Public Ownership -0.597 -0.930 -0.265 Leak Volume
Residential Price, avg. 0.003 -0.062 0.067 Leak Volume
Services per mile of mains 0.206 0.090 0.322  Leak Volume
State Avg $ -0.087 -0.196 0.023  Leak Volume
State Avg $, PY 0.155 0.031 0.280 Leak Volume
State Deliveries, In 0.122 0.034 0.209 Leak Volume
State Receipts, In 0.021 -0.041 0.085 Leak Volume
Temp Summer 0.002 -0.102 0.106 Leak Volume
Temp Winter -0.221 -0.355 -0.088 Leak Volume
Total Population, In + 1 0.859 0.700 1.019 Leak Volume
Volume per miles of mains 0.450 0.338 0.566 Leak Volume
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Model 2:
Known Leaks as Dependent Variable

Variable Mean  0.025quantile 0.975quantile Model

Total Population, In + 1 -0.039 -0.215 0.134  Known Leaks
Median Income 0.024 -0.062 0.110  Known Leaks
Median Home Price 0.006 -0.062 0.079  Known Leaks
Median Year Structures 0.012 -0.096 0.120  Known Leaks
Non White, % In 0.017 -0.113 0.146  Known Leaks
Owner Occupied Household, % 0.056 -0.042 0.155 Known Leaks
Ed. Bachelor or Higher, % 0.044 -0.076 0.165 Known Leaks
Volume per miles of mains 0.063 -0.139 0.269  Known Leaks
Residential Price, avg. -0.014 -0.118 0.090 Known Leaks
Producer 0.308 -0.346 0.977  Known Leaks
Bad Infrastructure, Eigen 0.222 0.119 0.325 Known Leaks
Known Leaks PY, In 0.654 0.577 0.730 Known Leaks
Leak Volume PY, In 0.000 -0.060 0.059  Known Leaks
Mains, In 1.037 0.848 1.227  Known Leaks
Services per mile of mains 0.191 0.067 0.315 Known Leaks
Public Ownership 0.131 -0.184 0.448  Known Leaks
State Deliveries, In -0.052 -0.167 0.059 Known Leaks
State Receipts, In 0.001 -0.105 0.103 Known Leaks
State Avg $ -0.070 -0.227 0.086  Known Leaks
State Avg $, PY 0.005 -0.156 0.162 Known Leaks
Temp Summer -0.049 -0.172 0.072  Known Leaks
Temp Winter 0.190 0.058 0.325  Known Leaks

Model 3:
Hazardous Leaks as Dependent Variable

Variable Mean  0.025quantile 0.975quantile Model

Bad Infrastructure, Eigen -0.098 -0.170 -0.025 Hazardous Leaks
Ed. Bachelor or Higher, % 0.072 0.002 0.141 Hazardous Leaks
Known Leaks PY, In 0.045 0.009 0.080 Hazardous Leaks
Leak Volume PY, In -0.049 -0.080 -0.018 Hazardous Leaks
Mains, In 1.856 1.748 1.965 Hazardous Leaks
Median Home Price 0.024 -0.043 0.091 Hazardous Leaks
Median Income -0.053 -0.097 -0.009 Hazardous Leaks
Median Year Structures 0.007 -0.057 0.070 Hazardous Leaks
Non White, % In -0.056 -0.139 0.026 Hazardous Leaks
Owner Occupied Household, % 0.011 -0.040 0.062 Hazardous Leaks
Producer -0.119 -0.410 0.173  Hazardous Leaks
Public Ownership -0.224 -0.410 -0.039 Hazardous Leaks
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Variable Mean  0.025quantile 0.975quantile Model

Residential Price, avg. 0.018 -0.040 0.076  Hazardous Leaks
Services per mile of mains 0.420 0.341 0.499 Hazardous Leaks
State Avg $ 0.056 -0.017 0.130 Hazardous Leaks
State Avg $, PY 0.051 -0.026 0.129 Hazardous Leaks
State Deliveries, In -0.026 -0.072 0.019 Hazardous Leaks
State Receipts, In 0.031 0.000 0.063 Hazardous Leaks
Temp Summer 0.045 -0.012 0.102 Hazardous Leaks
Temp Winter -0.100 -0.168 -0.037 Hazardous Leaks
Total Population, In + 1 -0.011 -0.109 0.086 Hazardous Leaks
Volume per miles of mains -0.104 -0.196 -0.016 Hazardous Leaks

Model 4:

Incident Count as Dependent Variable

Variable Mean 0.025quant | 0.975quant | Model

Bad Infrastructure, Eigen 0.408 -0.037 0.874 | Incidents
Ed. Bachelor or Higher, % 0.048 -0.188 0.278 | Incidents
Known Leaks PY, In 0.005 -0.350 0.344 | Incidents
Leak Volume PY, In 0.251 -0.245 0.764 | Incidents
Mains, In 0.710 0.167 1.273 | Incidents
Median Home Price 0.079 -0.162 0.325 | Incidents
Median Income 0.080 -0.240 0.398 | Incidents
Median Year Structures 0.039 -0.046 0.115 | Incidents
Non White, % In -0.246 -0.740 0.246 | Incidents
Owner Occupied Household, % | -0.002 -1.543 1.489 | Incidents
Producer 0.110 -0.300 0.502 | Incidents
Public Ownership 0.097 -0.124 0.327 | Incidents
Residential Price, avg. 0.046 -0.136 0.230 | Incidents
Services per mile of mains -0.034 -0.464 0.399 | Incidents
State Avg $ 0.159 -0.153 0.474 | Incidents
State Avg $, PY -0.594 -1.483 0.248 | Incidents
State Deliveries, In 0.088 -0.312 0.531 | Incidents
State Receipts, In 0.234 -0.038 0.607 | Incidents
Temp Summer 0.566 -0.002 1.158 | Incidents
Temp Winter -0.531 -1.060 -0.026 | Incidents
Total Population, In + 1 -0.317 -0.679 0.036 | Incidents
\Volume per miles of mains 0.323 -0.062 0.713 | Incidents
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13.: APPENDIX B: State-level coefficient plots and hyperparameters

This appendix presents the results for state-level coefficients included in the model (figure
B1). At the state level, we find that higher state prices the previous year are associated with
increased leaks and volume lost the subsequent year, but that the current year’s price is
negatively associated with reported losses or unfixed leaks--of course current year and
previous year price are highly correlated. As we also controlled for single-utility prices, we
recognize that increased price per MCF at the utility level was also associated more broadly
with increased losses and leaks, but at a non-significant level. Notably, state level
competition is not a significant predictor of either known leaks or volume lost.

We also note that states with higher receipts or states that provide gas to the natural gas
system have move volume lost, they do not have higher rates of known, unfixed leaks.
Meanwhile, as deliveries in state increase, there is an associated increase in volume leaked,
but deliveries are inversely associated with the count of known leaks. Overall this suggests
increased demand for gas is associated with a decrease in leaks but an increased volume of
loss, while increased state level supply is associated with increased leaks while not
providing any improvement to the prediction of the number of unfixed leaks at year end.
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95% credible intervals for utility and environmental context variables expected to affect gas
distribution performance outcomes.

Figure B2 presents model hyperparameter estimates. In a hierarchical Bayesian model,
hyperparameters are those pertaining to the estimated distribution of a given varying
intercept (e.g., for utility or state).
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Figure B2:
95% credible intervals for hyperparameters

10. REFERENCES

AGA, 2014 Natural Gas Pipeline Systems: Delivering Resiliency

Allaire M, Wu H, Lall U, 2018 National trends in drinking water quality violations. Proc. Natl. Acad.
Sci. U. S. A 115, 2078-2083. [PubMed: 29440421]

Allard SW, 2017 Places in Need: The Changing Geography of Poverty Russell Sage Foundation, New
York, NY.

Alvarez RA, Zavala-Araiza D, Lyon DR, Allen DT, Barkley ZR, Brandt AR, Davis KJ, Herndon SC,
Jacob DJ, Karion A, Kort EA, Lamb BK, Lauvaux T, Maasakkers JD, Marchese AJ, Omara M,
Pacala SW, Peischl J, Robinson AL, Shepson PB, Sweeney C, Townsend-Small A, Wofsy SC,
Hamburg SP, 2018 Assessment of methane emissions from the U.S. oil and gas supply chain.
Science 361, 186-188. [PubMed: 29930092]

Atkinson SE, Halvorsen R, 1986 The relative efficiency of public and private firms in a regulated
environment: The case of U.S. electric utilities. J. Public Econ 29, 281-294.

Banzhaf S, Ma L, Timmins C, 2019 Environmental Justice: the Economics of Race, Place, and
Pollution. J. Econ. Perspect 33, 185-208. [PubMed: 30707005]

Barco AL, 1994 Budgeting for Facility Repair and Maintenance. J. Manage. Eng 10, 28-34.

Biber E, 2013 The Challenge of Collecting and Using Environmental Monitoring Data. Ecol. Soc 18
10.5751/ES-06117-180468

Blangiardo M, Cameletti M, 2015 Spatial and Spatio-temporal Bayesian Models with R INLA Wiley.

Energy Policy. Author manuscript; available in PMC 2020 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Scott et al.

Page 21

Boardman AE, Vining AR, 1989 Ownership and Performance in Competitive Environments: A
Comparison of the Performance of Private, Mixed, and State-Owned Enterprises. The Journal of
Law and Economics 32, 1-33.

Brandt AR, Heath GA, Kort EA, O’Sullivan F, Pétron G, Jordaan SM, Tans P, Wilcox J, Gopstein AM,
Arent D, Wofsy S, Brown NJ, Bradley R, Stucky GD, Eardley D, Harriss R, 2014 Methane Leaks
from North American Natural Gas Systems. Science 343, 733-735. [PubMed: 24531957]

Burns N, 1994 The formation of American local governments: Private values in public institutions
Oxford University Press, New York, NY.

Casello JM, 2007 Transit competitiveness in polycentric metropolitan regions. Transp. Res. Part A:
Policy Pract 41, 19-40.

Costello KW, 2014 Lost and unaccounted-for gas: Challenges for public utility regulators. Utilities
Policy 29, 17-24.

Daley DM, Reames TG, 2015 Public Participation and Environmental Justice. Failed Promises
10.7551/mitpress/9780262028837.003.0006

Demsetz H, Lehn K, 1985 The Structure of Corporate Ownership: Causes and Consequences. J. Polit.
Econ 93, 1155-1177.

Department of Transportation, n.d. INSTRUCTIONS FOR COMPLETING FORM PHMSA F 7100
[WWW Document]. PHMSA URL https://www.phmsa.dot.gov/sites/phmsa.dot.gov/files/docs/
forms/12566/gdannualinstructionsphmsa-f-71001-1cy-2017-and-beyond.pdf (accessed 12.16.19).

DHS (U.S.Department of Homeland Security). 2019 “Natural Gas Service Territories.” Homeland
Infrastructure Foundation-Level Data (HIFLD) https://hifldgeoplatform.opendata.arcgis.com/
datasets/natural-gas-service-territories.

EPA. 2019 “Safe Drinking Water Information System (SDWIS).” https://www3.epa.gov/enviro/facts/
sdwis/search.html. Last accessed July 1, 2019.

Fiore AM, Jacob DJ, Field BD, Streets DG, Fernandes SD, Jang C, 2002 Linking ozone pollution and
climate change: The case for controlling methane. Geophys. Res. Lett 29, 25-1-25-4.

Fuglstad G-A, Simpson D, Lindgren F, Rue H, 2018 Constructing Priors that Penalize the Complexity
of Gaussian Random Fields. J. Am. Stat. Assoc 1-8. [PubMed: 30034060]

Gelman A, 2005 Analysis of variance—why it is more important than ever. Ann. Stat 33, 1-53.

Gelman A, Hill J, 2006 Data Analysis Using Regression and Multilevel/Hierarchical Models
Cambridge University Press, New York, NY.

Grove M, Ogden L, Pickett S, Boone C, Buckley G, Locke DH, Lord C, Hall B, 2018 The Legacy
Effect: Understanding How Segregation and Environmental Injustice Unfold over Time in
Baltimore. Ann. Assoc. Am. Geogr 108, 524-537.

Gutman R, 2018 Dozens of Massachusetts Homes Exploded. A Gas Expert Weighs In. The Atlantic

Hausman C, Muehlenbachs L, 2019 Price Regulation and Environmental Externalities: Evidence from
Methane Leaks. Journal of the Association of Environmental and Resource Economists 6, 73-109.

Hernandez E, Stave A, 2018 “I thought it was a bomb™: 9 injured in natural gas explosion at home. The
Denver Post

Hiebert LD, Dean Hiebert L, 2002 The Determinants of the Cost Efficiency of Electric Generating
Plants: A Stochastic Frontier Approach. South. Econ. J 68, 935.

Hight B, 2018 Electric Deregulation Is Working in Texas, Says Lawmaker Who Led the Effort [WWW
Document]. Texas Monthly URL https://www.texasmonthly.com/politics/electric-deregulation-
working-texas-says-lawmaker-led-effort/ (accessed 11.5.18).

Hodges JS, 2014 Richly Parameterized Linear Models Additive, Time Series, and Spatial Models
Using Random Effects CRC Press, Boca Raton, FL.

Jackson RB, Down A, Phillips NG, Ackley RC, Cook CW, Plata DL, Zhao K, 2014 Natural gas
pipeline leaks across Washington, DC. Environ. Sci. Technol 48, 2051-2058. [PubMed:
24432903]

Jolliffe 1, 2011 Principal component analysis. International encyclopedia of statistical science

Konisky DM, Reenock C, 2018 Regulatory Enforcement, Riskscapes, and Environmental Justice.
Policy Stud. J 46, 7-36.

Energy Policy. Author manuscript; available in PMC 2020 October 01.


https://www.phmsa.dot.gov/sites/phmsa.dot.gov/files/docs/forms/12566/gdannualinstructionsphmsa-f-71001-1cy-2017-and-beyond.pdf
https://www.phmsa.dot.gov/sites/phmsa.dot.gov/files/docs/forms/12566/gdannualinstructionsphmsa-f-71001-1cy-2017-and-beyond.pdf
https://hifldgeoplatform.opendata.arcgis.com/datasets/natural-gas-service-territories
https://hifldgeoplatform.opendata.arcgis.com/datasets/natural-gas-service-territories
https://www3.epa.gov/enviro/facts/sdwis/search.html
https://www3.epa.gov/enviro/facts/sdwis/search.html
https://www.texasmonthly.com/politics/electric-deregulation-working-texas-says-lawmaker-led-effort/
https://www.texasmonthly.com/politics/electric-deregulation-working-texas-says-lawmaker-led-effort/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Scott et al.

Page 22

Konisky DM, Teodoro MP, 2016 When Governments Regulate Governments. Am. J. Pol. Sci 60, 559—
574.

Lamb BK, Cambaliza MOL, Davis KJ, Edburg SL, Ferrara TW, Floerchinger C,Heimburger AMF,
Herndon S, Lauvaux T, Lavoie T, Lyon DR, Miles N, Prasad KR, Richardson S, Roscioli JR,
Salmon OE, Shepson PB, Stirm BH, Whetstone J, 2016 Direct and Indirect Measurements and
Modeling of Methane Emissions in Indianapolis, Indiana. Environ. Sci. Technol 50, 8910-8917.
[PubMed: 27487422]

Lamb BK, Edburg SL, Ferrara TW, Howard T, Harrison MR, Kolb CE, Townsend-Small A, Dyck W,
Possolo A, Whetstone JR, 2015 Direct measurements show decreasing methane emissions from
natural gas local distribution systems in the United States. Environ. Sci. Technol 49, 5161-5169.
[PubMed: 25826444]

Larsen PH, Goldman CA, Satchwell A, 2012 Evolution of the U.S. energy service company industry:
Market size and project performance from 1990-2008. Energy Policy 50, 802-820.

Marino A, Bertoldi P, Rezessy S, Boza-Kiss B, 2011 A snapshot of the European energy service
market in 2010 and policy recommendations to foster a further market development. Energy Policy
39, 6190-6198.

Martins TG, Simpson DP, Riebler A, Fuglstad GA, Rue H, Sgrbye SH, 2014 Penalising model
component complexity: A principled, practical approach to constructing priors. arXiv preprint
arXiv:1403 4630.

McDonald YJ, Jones NE, 2018 Drinking Water Violations and Environmental Justice in the United
States, 2011-2015. Am. J. Public Health e1-€7.

McKain K, Down A, Raciti SM, Budney J, Hutyra LR, Floerchinger C, Herndon SC, Nehrkorn T,
Zahniser MS, Jackson RB, Phillips N, Wofsy SC, 2015 Methane emissions from natural gas
infrastructure and use in the urban region of Boston, Massachusetts. Proc. Natl. Acad. Sci. U. S. A
112, 1941-1946. [PubMed: 25617375]

McCulloch Charles E., and Neuhaus John M.. “Misspecifying the shape of a random effects
distribution: why getting it wrong may not matter.” Statistical science (2011): 388-402.

Mullin M, 2009 Governing the tap: Special district governance and the new local politics of water MIT
Press, Cambridge, MA.

Mullin M, Rubado ME, 2016 Local Response to Water Crisis: Explaining Variation in Usage
Restrictions During a Texas Drought. Urban Aff. Rev 53, 752-774.

Natural Gas System Overview [WWW Document], 2018 Pacific Gas & Electric URL https://
www.pge.com/en_US/safety/how-the-system-works/natural-gas-system-overview/natural-gas-
system-overview.page (accessed 11.15.18).

Ostrom V, Tiebout CM, Warren R, 1961 The organization of government in metropolitan areas: a
theoretical inquiry. Am. Polit. Sci. Rev 55, 831-842.

Parfomak PW, 2015 DOT’s Federal Pipeline Safety Program: Background and Key Issues for
Congress (No. R44201). Congressional Research Service

Parinandi S, Hitt MP, 2018 How Politics Influences the Energy Pricing Decisions of Elected Public
Utilities Commissioners. Energy Policy 118, 77-87.

Parks RB, Oakerson RJ, 1989 Metropolitan organization and governance: A local public economy
approach. Urban Aff. Q 25, 18-29.

Phillips NG, Ackley R, Crosson ER, Down A, Hutyra LR, Brondfield M, Karr JD, Zhao K, Jackson
RB, 2013 Mapping urban pipeline leaks: methane leaks across Boston. Environ. Pollut 173, 1-4.
[PubMed: 23174345]

PHMSA, 2018a State Effort | PHMSA [WWW Document] URL https://www.phmsa.dot.gov/pipeline/
effort-allocation/state-effort (accessed 11.29.18).

PHMSA, 2018b State Oversight | PHMSA [WWW Document] URL https://www.phmsa.dot.gov/
working-phmsa/state-programs/state-oversight (accessed 11.29.18).

PHMSA, 2018c Pipeline Replacement Updates [WWW Document] URL https:/
opsweb.phmsa.dot.gov/pipeline_replacement/ (accessed 12.15.18).

Pierce G, Lai L, DeShazo JR, 2019 Identifying and addressing drinking water system sprawl, its
consequences, and the opportunity for planners’ intervention: evidence from Los Angeles County.
J. Environ. Planning Manage 1-21.

Energy Policy. Author manuscript; available in PMC 2020 October 01.


https://www.pge.com/en_US/safety/how-the-system-works/natural-gas-system-overview/natural-gas-system-overview.page
https://www.pge.com/en_US/safety/how-the-system-works/natural-gas-system-overview/natural-gas-system-overview.page
https://www.pge.com/en_US/safety/how-the-system-works/natural-gas-system-overview/natural-gas-system-overview.page
https://www.phmsa.dot.gov/pipeline/effort-allocation/state-effort
https://www.phmsa.dot.gov/pipeline/effort-allocation/state-effort
https://www.phmsa.dot.gov/working-phmsa/state-programs/state-oversight
https://www.phmsa.dot.gov/working-phmsa/state-programs/state-oversight
https://opsweb.phmsa.dot.gov/pipeline_replacement/
https://opsweb.phmsa.dot.gov/pipeline_replacement/

1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Scott et al.

Page 23

Romero-Lankao P, McPhearson T, Davidson DJ, 2017 The food-energy-water nexus and urban
complexity. Nat. Clim. Chang 7, 233.

Rue H, Held L, 2005 Gaussian Markov random fields: Theory and applications CRC Press, Boca
Raton, FL.

Rue H, Martino S, Lindgren F, 2012 The r-inla project

Schlor H, Venghaus S, Hake J-F, 2018 The FEW-Nexus city index--measuring urban resilience. Appl.
Energy 210, 382-392.

Scott RP, Scott TA, 2019 Investing in collaboration for safety: Assessing grants to states for oil and gas
distribution pipeline safety program enhancement. Energy Policy 124, 332-345.

Scott TA, Moldogaziev T, Greer RA, 2018 Drink what you can pay for: Financing infrastructure in a
fragmented water system. Urban Stud 55, 2821-2837.

Switzer D, Teodoro MP, 2018 Class, race, ethnicity, and justice in safe drinking water compliance.
Soc. Sci. Q

Teodoro MP, 2018 Measuring Household Affordability for Water and Sewer Utilities. Journal-
American Water Works Association

Teodoro MP, Haider M, Switzer D, 2018a U.S. Environmental Policy Implementation on Tribal Lands:
Trust, Neglect, and Justice. Policy Stud. J 46, 37-59.

Teodoro MP, Switzer D, 2016 Drinking from the Talent Pool: A Resource Endowment Theory of
Human Capital and Agency Performance. Public Adm. Rev 76, 564-575.

Teodoro MP, Zhang Y, Switzer D, 2018b Political Decoupling: Private Implementation of Public
Policy. Policy Stud. J 52, 1052.

Tollefson J, 2013 Methane leaks erode green credentials of natural gas. Nature 493, 12. [PubMed:
23282343]

Villamayor-Tomas S, 2018 Polycentricity in the water—energy nexus: A comparison of polycentric
governance traits and implications for adaptive capacity of water user associations in Spain.
Environmental Policy and Governance 28, 252—268.

Walker G, Day R, 2012 Fuel poverty as injustice: Integrating distribution, recognition and procedure in
the struggle for affordable warmth. Energy Policy 49, 69-75.

Wallsten S, Kosec K, 2008 The effects of ownership and benchmark competition: An empirical
analysis of U.S. water systems. Int. J. Ind Organiz 26, 186—205.

Energy Policy. Author manuscript; available in PMC 2020 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Scott et al.

Page 24

Highlights
1 Lost volume, fixed leaks, and maintenance backlogs are common across U.S.
gas distribution utilities
2. Service demographics do not explain environmental outcomes but are

correlated with safety outcomes

3. Private ownership of gas utilities is not associated with improved
environmental or safety outcomes

4. Privatization may not be an effective policy tool for addressing environmental
performance shortcomings.
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Reported major distribution system events: 1997-2018
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Figure 1:

Health and economic damages from major distribution system events
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Reported Y% of total supply volume leaked, 2017
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Figure 2:
Map of contiguous United States, showing percentage leaked by service area reported in
2017.
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Figure 3:

Observed smoothed relationship between infrastructure characteristics (by proportion of
pipes in each category) and the first fit eigenvalue for observations based on a principal
components analysis including % mains pre-1970, % services pre-1970, % bare metal pipes,
and % bare metal services.
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Figure 4:
Infrastructure characteristics and 95% credible intervals for the association of a one standard

deviation increase in the observed variable and the In count of the outcome variable. PY=
Prior Year; Eigen = first PCA component fit to observation (see figure 3).
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Figure5:

Utility service characteristics and 95% credible intervals for the association of a one
standard deviation increase in the observed variable and the In count of the outcome

variable.
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Figure6:
Service population demographics and 95% credible intervals for the association of a one

standard deviation increase in the observed variable and the In count of the outcome
variable. Ed.= Education.
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Descriptive Statistics- covariates, varying intercepts, and dependent variables

Table 1:

Variable Level of observation Mean (SD) (if numeric) Missing Values
Explanatory Variables
Physical infrastructure characteristics
Total mains (miles) Utility-year 1380.36 (3928.18) 864 (12.61%)
Bad Infrastructure (factor score) Utility-year 0(1)
% services Pre-1970  Utility-year 37.02 (32.67) 866 (12.64%)
% mains Pre-1970  Utility-year 40.71 (30.54) 866 (12.64%)
% bare services  Utility-year 2.34(7.91) 864 (12.61%)
% bare metal mains  Utility-year 3.23(9.16) 864 (12.61%)
# known leaks in prior year Utility-year 119.9 (670) 892 (13.02%)
Leak volume in prior year (1k ft3) Utility-year 102989.3 (518443.11) 852 (12.44%)
Utility service characteristics
Distributed volume / mile of main (1k ft3) Utility-year 10737.02 (73276.55) 224 (3.27%)
# services per mile of main Utility-year 34.58 (17.748) 864 (12.61%)
Ownership Utility 4270 public, 2580 private 0 (0%)
Gas producer (generates natural gas) Utility 6743=0,107=1 0 (0%)
Gas Price ($/1k ft3) Utility 12.28 (4.41) 605 (10.3%)
Service population demographics
Median income ($) Utility-year 22535.01 (5329.72) 1283 (18.73%)
Total population Utility-year 357726.13 (1245185.24) 0 (0%)
Median home price ($) Utility-year 113586.69 (54975.3) 1469 (21.45%)
Median year built structure Utility-year 1973.34 (10.63) 1469 (21.45%)
% non-white population Utility-year 0.22 (0.19) 1469 (21.45%)
% population with ed. bachelor or higher Utility-year 0.2 (0.1) 1469 (21.45%)
% owner occupied homes Utility-year 0.69 (0.1) 1469 (21.45%)
State operational environment
Total state deliveries (1k ft3) State 2090495.19 (1478333.89) 864 (12.61%)
Total state receipts (1k ft%) State 1950768.31 (1147692.39) 1072 (9.82%)
State avg. gas price ($ / 1k ft%) State 11.95 (2.87) 870 (12.7%)
State avg. gas price, prior year ($ / 1k t3) State 12.22 (2.95) 864 (12.61%)
Winter monthly max temperature, mean (F)  Utility 47.67 (12.99) 238 (3.47%)
Summer ... temperature, mean (F) Utility 71.01 (8.88) 238 (3.47%)
Varying Intercept Terms
Year 2009-2017
Utility (by Name) 727 unique utilities
State 50 States + D.C.
Dependent Variables
Incidents Utility-year 0.141 (0.636) 0%
Known Leaks, Scheduled for repair Utility-year 120.673 (676.163) 1063 9.73%
Hazardous Leaks Utility-year 128.090 (500.523) 0%

Energy Policy. Author manuscript; available in PMC 2020 October 01.

Page 31



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Scott et al.
Variable Level of observation Mean (SD) (if numeric) Missing Values
Leak Volume Utility-year 105721.3(525000.7) 1389 12.7%
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