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ABSTRACT

We conduct the first study on the impacts of prenatal exposure to a uniquely identified large polluter,
a coal-fired power plant located near the border of two states, on the birth outcomes of the downwind
state. For mothers who live as far as 20 to 40 miles away but downwind of the power plant, being
exposed to power plant emissions, in particular sulfur dioxide, during the first month of pregnancy
could increase the likelihood of having full-term babies but with low birth weight, an indicator of slow
fetal growth, by as much as 42 percent. This adverse impact could be driven by reactive sulfur species-
induced intrauterine oxidative stress, arising from maternal exposure to emissions of sulfur dioxide,
whose travelling from the emission source to the downwind region has been confirmed in the Portland
Rule. In light of EPA’s continual efforts in regulating power plant emissions, our study is aimed at
broadening the scope of cross-border pollution analysis by taking into account adverse infant heath
impacts from upwind polluters, which can burden the downwind states disproportionately.

Muzhe Yang

Department of Economics

College of Business and Economics
Lehigh University

621 Taylor Street

Bethlehem, PA 18015-3117
muy208@]ehigh.edu

Shin-Yi Chou

Department of Economics

College of Business and Economics
Lehigh University

621 Taylor Street

Bethlehem, PA 18015-3117

and NBER

syc2@lehigh.edu



1 Introduction

Coal-fired power plants in the process of electricity production can put human health at
greater risks than any other industrial source of air pollution (Schneider and Bank, 2010).
Emissions from those power plants contain particles, mercury, and acid gases such as sulfur
dioxide (SO3), which can cause premature death (from fine particles), neurological dam-
age (from mercury) and respiratory diseases (from acid gases)[] To regulate power plant
emissions and protect public health, the U.S. Environmental Protection Agency (EPA) has
been using a four-part regulatory approach, including the Cross-State Air Pollution Rule
(CSAPR, finalized in July 2011)] the Clean Power Plan (introduced in August 2015), the
Mercury and Air Toxics Standards (MATS, finalized in December 2011), and the Acid Rain
Program (ARP, started in 1995), all established under the Clean Air Act (CAA)F]|

Despite mounting evidence of public health benefits from the EPA’s regulations on power
plant emissionsf_r] the recent U.S. Supreme Court’s decision (announced on June 29, 2015) of
blocking (but not striking down) the EPA’s MATS highlights the importance of evaluating
net benefits of regulating power plant emissions[| One way of improving the cost-benefit
analysis needed for the EPA’s regulations is to broaden the scope of external costs imposed by
coal-fired power plants upon the society. For example, Currie et al. (2015) show that, besides
posing health risks, toxic emissions from power plants can have significant and irreversible

impacts on housing values; specifically, they find that aggregate housing values in the vicinity

'Source: http://www.epa.gov/airquality /powerplants (accessed July 15, 2015).

2The CSAPR is the replacement for the EPA’s 2005 Clean Air Interstate Rule (CAIR).

3For detailed information about these four regulations, see http://www.epa.gov/crossstaterule (for the
CSAPR), http://www2.epa.gov/cleanpowerplan (for the Clean Power Plan), http://www.epa.gov/mats (for
the MATS), and http://www.epa.gov/airmarkets/programs/arp| (for the ARP).

4For example, the CSAPR has been shown to yield “$120 to $280 billion in annual health and en-
vironmental benefits, including the value of avoiding 13,000 to 34,000 premature deaths” (Source: http:
/ /www.epa.gov/crossstaterule)); for MATS: “These new standards will avert up to 11,000 premature deaths,
4,700 heart attacks and 130,000 asthma attacks every year” (Source: http://www.epa.gov/airquality/
powerplanttoxics/health.html); and the ARP is shown to have effectively reduced acid deposition: “Be-
tween 1989 to 1991 and 2010 to 2012, wet deposition of sulfate decreased by 59 percent across the Eastern
United States” (Source: http://www.epa.gov/airmarkets/documents/progressreports/ARPCAIR12 02.pdf],
accessed July 15, 2015).

Shttp://www.nytimes.com/2015/06/30/us/supreme-court-blocks-obamas-limits-on-power-plants.html
(accessed July 15, 2015).
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of a toxic plant can decrease by $4.25 million when the plant is opened, but closing the plant
will not undo the loss caused by the plant’s opening. Another case of external costs is the
disproportionate pollution impact of coal-fired power plants due to wind: emissions from
those power plants such as SOy and PM2‘5|§] can be carried long distances by wind, posing
health risks to those who live far away but downwind of the power plants (Schneider and
Bank, 2010).

Indeed, the presence of disproportionate pollution impacts between upwind and down-
wind states has been considered in the CAA’s “Good Neighbor” Provision (i.e., Section
110(a)(2)(D)) and the “Interstate Pollution Abatement” (i.e., Section 126(b))[] which pro-
vide the EPA with the basis for regulations such as the CSAPR. However, continual reduc-
tion of cross-border pollution from coal-fired power plants is not without obstacles. One
hindrance stems from the postponement of installing emission controls, such as the flue gas
desulfurization (FGD, a.k.a. “scrubbers”) for SO, emission controlsf| by some of the oldest
and dirtiest coal-fired power plants: “Unfortunately, not all power companies are committed
to cleaning up their dirtiest plants, choosing instead to buy their way out of emissions caps.”
(EIP, 2007, p. l)ﬂ According to the EPA’s emission tracking summary, as of 2014 still
only 57 percent of the coal-fired power plant units had installed the FGD for SO, emission
controls[l]

We conduct the first study on infant health risks posed by an upwind coal-fired power
plant, a large polluter located near the border of two states, of which the pollution im-

pact on the downwind state has been scientifically verified. Specifically, our study draws

6PM, 5 stands for particulate matter that is smaller than 2.5 micrometers (a.k.a., microns) in diameter.

"For details, see http://www.epa.gov/airtransport/index.html and http://www.epa.gov/air/caa/titlel.
html (accessed July 15, 2015).

®The use of scrubbers is currently the predominant technology for removing SO; emissions from the
exhaust of coal-fired power plants (Luechinger, 2014).

9Specifically, the EIP’s 2007 report points out: “For example, Mirant mid-Atlantic has been silent about
its cleanup plans for its three Maryland plants (Morgantown, Chalk Point, and Dickerson), even though state
law requires a large reduction of sulfur dioxide no later than 2010. Other notorious polluters, like Alcoa’s
Warrick plant in Indiana, may be banking on their ability to avoid cleanup by purchasing pollution allowances
from other states” (p. 11, http://www.dirtykilowatts.org/Dirty Kilowatts2007.pdf, accessed July 15, 2015).

10Source: http://www.epa.gov/airmarkets/progress/datatrends/summary.html (accessed July 15, 2015).
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evidence from a precedent-setting Portland Rule that involves the coal-fired power plant
in Pennsylvania—the Portland Generating Station; the owner of the power plant—GenOn
REMA, LLC (now NRG REMA, LLC); the New Jersey Department of Environmental Pro-
tection (NJDEP); the EPA; and the U.S. Court of Appeals for the Third Circuit (hereafter,
the Third Circuit). The Portland Rule provides us with a rare opportunity to study infant
health implications of power plant emissions for a scientifically verified impact area, where a
single power plant has been confirmed by the NJDEP and the EPA to be an independent and
significant air pollution contributor. In fact, the Portland Rule marks the EPA’s first-ever
granting of a sole-source petition under the “Interstate Pollution Abatement” section of the
CAA, and our study is the first to utilize the Portland Rule to pinpoint the region that is
affected exogenously by the power plant emissions /']

In contrast to Currie et al.’s (2015) study, which shows that toxic released from an
industrial plant affects the air quality only within one mile of the plant, we find that power
plant emissions such as SO,, a major precursor to ambient PM, 5 concentrations, can have
adverse health impacts on infants born to mothers who live as far as 40 miles away downwind
of the power plant. Specifically, among all live singleton and full-term birthg?| we find that for
mothers who live in the impact area identified by the NJDEP, being downwind of the power
plant during their first month of pregnancy (i.e., during the embryo stage) can increase the
likelihood of having low birth weight (LBW) babies (birth weight below 2,500 grams) by one
percentage point, which is an approximately 42 percent increase given that the nationwide

live singleton full-term LBW rate is about 2.4 percent during our sample periodE

11'We give detailed discussions on our research design, including the construction of the measure for being
downwind of the power plant in Sections and

12 A full-term birth (a.k.a. term birth) has at least 37 completed weeks of gestation, counting from the first
day of the mother’s last menstrual period (Wilcox, 2001). Gestational length is commonly measured by the
interval (often measured in weeks) between the first day of the mother’s last menstrual period (LMP) and
the date of her childbirth (Maisonet et al., 2004). Although ultrasonography is another method of measuring
gestational length, it is not a substitute for the LMP-based method because of the estimation error: for
instance, if a fetus has already experienced growth restrictions during the first trimester and the ultrasound
taken at that time is not able to detect the slowed fetal growth, then the use of ultrasound will underestimate
the actual length of in-utero period at the time of the measurement (Slama et al., 2008).

13In Section we give detailed explanation on why our study focuses on full-term LBW.



The Portland Rule contains scientific evidence on the travel distance and direction of
SO, emitted from the Portland Generating Station, which is about 40 miles downwind of
the power plant. Within this impact area the Portland Rule also substantiates that the
power plant is an independent source of air pollution and a significant contributor to the
violation of air quality standards in the downwind region. Both aspects of the Portland Rule
guide our research design. By focusing on the impact area identified in the Portland Rule, we
are able to utilize the variation in power plant emissions that is exogenous to local pollution
sources, such as vehicle exhaust worsened by traffic congestion (Currie and Walker, 2011;
Ritz and Wilhelm, 2008), which can be important confounding factors in our study of the
impacts of power plant emissions on infant birth outcomes.

We focus on those mothers who live at a distance to the power plant but within the
impact area, to exclude possible presence of protection behaviors of those who live close
to the power plant as well as selective migration away from the power plant. In fact, the
impact area that we focus on belongs to the Greater New York metropolitan area, which
overlaps the wealthiest part of New Jersey that is 20 to 40 miles away from the power plant.
It can be reasonable to assume that the decision to live in this particular part of New Jersey
largely depends on job and career opportunities that are offered in the Greater New York
metropolitan area, not the distance to the power plant. Furthermore, our study period is
2004-2010, which precedes the date of the Portland Rule. As a result, those who live 20 to
40 miles away but downwind of the power plant may not have been aware of the pollution
impact of the power plant during our study period.

Our study assembled a set of new evidence fully consistent with the Portland Rule, based
on New Jersey’s 2004-2010 birth certificate data as well as data on wind directions, power
plant emissions, and mothers’ residential zip codes. Specifically, we find the impacts of being
downwind of the power plant on the occurrence of full-term LBW to be in the area within 40
miles of the power plant, the area including these three New Jersey counties which are not

adjacent to the power plant—Hunterdon, Morris and Sussex. In contrast, the infant health



impacts are not found in the area far away from the power plant: for example, in the area
that is at least 80 miles away from the power plant, or in those New Jersey counties that
are far away and also not directly downwind of the power plant (e.g., Cape May, Hudson
and Salem Counties). We also conduct falsification checks by including leading terms of
the downwind measure, and our results show no statistically significant coefficients of those
terms that indicate being downwind during the months after birth on infant birth outcomes.

Using data on the power plant emissions adjusted by how downwind a New Jersey zip
code is relative to the power plant, we find that the health impacts of the direction-adjusted
power plant emissions follow the same pattern of the previous findings on the health impacts
of being downwind of the power plant: being exposed to an increase of 1,000 tons of SO,
emissions (which is about three percent of the power plant’s annual total SO, emissions)
from the power plant in a perfectly upwind direction during the first month of pregnancy
could increase the likelihood of full-term LBW by approximately 0.24 percentage points, or
by 10 percent (relative to the national level live singleton full-term LBW rate during our
sample period) in the impact area that is 20 to 40 miles away from the power plant including
Hunterdon, Morris and Sussex Counties. Combining the air pollution data and the power
plant emission data, we further find that it is the SOy emissions from the power plant that
significantly increase the SO5 (a major precursor to ambient PMs 5 concentrations) and PMs 5
concentrations measured at each New Jersey zip code in the impact area, but not in the area
far away (e.g., at least 80 miles away) from the power plant. Our analysis also suggests that
it is SOy, not NO,, (whose emissions, in addition to SO emissions, are reported in the EPA’s
Air Markets Program Data), that has the potential to travel long distance in the air through
prevailing winds.

Taken together, our results suggest an impact of in-utero exposure to SOy and PM, 5
during the first month of pregnancy (i.e., during the embryo stage) on the occurrence of slow
fetal growth, indicated by the full-term LBW. In particular, our findings on the impacts of

exposure to air pollution (caused by power plant emissions) during the embryo stage on the



occurrence of full-term LBW are consistent with the findings of studies by Dejmek et al.
(1999), Dugandzic et al. (2006), Liu et al. (2003) and Mohorovic (2004). In general, our
findings contribute to a growing body of literature investigating the critical gestation period
for adverse impacts on infant health™| from prenatal exposure to air pollution such as SOy
and PMs 5 due to coal-fired power plant emissions.

One potential mechanism underlying our findings on the infant health impacts from coal-
fired power plants could be intrauterine oxidative stress—an excessive oxidation induced
usually by an imbalance between antioxidants and cellular reactive oxygen species (ROS)
production in utero, which can cause cellular and DNA damages. The adverse impacts of
ROS-induced oxidative stress on fetal growth have been extensively studied in the medical
field (Al-Gubory, Fowler and Garrel 2010; Kannan et al., 2006). However, as Giles and Jacob
(2002) and Mohorovic (2004) point out, an emerging concept is that reactive sulfur species
(RSS) can also contribute to oxidative stress. To the best of our knowledge, we provide the
first evidence in the economics field on the adverse impact on fetal growth from possibly
RSS-induced intrauterine oxidative stress due to maternal exposure to a coal-fired power
plant emissions of SO, (a major precursor to ambient PMs 5 concentrations) travelling to a
downwind state.

Furthermore, we find that the impacts of being downwind of the power plant during the
early stage of pregnancy on the occurrence of slow fetal growth are salient among males, but
not among females on average. Our finding is consistent with the sex difference predicted
by the theory of Developmental Origins of Health and Disease (Aiken and Ozanne, 2013) by
showing that male fetuses can be more vulnerable than female fetuses to in-utero environ-
mental insults (such as power plant pollutions) during the early stage of pregnancy, and the
adverse impacts during the first month of pregnancy may not be overcome by the catch-up
growth of male fetuses during the later stage of pregnancy.

The rest of the paper is organized as follows. Section [2| describes the empirical setting

MFor details, see Selevan, Kimmel and Mendola (2000).



of our study and why we focus on full-term LBW, followed by Section [3| which explains the
data and methods as well as our research design. Section [4] presents our empirical findings

with potential biological mechanisms discussed in Section [0, and Section [6] concludes.

2 Background

2.1 Portland Generating Station

Portland Generating Station is a coal-fired power plant, formerly owned by Reliant Energy
Mid-Atlantic Power Holdings, LLC. In 2010 the ownership was changed to GenOn REMA,
LLC, which is a subsidiary of GenOn Energy, Inc., as a result of the merger between GenOn
Power Generation, LLC and Reliant Energy Mid-Atlantic Power Holdings, LLC. In August
2013 GenOn REMA, LLC was renamed to NRG REMA, LL(™| because of the merger
between GenOn Energy Inc. and NRG Energy, Inc. completed in December 2012[T]

Figure 1 shows the location of Portland Generating Station on a regional map of eastern
Pennsylvania and western New Jersey. Located right across from Warren County, New
Jersey, the power plant sits on the west bank of the Delaware River in Upper Mount Bethel
Township of Northampton County, Pennsylvaniall’| According to the EPA’s Emissions &
Generation Resource Integrated Database (eGRID) of 2009, Portland Generating Station
is one of the 43 large coal-fired power plants (defined as having a nameplate capacity of

300 megawatts or more) in the Mid-Atlantic Regionf_g] and it is also one of the only two

15«NRG REMA, LLC, together with its subsidiaries, engages in the ownership and operation of, and con-
tracting for power generation capacity in the United States. The company provides energy, capacity, ancillary,
and other energy services to wholesale customers. The company owns or leases interests in approximately
17 generating facilities with an aggregate net electric generating capacity of 2,935 megawatts in Pennsylva-
nia and New Jersey. The company was formerly known as GenOn REMA, LLC and changed its name to
NRG REMA, LLC as a result of merger of GenOn Energy, Inc. with NRG Energy, Inc. in August 2013.
The company is based in Houston, Texas. NRG REMA, LLC is a subsidiary of NRG Northeast Generation,
Inc.” (http://www.bloomberg.com /research /stocks/private /snapshot.asp?privcapld=3636215, accessed July
15, 2015)

6For details, see http://www.bizjournals.com/houston/news/2012/12/14/nrg-genon-merger-complete.
html| (accessed July 15, 2015).

"The address of the power plant is 40897 River Road, Portland, PA 18351.

18This refers to EPA’s Region 3, which includes Delaware, District of Columbia, Maryland, Pennsylva-
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large coal-fired power plants in Pennsylvania that immediately border New Jersey[™| Figure
2 demonstrates that Portland Generating Station is in fact the only coal-fired power plant
without full controls of its emissions that immediately borders New Jersey[’| and there are
no uncontrolled coal-fired power plants in New Jersey, except one near Ocean City, New
Jersey, next to the Atlantic Ocean.

According to a 2007 report by the Environmental Integrity Project (EIP), Portland Gen-
erating Station was ranked fifth among the top 50 dirtiest power plants for SOy by emission
rate (with 28.30 lbs SOy per MWh), and its 2006 annual SO, emission reached 30,685.44
tonsF_r] The EIP’s 2007 report also points out that a number of coal-fired power plants,
such as Portland Generating Station, have been postponing the installation of scrubbers to
control their SO emissions. In fact, in 2009 Portland Generating Station emitted 30,465
tons of SO, /%] which exceeded the combined SO, emissions (of 12,810 tons) from all power

generating facilities in New Jerseyf| by a significant margin (NJDEP, 2010a).

2.2 The Portland Rule

In May and September 2010 the NJDEP filed two petitions (NJDEP, 2010a and 2010b) with
the EPA against Portland Generating Station, pursuant to the Section 126(b) of the Clean

Air Act (CAA), which allows State A to request that the EPA should take actions against an

nia, Virginia, and West Virginia, excluding federally recognized tribes (http://www.epa.gov/tribalportal/
whereyoulive/regions.htm, accessed July 15, 2015).

The other coal-fired power plant is Eddystone Generating Station, which is located in the extreme
southeast of Pennsylvania, near the Philadelphia International Airport. For details, see “Power Plants in the
Mid-Atlantic Region,” http://www.epa.gov/reg3artd/globclimate/r3pplants.html (accessed July 15, 2015).

20The other coal-fired power plant that immediately borders New Jersey, Eddystone Generating Station
(located near Philadelphia), is a plant with controlled units. As a result, the annual SOy emissions from
Eddystone Generating Station (8,678.00 tons) are only about 30 percent of the annual SO emissions from
Portland Generating Station (29,105.07 tons), according to the 2009 eGRID data (http://www.epa.gov/
reg3artd/globclimate /r3pplants.html, accessed July 15, 2015).

“IFor details, see Table 3 of the 2007 report by EIP (page 12), available at http://www.dirtykilowatts.
org/Dirty Kilowatts2007.pdf| (accessed July 15, 2015).

“’For details, see “Exhibit 2: Excerpts from EPA’s Clean Air Markets Emissions Database—Portland
Plant’s 2008/2009 Emissions” of NJDEP (2010a, pp.17-18).

Z3For details, see “Exhibit 3: Excerpts from EPA’s Clean Air Markets Emissions Database-New Jersey
Power Generation Facilities Total 2009 Emissions” of NJDEP (2010a, pp.19-28) and “Exhibit 4: Excerpts
from EPA’s Clean Air Markets Emissions Graph” of NJDEP (2010a, pp.29-30).
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entity in State B if pollution from that entity causes State A to violate the National Ambient
Air Quality Standards (NAAQS). The NJDEP’s petitions provided scientific evidence based
on air quality and aerial dispersion modeling analyses showing that Portland Generating
Station is in violation of the “Good Neighbor Provision”—Section 110(a)(2)(D) of the CAA:
emissions from the power plant caused SOs; concentrations in four downwind counties of
New Jersey—Warren, Sussex, Morris and Hunterdon (shown in Figure 3)—to have exceeded
the SO, NAAQS. The May 2010 petition points out that the coal-fueled units of the power
plants have no air pollution controls for SO, emissions and only outdated controls for nitrogen
oxides and particulate matter. Furthermore, trajectory analysis reported in the September
2010 petition (which was conducted by NJDEP’s Bureau of Technical Services in the second
petition) demonstrates how SO, emissions from the power plant were transported through
the air and reached the borough of Chester in Morris County, located approximately 21 miles
east-southeast of the power plant.

In response to the NJDEP’s petitions the EPA conducted its own independent investi-
gation to verify the presence of impacts of the power plant emissions on the nonattainment
of SOy NAAQS, using the American Meteorological Society /EPA Regulatory Model (a.k.a.,
AERMOD). On November 7, 2011, the EPA issued its final ruling—the Portland Rule (76
Fed. Reg. 69052)—concluding that the emissions from the Pennsylvania power plant alone
caused the violations of the SO, NAAQS in the downwind state, New Jersey; the EPA also
required the power plant to reduce SOy emissions by 81 percent within three years of the
effective date (i.e., January 6, 2012) of the final ruling (EPA, 2011). The Portland Rule is
the EPA’s first-ever granting of a sole-source petition under the Section 126(b) of the CAA.
The 2010 NJDEP petitions also mark the second-ever use of the Section 126(b) of the CAA
in its history, with the prior case (i.e., Appalachian Power Co. v. EPA, 249 F.3d 1032) set
in 1998.

On January 6, 2012, GenOn filed a petition for review with the Third Circuit, challenging



the EPA’s authority in imposing emission limits on the power plant? On July 12, 2013,
the Third Circuit issued its ruling—GenOn REMA LLC v. EPA, 3rd Cir., No. 12-1022,
upholding the Portland Rule (United States Court of Appeals for the Third Circuit, Opinion
Filed July 12, 2013). The Third Circuit’s ruling confirmed the validity of EPA’s AERMOD
analysis and supported the findings of the NJDEP and the EPA that the Portland Generating
Station alone caused the NAAQS violations in the downwind state. On June 1, 2014, the
coal-fired generating units of the power plant were shut down by its current owner, NRG
REMA, LLCPY Since then, the power plant has become a “peak plant,” running only on
days when the demand for electricity is high and using low-sulfur diesel fuel to generate

electricity[7]

2.3 Our Study’s Focus on Full-Term LBW

In this study we aim to identify critical windows of prenatal exposure to power plant emissions
for infant health, and knowing these critical windows could improve pollution risk assessment
(Selevan, Kimmel and Mendola, 2000). We examine the critical windows by month, not by
trimester. As Slama et al. (2008) point out, “Most studies on IUGR [i.e., intrauterine
growth restriction]| used trimester-specific exposure windows. Yet when there are no strong
a priori biologic hypotheses, investigating finer time scales (e.g., months) might be a more
informative and appropriate approach” (p. 794). We use birth weight as a summary measure
of a newborn’s health for the reason explained by Currie (2011): birth weight is not the ideal
measure for summarizing a newborn’s health, but it is still widely used for that purpose

because “little progress has been made toward finding an alternative, superior measure” (p.

2For details, see http://www.nj.gov/dep/docs/petition20120206.pdf (accessed July 15, 2015).

ZFor details of the Third Circuit’s ruling, see http://www2.ca3.uscourts.gov/opinarch/121022p.pdf (ac-
cessed July 15, 2015).

26Source: http://www.lehighvalleylive.com /slate-belt /index.ssf/2014/05 /portland _generating station
st.html (accessed July 15, 2015).

“’Source: |http://www.lehighvalleylive.com/slate-belt /index.ssf/2014/06 /portland generating station
sw.html| (accessed July 15, 2015).
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3). One important reason why we exclude preterm birthﬂ from our empirical analysis is
that a preterm birth could be a result of maternal exposure to power plant emissions during
pregnancy. If we include both preterm and full-term births into our empirical analysis, the
former will confound our identification of critical windows of prenatal exposure to power
plant emissions, and furthermore, we will not be able to disentangle the effect of in-utero
exposure to power plant emissions on shortened gestational length from the effect of in-utero
exposure to power plant emissions on slowed fetal growth. A LBW birth can be the result
of either preterm or slow fetal growth, or both.

Another problem of including both preterm and full-term births into our empirical analy-
sis comes from assigning zero values to non-exposure to power plant emissions. Note that
the third trimester of a pregnancy starts at the 27th week of gestation, which is also the
beginning of the seventh month of a pregnancy””] Thus, cases with zero values assigned to
exposure to power plant emissions in the third trimester can be problematic because the
pregnancies that have the third trimester can include two substantially different groups of
mothers: (a) those with a seven-month gestation (i.e., preterm defined as gestational length
less than 37 weeks) and (b) those with a nine-month gestation. A zero value of in-utero
exposure for group (b) means no exposure to power plant emissions during the last phase of
a normal pregnancy. But, a zero value of in-utero exposure for group (a) does not mean the
same thing; instead, it means no exposure to power plant emissions during the last phase of
an abnormal pregnancy, which is shortened from nine months to seven months. When groups
(a) and (b) coexist, those cases with zero values of in-utero exposure assigned for the third
trimester should not be used without distinction as the baseline group for the comparison of
being exposed to versus not being exposed to power plant emissions. To choose the proper

baseline group, we consider cases that have the same length of gestation (i.e., nine months

28 A preterm infant is one who was born with gestational length (defined by the interval between the first
day of the mother’s last menstrual period and her childbirth date) shorter than 37 weeks (Maisonet et al.,
2004).

2 The first trimester includes the first 13 weeks of gestation; the second trimester covers weeks 14-26 of
gestation; and third trimester starts from the 27th week of gestation.
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in our study), meaning that the chosen cases all have the same length of potential exposure
to power plant emissions.

By focusing on full-term births, we also aim to identify the impact of in-utero exposure
to power plant emissions on LBW that is driven by slow fetal growth. However, including
only full-term births will incur a sample selection bias: we will under-estimate the impact
of in-utero exposure to power plant emissions on the occurrence of LBW because full-term
infants under normal circumstances are healthier than preterm infants, which means fewer
occurrences of LBW than what it should be for a general population. Nonetheless, an
understated impact in this context could be more informative for policy considerations than
an overstated impact, and we are likely to over-estimate the adverse impact of the power
plant emissions if we focus only on preterm births where LBW is more prevalent than what
it should be for a general population.

Despite numerous studies showing adverse impacts of LBW, few studies in the economics
field have examined these two cases separately: LBW due to preterm delivery and LBW
due to intrauterine growth restriction (a.k.a. intrauterine growth retardation, IUGR)F_U]
However, when LBW is used for evaluating pathological smallness (which is a strong predictor
of infant mortality), the separation of these two cases will become important because not
all preterm babies are pathologically small and full-term babies can still be pathologically
small (Goldenberg and Cliver, 1997). Since pathological smallness can result from restricted
growth in utero (i.e., IUGR) or shortened time of growth in utero (i.e., preterm birth), the
measurement, for pathological smallness should take the length of gestation into account,

such as small for gestational age (SGA), which is defined as having a weight below the 10th

30In general, infants born with LBW can die at rates of up to 40 times those of infants born with normal
weight (Goldenberg and Culhane, 2007). Almond, Chay and Lee (2005) estimate that the costs of delivery
and initial care of an infant born weighing 1,000 grams can exceed $100,000 (in year 2000 dollars). LBW
infants are also found to be at greater risk of developing conditions such as hypertension, cerebral palsy, and
asthma during childhood (Brooks et al., 2001; Nelson and Grether, 1997); having coronary heart disease
(Barker, 1995), type 2 diabetes and metabolic syndrome in adult life (Hales and Barker, 2001); as well
as having lower educational attainment, poorer self-reported health status, and reduced employment and
earnings (Behrman and Rosenzweig, 2004; Behrman, Rosenzweig and Taubman, 1994; Currie and Hyson,
1999).
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percentile of a weight distribution for each gestational age stratum. However, using SGA as
a measure for pathological smallness is not without problems for at least three reasons. First,
as Wilcox (2001) points out: “At a given gestational age, births are not a random sample
of all intrauterine fetuses” (p. 1239). Thus, using birth weight to calculate SGA (i.e., using
the 10th percentile of a birth weight distribution) can misrepresent the actual proportion of
births that are pathologically small, especially for preterm deliveries. Second, the definition
of SGA essentially requires the use of fetal weight measured at each gestational age. Unlike
birth weight, which can be exactly measured, antenatal fetal weight has to be inferred using
fetal biometry, and the timing of conducting an ultrasonography can affect the accuracy of
the inference (Yoshida et al., 2000). Third, even if antenatal fetal weight can be accurately
measured, the SGA measure still can misclassify babies who are constitutionally (i.e., not
pathologically) small as those who are growth-restricted due to pathological factors because
the SGA measure does not take into account a fetus’s genetically determined potential size.

In light of these problems associated with the SGA measure, our study focuses on LBW
among full-term births (a.k.a. term LBW)fT| following Wilcox’s (2001) suggestions: we
exclude the influence on slow fetal growth from untimely interruptions of growth in utero
(i.e., preterm births) by focusing on full-term births. Despite the fact that full-term LBW is
a crude measure for IUGR, which like SGA will include babies who are only constitutionally
(i.e., intrinsically) small, full-term LBW itself is still a distinct and important health outcome,
which however has not been extensively studied in the economics field] Nevertheless,
adverse health effects of full-term LBW have been separately documented in the medical
field. For example, using a longitudinal birth cohort study with an exclusive focus on full-

term births, Caudri et al. (2007) find that children born at full term with LBW can have

31The birth certificate data that we obtained from the New Jersey Department of Health contain no
information on fetal biometry, which prevents us from inferring fetal weight needed for the calculation of
SGA.

32In contrast, in the medical field full-term LBW is often examined as one case of IUGR, with the as-
sumption that “37 weeks of gestation was sufficient to reach 2500 g (5.5 pounds) and that a failure to reach
this weight was indicative of IUGR” (Maisonet et al., 2004, p. 112); for example, studies using full-term
LBW as a separate outcome variable include (but not limited to) Dugandzic et al. (2006), Lin et al. (2004),
Maisonet et al. (2001) and Wang et al. (1997).
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significantly higher risk for developing respiratory symptoms through age 5, which could
be explained by a disturbed lung development due to restricted fetal growth. In addition,
Wiles et al. (2005) find that it is full-term LBW, not preterm births with LBW, that
is associated with having psychological distress in adulthood, and this association remains
after controlling for childhood factors. They interpret this direct link between full-term LBW
and adult mental health as evidence for the impacts of impaired neurodevelopment due to
IUGR on adult psychiatric morbidity. Furthermore, Wiles et al.’s (2005) finding suggests
that the link between impaired neurodevelopment in early life and psychological distress in
adult life could be attributed to placental insufficiency, a cause for full-term IUGR, rather

than other pathological factors associated with preterm births that could affect the brain.

3 Data and Methods

3.1 Data

Our study combines data from the following six sources: New Jersey Department of Health;
the EPA’s Air Markets Program Data (AMPD); Weather Source, LLC; the National Climatic
Data Center (NCDC); the EPA’s Air Quality System (AQS); and the Zip Code Database.
We obtained the 2004-2010 birth certificate data directly from New Jersey Department
of Health. The birth certificate data provide us with the key information for our study,
that is, birth weight and gestational length, as well as important information on the sex of
the baby and the mother’s age, race and ethnicity, education, marital status, and the zip
code of her residence. However, in our birth certificate data there is no unique identifier
for each mother, which prevents us from identifying mothers who have multiple pregnancies

during our sample period (2004—2010)@ Our study focuses on live births, which consist

33Because our study focuses on the impact region of the Portland Generating Station, not the entire state
of New Jersey, and for the period of 2004-2010, we may not have the number of mothers who had multiple
pregnancies in that region and during our sample period large enough to achieve the statistical power needed
for detecting any health impacts, even if we have the identifier for each mother in the birth certificate data
allowing us to use mother fixed effects.
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of approximately 97% of the original data. Among those live births kept in our sample
we further dropped about 6% of the sample, in which we found that the zip codes of the
mothers’ homes are not in New Jersey. The birth certificate data also provide us with the
information on the mother’s first day of her last menstrual period (LMP) and the exact
birth date. We then compared our calculated difference between the birth date and the
LMP with the gestational length directly reported in the birth certificate data’’] At the end
of this comparison we dropped about 0.7% of the sample where the calculated gestational
length is not equal to the reported one in the birth certificate dataﬂ Lastly, we kept all
singleton births by dropping those cases of multiple births, about 6% of the sampldgfl, to
exclude the cases where LBW occurs for reasons related to multiple fetuses resulting from a
single pregnancy. The final number of birth records in our main estimation sample (including
Hunterdon, Morris, Sussex and Warren counties) is 51,809 (reported in Table 1 and Panel
A of Table 2); the final number of birth records from all New Jersey counties is 678,537
(reported in Panel B of Table 2). The key dependent variable of our study is full-term LBW,
which is defined as infant birth weight below 2,500 grams while gestational length is greater
than or equal to 37 weeks.

From AMPD we extracted the Portland Generating Station’s daily emission data’] In
AMPD the following three categories of power plant emissions are reported: sulfur dioxide
(SO2, measured in tons), nitrogen oxides (NO,, measured in tons) and carbon dioxide (COq,

measured in short tons)F_g] For some of the additional analyses explained in Section we

34The gestational length directly reported in the birth certificate data is based on the difference between
the mother’s LMP and the birth date.

35This gestational length directly reported in the birth certificate data is measured in weeks and in integers.
When we calculated the gestational length ourselves for the comparison, we used (a) the mother’s LMP and
(b) the exact birth date; then used (b) minus (a); then divided the difference by seven; and then rounded
the result to the nearest integer.

36 Furthermore, we dropped the observations in the birth certificate data (i) where the year of LMP is
shown to be 2002 or earlier; (ii) where the gestational length is either shorter than 13 weeks or longer than
45 weeks; and (iii) where the birth weight information is indicated by the New Jersey Department of Health
as to be followed up for verification. Note that (i) and (ii) consist of approximately 1% of the sample, and
(iii) consists of 0.55% of the sample.

37The AMPD’s power plant emission data are available at http://ampd.epa.gov/ampd/. The earliest year
of Portland Generating Station’s emission data is 1995.

330ur study does not focus on carbon dioxide emissions from the power plant, mainly because carbon
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also extracted the hourly SO, emission data (measured in pounds) from AMPD for each day
from January 1 to December 31 and for each year from 2004 to 2010.

To have the information on hourly wind directions near the power plant, we purchased
a database at Weather Source, LLC[””| from which we selected the Allentown Lehigh Valley
International Airport weather station. This weather station is located in Pennsylvania,
southwest of the power plant. We selected this weather station because it is the one closest
to the power plant that has a complete series of records on hourly wind directions every day
since January 1, 1960]"] The wind direction reported in this weather database is a continuous
variable measured in degrees ranging from 0 to 360, with 0-degree (or 360-degree) indicating
the wind comes from due North and accordingly, 90-degree for due East, 180-degree for due
South, and 270-degree for due West.

In addition to the hourly wind direction data, we obtained monthly weather data from
all weather stations in New Jersey from the NCDC’s Global Historical Climatology Network
Database (GHCND). The weather variables that we extracted from the GHCND are monthly
high temperature, monthly low temperature, monthly mean temperature, monthly rainfall
and monthly snowfall{]

From AQS we retrieved data on SO, PMs 5 and NOy concentrations measured by the
EPA’s monitors placed in New Jersey and the adjacent states including Delaware, Maryland,
New York and Pennsylvania[?| In our retrieved AQS data, SO, concentrations are repre-

sented by the one-hour daily maximum readings by the EPA’s monitors for SO,, measured in

dioxide is one of the greenhouse gases and it is not among the six common air pollutants (i.e., carbon
monoxide, lead, nitrogen dioxide, ozone, particulate matter, and sulfur dioxide) for which the Clean Air Act
requires the EPA to set NAAQS.

39Detailed descriptions of the weather data provided by the Weather Source, LLC, are provided at http:
/ /weathersource.com /.

*UThis weather station is also included in the wind fields analysis provided in the May 2010 NJDEP’s
petition.

“IThere are 427 New Jersey weather stations in this GHCND dataset. The weather variables in this dataset
are measured on a monthly basis, and there is no information on wind. The monthly high (monthly low, or
monthly mean) temperature is the monthly mean minimum (monthly mean maximum, or monthly average)
temperature derived by the GHCND from daily minimum (daily maximum, or daily average) temperature.

42The EPA’s AQS data are available at http://agsdrl.epa.gov/agsweb/aqstmp/airdata/download files.
html.
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parts per billion (ppb)f‘-_a] PMs; 5 concentrations are represented by the daily maximum read-
ings by the EPA’s monitors for PM, 5, measured in microgram per cubic meter (ug/m®){]
and NO, concentrations are represented by the one-hour daily maximum readings by the
EPA’s monitors for NOg, measured in parts per billion (ppb)

Lastly, we purchased a zip code database that includes all of the 723 New Jersey zip
codes[™ This database provides us with the exact latitudinal and longitudinal coordinates
of each New Jersey zip code centroid; we merged these coordinates into the New Jersey birth

certificate data for the zip code of every mother’s residence.

3.2 Construction of Variables

We use the following four-step procedure to construct a variable representing a geographic
area located downwind of the Portland Generating Station; hereafter, we call this variable
“being downwind of the power plant,” which varies by each New Jersey zip code and also
varies monthly from January 2004 to December 2010.

First, we calculate the direction in which each New Jersey zip code centroid is located
relative to the power plant. This calculation uses the latitudes and longitudes of two points—
the power plant’|and each New Jersey zip code centroid, with the earth’s surface taken into

account. Throughout our study we use azimuth, which is an angle between point A and

43The ppb measures the concentration of a gaseous pollutant by its volume per 10° volumes of ambient
air.

4 The pg/m? (microgram per cubic meter) measures the concentration of a gaseous pollutant in units of
mass (ug) per volume (m?) of ambient air.

For PMy 5 we retrieved the data measured by the Federal Reference Methods (FRM) because it is the
PMs5 5 measured by the FRM (i.e., the category “88101” coded by the EPA), not the non-FRM (i.e., “88502”
coded by the EPA), that is used for the evaluation of PMs 5 NAAQS attainment. For detailed explanations
on FRM, see http://www.epa.gov/ttn/airs/airsaqs/memos/PM-cont- Reporting- Tech-Note-053106.pdf| (ac-
cessed July 15, 2015). For PMy 5 we use the daily monitor readings because NAAQS’s primary and secondary
standards regulate PMs 5 concentrations at the 24-hour level. We retrieved from the AQS the data on one-
hour daily maximums for SO, and NOs because they are used to evaluate attainment of the NAAQS primary
standards for SO and NOg. For details on NAAQS, see http://www.epa.gov/air/criteria.html (accessed July
15, 2015).

4For detailed descriptions of this database, see http://www.zip-codes.com/zip-code-statistics.asp| (ac-
cessed July 15, 2015).

4TWe obtained latitude (i.e., +40.91) and longitude (i.e., —75.0789) of the Portland Generating Station
from the EPA’s AMPD.
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point B in a spherical coordinate system (expressed in degrees), as the measure for direction.
To calculate the azimuth of point B (the point of interest, such as a New Jersey zip code
centroid) from point A (the origin, such as the power plant), we project the vector AB onto
a horizontal plane. On that horizontal plane, the reference vector is due North, which is
used for point A (the origin) and has an azimuth of 0 or 360 degrees; moving clockwise on
a 360-degree circle, a point due East has an azimuth of 90 degrees, and accordingly, 180
degrees for due South and 270 degrees for due West. The azimuth of point B from point
A is given by the angle between the projected vector of AB and the reference vector on
that horizontal planefig] For example, the direction in which New York City is located from
Chicago can be expressed by the azimuth of 91.95 degrees (i.e., east-southeast of Chicago);
the direction in which Vancouver (of Canada) is located from Chicago can be expressed by
the azimuth of 298.93 degrees (i.e., west-northwest of Chicago).

In the second step we convert the wind direction from being measured as where the
wind comes from (based on the meteorological definition in the weather database) to being
measured as where the wind blows, that is, the wind vector azimuth: we subtract 180 degrees
from the direction from which the wind comes, and we will add 360 degrees if the subtraction
results in a negative value. We use the wind vector azimuth throughout our study to be
consistent with the measurement of the direction of each New Jersey zip code relative to the
power plant, near which we consider the direction toward which the wind blows. It is also
worth noting that in meteorology a wind blowing eastward is called a westerly wind.

In the third step we use vector means, not arithmetic means, for the calculation of daily
average wind direction using the hourly wind direction data we obtained from Weather
Source, LLC. Wind direction data are examples of “circular” data, where both the start
value (0 degree) and end value (360 degree) indicate exactly the same direction. Ignoring

this fact can result in serious mistakes when calculating an average wind direction. For

48The azimuth of point A from point B is given by the angle between the projected vector of BA and the
reference vector on that horizontal plane. It is different from the azimuth of point B from point A by 180
degrees.
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example, based on the meteorological definition, both a 5-degree wind and a 355-degree
wind can be regarded as a northerly wind, and so should be the average of the two; however,
the arithmetic mean of 5 degrees and 355 degrees is 180 degrees, which indicates a southerly
wind, not a northerly wind that should have been the result of averaging two northerly
winds. In contrast to the arithmetic mean, the vector mean of 5 degrees and 355 degrees is
0 degree (or 360 degrees).

In the fourth step we calculate a cosine function of the difference between each New
Jersey zip code centroid azimuth (f;) and the wind vector azimuth near the power plant
(03), that is, the cosine function of the direction of a New Jersey zip code centroid relative to
the power plant minus the direction toward which the wind blows near the power plant (i.e.,
cos(f; — 0s)), for each day from January 1, 2003 (one year before the first year of our birth
certificate data) to December 31, 2010 (the last year of our birth certificate data). We use
the value of this cosine function as a continuous measure for how downwind a New Jersey
zip code is, on a daily basis, relatively to the power plant: a zero-degree (or a 180-degree)
difference gives the cosine function the maximum (or the minimum) value of 1 (or -1), which
is used to indicate a perfectly downwind (or perfectly upwind) location relative to the power
plant ] Next, we average the daily values of this cosine function for each New Jersey zip
code-year-month pair, to make it vary monthly by each New Jersey zip code.

In some of our analyses we use direction-adjusted sulfur dioxide (or nitrogen oxides)
emissions from the power plant. They are measured by first taking the product of the daily
sulfur dioxide (or nitrogen oxides) emissions from the power plant (reported in the AMPD)
and the cosine function of the difference between daily wind direction (where the wind
blows) near the power plant and the azimuth of New Jersey zip code centroid (relative to
the power plant), and then aggregating the aforementioned product to the zip code-monthly
level. This construction of the direction-adjusted power plant emissions assumes that, all

else being equal, pollution impacts from the power plant will increase if a zip code is more

49Note that 0 < cosw < 1 when 0° < w < 90° and —1 < cosw < 0 when 90° < w < 180°.
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downwind of the power plant.

In addition to the variables indicating how downwind (relative to the power plant) each
New Jersey zip code is and the associated direction-adjusted (SOy and NO, ) emissions from
the power plant, we construct zip code-level monthly pollution variables for SOs, NO5 and
PM, 5 using the AQS data, as well as zip code-level monthly weather variables using the
NCDC data.

To construct those pollution variables we use the following four-step procedure. In the
case of SO, we first compute a monthly simple average of SO concentration for each SO,
monitor, using the one-hour daily maximum readings. Second, we pair each New Jersey zip
code with all SO, monitors. Using the latitudinal and longitudinal coordinates of each zip
code centroid and each SO, monitor, we calculate the geodetic (a.k.a., geodesic) distance
between each zip code centroid and each paired SO, monitor. The geodetic distance approx-
imates the length of the shortest curve between two points along the surface of the earth["’]
Third, based on the geodetic distance, we select those SO, monitors located within 20 miles
of the zip code centroid. Fourth, we compute the zip code-level monthly SO, concentration,
which is the weighted average of the monthly SOy concentrations obtained in the first step
(i.e., the monitor-level monthly simple averages of SOy concentrations), including readings
for monitors within our chosen radius of the zip code centroid. The weight is equal to the
inverse of the geodetic distance between the zip code centroid and the paired SO, monitor.
Our use of the inverse-distance weighting method, as well as our chosen radius of 20 miles,
follows Currie and Neidell (2005)@ We repeat this four-step procedure for NO; and PM, 5
to get the zip code-level monthly variables?]

To construct zip code-level monthly weather variables we use the following three-step pro-
cedure. First, we pair each New Jersey zip code with all weather stations in New Jersey that

are included in NCDC’s GHCND. Using the latitudinal and longitudinal coordinates of each

50

We use geodetic distance for all the distance calculations in this paper.
>1'We also use a 15-mile radius for robustness checks.
»2Summary statistics of the pollution variables are reported in Appendix Table 2.
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zip code centroid and each weather station, we calculate the geodetic distance between the
zip code centroid and each paired weather station. Second, based on the geodetic distance,
we select those weather stations located within 20 miles of the zip code centroid %] Third,
we compute the zip code-level monthly-measured weather variable, which is the weighted
average of the monthly-measured weather variable provided by NCDC’s GHCND within our
chosen radius of the zip code centroid. The weight is equal to the inverse of the geodetic

distance between the zip code centroid and the paired weather station

3.3 Selection of Estimation Sample

Among the four New Jersey counties identified in the NJDEP’s petitions, we focus on these
three counties: Hunterdon, Morris and Sussex. These three counties all belong to the New
York-Northern New Jersey-Long Island Metropolitan Statistical Area (MSA), and they are
20 to 40 miles away from the Portland Generating Station. The decision to live in one of
these three counties may largely depend on the job and career opportunities that are available
in the New York-Northern New Jersey-Long Island MSA, not on the distance to the power
plant. As a result, the behavior of avoiding the power plant in residential choice can be
largely precluded. One implication of this focus is that our study’s findings may not be valid
for other states or other counties of New Jersey, since we focus on a wealthy state and also
a wealthy part of the stateF_E] However, this focus also implies that our finding on adverse
impacts of power plant emissions on infant health based on a wealthy part of the United
States are more likely to be an under-estimation than an over-estimation, because residents
of that wealthy region have higher income than the general population, and higher income
can be associated with better access to health care, which tends to reduce the occurrence of

adverse birth outcomes. In the evaluation of adverse impacts of power plant emissions, an

?We also use a 15-mile radius for robustness checks.

»*Summary statistics of the weather variables are reported in Appendix Table 2.

55 According to the U.S. Census Bureau, median household income (2009-2013) is $106,143 in Hunterdon
County, $98,633 in Morris County, $87,335 in Sussex County, and $70,912 in Warren County, all except
Warren exceeding the New Jersey average of $71,629 and all four counties exceeding the national average of
$53,046 (Source: |http://quickfacts.census.gov/qfd/states/), accessed July 15, 2015).
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under-estimation can be more informative than an over-estimation to policy-makers, when

a lower bound of the actual adverse impacts is preferred to an upper bound.

3.4 Regression Models

For our main analyses we use the following regression models:

Vit = oapdownwindj; + aydownwind;;q + - - - + agdownwind, ;g +

;3 4 zip code; + monthly, 4 error term; j;. (1)

In equation Vi j+ 1s a binary indicator, equal to one for full-term LBW and zero otherwise,
for infant ¢+ whose mother lives in a New Jersey zip code j; the subscript ¢ indexes the year
and month, ranging from January 2004 to December 2010, during which infant ¢ was born.
We use a comma between the subscripts ¢ and jt to emphasize the fact that our data are
not longitudinal for infant ¢’s mother over time.

The construction of the “downwind” variable uses the four-step procedure explained
in Section 3.2l Our estimation sample includes live singleton full-term births only (i.e.,
live singleton births with gestational length greater than or equal to 37 weeks). A normal
pregnancy is usually 39 to 40-week long, which is 9-month long[’] Accordingly, we include
nine “downwind” terms for each of the nine months of a full-term pregnancy, aiming to
disentangle the impacts of being downwind of the power plant during the early stage of
pregnancy from those during the late stage of pregnancy.

The control variables x; include infant i’s sex, male (0) or female (1); infant i’s mother’s
age; dummy variables (1/0) for the mother’s race and ethnicity (White, Black, Hispanic);
having completed a four-year college or higher (1), or not (0); and being married (1) or
not (0). In our regression model we also control for zip code fixed effects, denoted by “zip

code;,” as well as the linear and quadratic time trend, denoted by “monthly,,” which are the

*Note that each calendar month includes four full weeks and up to three more days; February (not in a
leap year) is the only month that includes exactly four weeks.
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linear and quadratic terms of the consecutive integers generated from all year-month pairs
(January 2004-December 2010).
In the analyses of the impacts of power plant emissions we revise equation to the

following equation:

Yijt = 7Yodownwind emissionj; + - - - + ygdownwind emission;; g +

x;0 + zip code; + monthly, + error term, j, (2)

where the variable “downwind emission” is the previously discussed power plant emission
(SO5 or NO,) adjusted by how downwind a New Jersey zip code is relative to the power
plant (with details given in Section [3.2]).

To examine the impacts of the power plant emissions on local pollution measured at each

New Jersey zip code level, we use the following regression model:

pollution;, = ¢downwind emission;; + w’, 7 + zipcode; + monthly, 4 error termj,.  (3)

In equation the variable “pollution;,” denotes the previously discussed SO,, NO, and
PM, 5 variables that vary monthly by each New Jersey zip code (with details given in Sec-
tion . The zip code-level weather variables previously discussed (in Section are
denoted by wj;, including monthly high temperature, monthly low temperature, monthly
mean temperature, monthly rainfall, and monthly snowfall.

We estimate equations (I))-(3) by ordinary least squares (OLS) with standard errors
clustered at the zip code-level. Similar to our study, Currie, Neidell, and Schmieder (2009)
compute standard errors clustered at the census tract-level.

Throughout our analysis we use the downwind variable together with the New Jersey zip
code fixed effect. By using the zip code fixed effect, we control for the distance between each
New Jersey zip code and the power plant. Because the downwind variable we constructed

varies by each zip code and also by the wind direction near the power plant, once we control
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for the zip code fixed effects, the remaining variation of the downwind variable should come
only from the latter. Thus, the inclusion of the New Jersey zip code fixed effects should
allow the downwind variable to be exogenous, since the wind direction is indeed driven by

nature.

4 Results

4.1 Descriptive Statistics

Table 1 reports the summary statistics about the power plant emissions and the New Jersey
zip codes based on the sample of our main analysis, which includes the four New Jersey
counties identified in the NJDEP’s petitions—Hunterdon, Morris, Sussex, and Warren. The
sample period is from January 2004 to December 2010. One important observation is that
the direction-adjusted monthly SO, emissions (806 tons, Panel A) and NO, emissions (92
tons, Panel A) from the power plant are much lower, on average, than the actual monthly SO,
emissions from the power plant (2,469 tons, Panel A) and NO, emissions (275 tons, Panel A)
from the power plant["] This downward adjustment can be explained by the fact that New
Jersey zip codes are not all perfectly downwind of the power plant. Being perfectly downwind
of the power plant means that the direction toward which the wind blows is exactly equal
to the direction toward which a New Jersey zip code is located relative to the power plant.
Note that the average wind direction (measured on a monthly basis) near the power plant is
151.458 degrees (Panel A of Table 1), indicating that the wind blows south-southeastward.
Panel A of Figure 4 further demonstrates that for the majority of our sample period the
wind near the power plant blows south-southeastward (i.e., between 135 and 180 degrees
regardless of the season). In comparison, Panel B of Table 1 shows that on average Sussex

County is east-northeast of the power plant; Morris and Warren Counties are east-southeast

TPanel B of Figure 4 shows the monthly emissions of SOy and NO,, from the Portland Generating Station
for the entire sample period.
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of the power plant; and Hunterdon County is the most aligned with the wind direction near
the power plant among the four counties.

Figure 5 shows that the direction-adjusted monthly SO, emissions from the power plant
are indeed uniformly lower than the actual monthly SO, emissions throughout the entire
sample period. Furthermore, Figure 5 shows that the downward adjustment is largest for
Sussex County (Panel D), which is the county whose location is least aligned with the wind
direction among the four counties; in contrast, the downward adjustment is smallest for
Hunterdon County (Panel B), which is the county whose location is most aligned with the
wind direction among the four counties. Consistent with Figure 5, Panel B of Table 1 shows
that among the four New Jersey counties, Hunterdon is the most downwind of the power
plant (with the average value of the cosine function being equal to 0.470); Morris and Warren
are similarly downwind of the power plant (with the average values of the cosine function
being equal to 0.335 and 0.350, respectively); and Sussex is the least downwind of the power
plant (with the average value of the cosine function being equal to 0.077).

Table 2 reports the summary statistics about the birth outcomes and mothers’ charac-
teristics based on the sample of our main analysis including the four New Jersey counties
(Panel A) and the full sample including all New Jersey counties (Panel B); both the estima-
tion sample and the full sample include live singleton births only, and the sample period is
from January 2004 to December 2010. Panel A shows that the proportion of full-term LBW
is 1.7 percent among the four New Jersey counties; Panel B shows that the proportions of
LBW and preterm births (i.e., gestational length less than 37 weeks) are 5.3 percent and 9.7
percent, respectively.

In contrast, according to the gestation and birth weight summary tables reported by
the National Vital Statistics System (NVSS), the nationwide proportions of full-term LBW,
LBW, and preterm births among all live singleton births during 2004-2010 (i.e., our sample

period) are 2.4 percent, 6.4 percent and 10.7 percent, respectively, which are all higher
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than the corresponding proportions for New Jersey[S| This pattern could be explained by a
common belief that higher income is associated with better access to health care, which tends
to improve birth outcomes, such as the reduction in LBW, and New Jersey is a wealthy state.
According to the 2011 and 2012 American Community Survey, New Jersey has the second
highest median household income (about $69,000 in 2012 inflation-adjusted dollars) in the
United States, only behind the state of Maryland (about $71,000 in 2012 inflation-adjusted
dollars; Noss, 2013, table 1 on p. 3).

In our birth certificate data there is no variable on household or family income. Nonethe-
less, in Table 2 we observe that among the four counties, Hunterdon has the highest propor-
tion of mothers who completed a four-year college (or higher), followed in turn by Morris,
Sussex and Warren. This ranking is exactly matched to the ranking of county-level median
household income (2009-2013), according to the U.S. Census Bureau’s statistics, with Hun-
terdon being the highest ($106,143), followed in turn by Morris ($98,633), Sussex ($87,335)
and Warren ($70,912)F_gl As a result, it could be a reasonable assumption that for our study
region the proportion of mothers who completed a four-year college (or higher) is not only
a control variable for the mother’s educational attainment but also a proxy variable for
the mother’s income, because of the positive correlation suggested by Table 2 and the U.S.
Census Bureau’s statistics between educational attainment (information from Table 2) and

income level (information from the U.S. Census Bureau’s statistics).

58Gpecifically, the national level proportions of full-term LBW among live singleton births are 2.30%,
2.32%, 2.38%, 2.39%, 2.42%, 2.40%, and 2.43% for 2004-2010, respectively; the national level proportions of
LBW among live singleton births are 6.30%, 6.40%, 6.48%, 6.44%, 6.40%, 6.35%, and 6.38% for 2004-2010,
respectively; the national level proportions of preterm births among live singleton births are 10.66%, 10.92%,
11.03%, 10.96%, 10.62%, 10.43%, and 10.29% for 20042010, respectively The NVSS summary tables are
available at http://205.207.175.93/Vitalstats/ReportFolders/reportFolders.aspx (accessed July 15, 2015).

% Detailed county-level statistics are provided at http://quickfacts.census.gov/qfd /states/| (accessed July
15, 2015).
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4.2 Impacts of Being Downwind of the Power Plant on the Oc-

currence of Full-Term LBW

Table 3 reports the estimated impacts of being downwind of the power plant on the occur-
rence of full-term LBW for the sample including all four counties identified by the NJDEP’s
petitions and also for the sample including Hunterdon, Morris and Sussex. One important
observation is that among all live singleton full-term births the impact is exclusively de-
tected during the first month of pregnancy. Specifically, we find that being downwind of the
power plant (represented by a change from zero to one in the value of the cosine function)
during the first month of pregnancy, which is the eighth month prior to the birth month of
a full-term (i.e., nine-month) pregnancy, could increase the likelihood of full-term LBW by
approximately one percentage point. Given that the nationwide live singleton full-term LBW
rate during our sample period (2004-2010) is about 2.4 percent, the finding of an increase
of one percentage point could imply an approximately 42 percent increase in the occurrence
of full-term LBW, one case of slow fetal growth, among live singleton births.

Because there are fetal developments unobserved to researchers and also not measured in
the birth certificate data, the impacts estimated in our study are aimed to capture the effects
of the interactions between maternal exposure to power plant emissions and the development
of her fetus during the course of a full-term pregnancy. Our findings suggest that embryos
could be most vulnerable during the early stage of pregnancy: there are no detected impacts
of being downwind of the power plant during the course of a full-term pregnancy except
for the first month; this finding could be explained by the possibility that fetal development
during the later stage of pregnancy is able to mitigate the adverse impacts of certain in-utero
environmental insults, but the mitigation will not be strong enough to undo those adverse
impacts during the early stage of pregnancy, making an embryo (i.e., the fetus in the early
stage of pregnancy) vulnerable to in-utero environmental insults such as maternal exposure
to power plant emissions.

In Table 3 we also note that when Warren County is excluded from our estimation sam-
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ple, the estimates remain very similar (columns 1-3 compared with columns 4-6), suggesting
that the actual avoidance behavior of mother’s relocation from Warren County to other coun-
ties is not prevalent, although this avoidance behavior is conceivable because the Portland
Generating Station is located on the border between Northampton County of Pennsylvania
and Warren County of New Jersey. Although we have a seven-year (i.e., 2004-2010) sample
period, we lack the statistical power to conduct a separate analysis exclusively for Warren
County because of the small number of full-term LBW in the sample including one county
alone (i.e., Warren County).

Another important observation in Table 3 is that our estimates of the impacts of being
downwind of the power plant are very similar, whether or not we control for important
individual-level variables such as mother’s age, education, race and ethnicity, all believed
to be associated with infant birth outcomes (columns 1 vs. 2 and columns 4 vs. 5). This
pattern suggests that the variations in those downwind variables are exogenous to those
individual-level important covariates of infant birth outcomes, conditional on the fact that
we use zip code fixed effects to control for the distance between each New Jersey zip code
centroid and the power plant. The exogeneity of those downwind variables is also supported
by the fact that the variations of those downwind variables come from two sources: the
direction of each New Jersey zip code relative to the power plant and the wind direction
near the power plant; when the former is controlled by the New Jersey zip code fixed effect,
the rest of the variation of the downwind variable will be determined by the wind direction,
and the wind direction being measured is indeed driven by nature and varying exogenously.

To examine the presence of important omitted variables that vary monthly and also by
each zip code, we conduct a falsification check by adding a term of being downwind of the
power plant during the month after the childbirth, that is, a “leading” term. If our finding
is actually driven by certain zip code-level unobserved variables that vary monthly, then
this leading term can be a proxy of those unobserved variables and its coefficient can be

statistically significant if those unobserved variables do have impacts on the occurrence of
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full-term LBW. In columns (3) and (6) of Table 3 we see that the coefficient of that leading
term is not statistically significant, suggesting that the zip code-level unobserved variables
that vary monthly have little impact on the occurrence of full-term LBW; furthermore, the
estimate of that coefficient is close to zero, which is also consistent with the fact that there
is no impact on the occurrence of full-term LBW from being downwind of the power plant
during the month after childbirth.

To check the robustness of our estimates, we use two additional samples including all
zip codes that are 40 miles and 35 miles of the power plant, respectivelym The results of
our robustness checks are reported in Table 4 with two important observations. First, the
estimates reported in Table 4 are fully consistent with the estimates reported in Table 3. By
focusing on the zip codes that are close to the power plant, we confirm the same pattern as
what we find by using the four counties identified by the NJDEP’s petitions—Hunterdon,
Morris, Sussex and Warren. Second, because most of the zip codes of the four counties are
within 35 miles of the power plant, the estimates (columns 4-6 of Table 4) obtained from
the 35-mile sample are similar to those reported in Table 3: being downwind of the power
plant during the first month of pregnancy could increase the likelihood of full-term LBW
by approximately one percentage point. Furthermore, we note that the magnitude of this
estimate becomes smaller and it decreases to 0.6 percentage points (columns 1-3) when we
use the 40-mile sample, which includes counties (i.e., Mercer, Middlesex, Passaic, Somerset
and Union) that are actually not identified by the NJDEP’s petitions as the impacted area
of the Portland Generating Station.

Overall, the findings reported in Table 4 are consistent with the NJDEP’s petitions that
Hunterdon, Morris, Sussex and Warren Counties are impacted by the Portland Generating
Station, and the impact on full-term LBW from being downwind of the power plant can be
increasing (or decreasing) as the distance between the power plant and the mother’s residence

decreases (or increases). Indeed, the impact is not found in the area that is far away from the

60The New Jersey counties included in the 40-mile and 35-mile samples and the associated summary
statistics are reported in Appendix Table 1.
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power plant. Specifically, Table 5 shows that no impact is found in these three counties—
Cape May, Hudson and Salem (with their locations shown on Figure 3) that are far away
from the power plant and also not directly downwind of the power plant. In addition, in the
sample including New Jersey zip codes that are at least 80 miles away from the power plant
we find no impact on the occurrence of full-term LBW from being downwind of the power
plant. Note that the numbers of observations of the three-county sample (56,054, column 1
of Table 5) and the 80-mile sample (67,573, column 2 of Table 5) are all greater than the
numbers of observations of the 35-mile sample (48,997, columns 4-6 of Table 4) and the
four-county sample (51,809, columns 1-3 of Table 3), so the statistically insignificant effects
reported in Table 5 are not the results from having smaller samples but rather likely to be
the results from mothers’ living far away from the power plant.

To further check the potential bias (in our estimated health impacts of the power plant
emissions) from omitting important variables that vary monthly and also by each zip code,
we conduct falsification checks on the 35-mile and the 40-mile samples by including leading
terms of the downwind variable, that is, being downwind of the power plant during the sixth
month after birth, till during the 12th month after birth. The results of the falsification
checks are reported in Table 6: none of the coefficients of those leading terms are statistically
significant, which is fully consistent with the null hypothesis known to be true that there
is no impact of being downwind of the power plant during the period of six months to one
year after birth on the infant health at birth. Overall, the results in Tables 5 and 6 suggest
that the impacts on slow fetal growth (indicated by full-term LBW) shown in Tables 3 and
4 stem from the Portland Generating Station and the proximity to that power plant, rather
than the effects of unmeasured determinants of fetal development that vary monthly and

also by each zip code.
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4.3 Impacts of Power Plant Emissions on the Occurrence of Full-

Term LBW

We further examine whether the impacts on full-term LBW are indeed the results of maternal
exposure to the emissions from the Portland Generating Station during pregnancy. We report
the results in Tables 7 and 8 for the SO, emissions and the NO, emissions from the power
plant, respectively.

In Table 7 we observe the same pattern as the ones shown in Tables 3—5: the impacts on
full-term LBW from maternal exposure to the SO, emissions from the Portland Generating
Station are exclusively detected for the first month of pregnancy among live singleton full-
term births (columns 1-6). Based on the sample including Hunterdon, Morris and Sussex,
the three counties that are not adjacent to the Portland Generating Station, we find that
when the direction in which a zip code is located from the power plant is the same as the
direction toward which the wind blows near the power plant, an increase of 1,000 tons of
SO, emissions (which is about 3 percent of the power plant’s annual total SO emission)
from the power plant during the first month of pregnancy could increase the likelihood
of full-term LBW by approximately 0.24 percentage points among live singleton full-term
births (columns 1-2). Based on the national level live singleton full-term LBW rate during
our sample period (2004-2010), which is 2.4 percent, this finding of an increase of 0.24
percentage point could imply an approximately 10 percent increase in the occurrence of live
singleton full-term LBW. This estimate increases slightly to 0.25 percentage points (or 10.42
percent) when we keep only Hunterdon and Morris Counties in the sample (columns 3-4),
which is consistent with the fact that, compared with Sussex County, Hunterdon and Morris
Counties are located in an area more aligned with the direction toward which the wind near
the power plant blows, and therefore the estimated impact could be greater for the area more
downwind of the power plant once the distance to the power plant is controlled by using the
zip code fixed effects. In addition, we find that the estimate decreases to 0.17 percentage

points (or 7.08 percent) when we include all zip codes that are 40 miles of the power plant
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(column 5-6), which could be explained by the fact the 40-mile sample includes counties
that are actually not identified in the NJDEP’s petitions (i.e., Mercer, Middlesex, Passaic,
Somerset and Union). Furthermore, when the sample includes only Cape May, Hudson and
Salem, the three counties that are far away from the power plant and also located in an area
not directly downwind of the power plant, we find no impact on full-term LBW from being
exposed to SOy emissions from the power plant (column 7).

In contrast to SO2 emissions, in Table 8 we find no statistically significant impact on the
occurrence of full-term LBW from maternal exposure to the power plant’s NO, emissions
in each of the cases (with the same number of observations) examined in Table 7. This
finding, however, is consistent with the Portland Rule, which exclusively identified that it
is SO, emitted from the Portland Generating Station that has reached the downwind state,
New Jersey. One possible reason for this finding is that two processes—reaction with the
hydroxyl radical (OH) and dry deposition, either of which can remove SO, and NO, from
the atmosphere and therefore terminate their lifetime, are preventing less SO,, but more
NO,, emitted from the power plant from affecting the downwind region["]

We further investigate the transportability of SO, and NO, emissions from the power
plant by examining the pollution level measured at each New Jersey zip code based on the
EPA’s AQS data. The results are reported in Table 916_7] Consistent with the Portland Rule,
Panel A shows that, on a monthly basis, SO, levels measured at zip codes that are within
40 miles of the power plant could increase by approximately 1.587 ppb as a result of the
increase of 1,000 tons of SO, emissions from the power plant, when the direction in which

a zip code is located from the power plant is the same as the direction toward which the

6! Longer lifetime of these gases will allow them to be transported in the atmosphere farther away from
their origin. For instance, the lifetime of SO2, based on the reaction with OH (at a typical atmospheric level
of OH), is about one week; it is much longer than that of NOs (one case of NO, ), which is about one day
(Seinfeld and Pandis, 1998, p. 259 and p. 314). The average dry deposition velocities above land for SOq
and NOy are about 0.8 and 0.02 centimeters per second, respectively (Moller, 2010, p. 448). When both
processes considered, the lifetime of SO5 can be two days, but the lifetime of NOs can be one day only.

62In Appendix Table 3 we report the results of our robustness check, where we use a 15-mile radius for
the construction of pollution and weather variables. The results in Appendix Table 3 are similar to those in
Table 9.
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wind blows near the plant (column 4). When we include two or three of the four New Jersey
counties identified in the NJDEP’s petitions, the estimate increases to 1.664 ppb (column 2)
or 1.752 ppb (column 3), and the estimate of the impact becomes the greatest (2.249 ppb
in column 1) when only Warren County is included in the sample, which is consistent with
the fact that the Portland Generating Station is immediately next to Warren County. In
contrast, we find that among the zip codes that are at least 80 miles away from the power
plant, the estimate of the SO, pollution impact is statistically insignificant and also close to
zero (column 5); this result is consistent with the previous findings that no impact on the
occurrence of full-term LBW from being downwind of the power plant is found in the sample
including zip codes that are at least 80 miles away from the power plant.

In Panel B we also find an increase in the PMs 5 level in the area including the four New
Jersey counties (columns 1-4), as a result of the SOs emissions from the power plant, but
we do not find this impact in the area that is far away (i.e., at least 80 miles) from the
power plant (column 5). These findings are similar to the ones reported in Panel A. The
reason why PMy 5 levels in a downwind region can be affected by the power plant’s SO,
emissions is that SOy contributes to the formation of sulfates, which can be transported
in the atmosphere through prevailing wind and then become an ingredient of fine particle
pollution in the region downwind of the power plant (Schneider and Bank, 2010). In contrast,
Panel C shows that NO, emitted from the power plant appears to be able to reach Warren
County only (the county immediately next to the power plant), which could be the result of
the aforementioned two atmospheric processes (i.e., reaction with the hydroxyl radical and
dry deposition) of this geographic region.

Taken together, Panels A, B and C of Table 9 suggest that the increases in the SO and
PM, 5 levels measured at the zip code level in the downwind region could be the reason for the
previous findings that being downwind of the power plant and in particular, being exposed
to the power plant’s SO, emissions during the first month of pregnancy could increase the

likelihood of slow fetal growth, which is indicated by the occurrence of full-term LBW.
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One drawback of our study is that we have the information on which zip code the mother
resides in, but we do not have the information on the scope of the mother’s daily activities.
It is possible that the mother spends most of her day at work, especially during the early
stage of pregnancy, and the workplace is in a zip code that is far away from her residential
zip code. As a result, our measures of being downwind of the power plant and being exposed
to the power plant’s emissions are for potential exposure only, which can be substantially
different from the mother’s actual exposure to the power plant’s emissions.

To assess the impact of this measurement error, we check the power plant’s hourly emis-
sion data provided by the EPA’s AMPD. The results are reported in Figure 6, where we
find that the power plant’s SO, emissions were consistently peaked around 3:00 PM during
our sample period (2004—2010). The monthly average speed of the wind measured near the
power plant during our sample period is about 6.7 miles per hour (mph). Panel B of Table
1 shows that the average distance between the mother’s residential zip code and the power
plant is 12.574 miles for Warren, 25.483 miles for Hunterdon, 26.017 miles for Sussex, and
31.117 miles for Morris. So, the travel time for SO, emitted from the power plant to reach the
four counties could be between two and five hours, based on the 6.7 mph wind speed. Thus,
it is possible for the SO, emissions that are peaked at 3:00 PM to reach the four counties
between 5:00 PM and 8:00 PM, at the time when workers usually return home from work.
According to the U.S. Census Bureau, during 2009-2013 the average travel time for workers
of age 16 and over is 33.6 minutes for Hunterdon, 30.0 minutes for Morris, 37.7 minutes for
Sussex, and 34.4 minutes for Warren (all close to the New Jersey average of 30.4 minutes,
which is higher than the national average of 25.5 minutes)ﬁ Hence, even though the moth-
ers from the four counties can spend most of the daytime at work, away from their homes,
they still can be exposed to elevated pollution levels measured at their residential zip codes,
because of the power plant’s emissions that are peaked in the afternoons. Therefore, in our

empirical setting the variables of being downwind of the power plant and being exposed to

03These summary statistics are available at http://quickfacts.census.gov/qfd/states/ (accessed July 15,
2015).
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the power plant’s emissions, all measured at the mothers’ residential zip codes, can still be
meaningful for capturing a portion of the mothers’ actual pollution exposure that is affected

by the power plant’s emissions

5 Discussion

Our finding suggests that maternal exposure to power plant emissions during early pregnancy
may be most consequential for fetal development. Specifically, we find that the consequence
of prenatal exposure to power plant emissions of SO (a major precursor to ambient PMs 5
concentrations) on the occurrence of LBW among live singleton full-term births is signifi-
cantly impactful during the first month of pregnancy, which adds more evidence in support
of several association-based studies by Dejmek et al. (1999), Dugandzic et al. (2006), Liu et
al. (2003) and Mohorovic (2004). In particular, Dejmek et al. (1999) find that among live
singleton full-term births of European origin, [UGR is significantly correlated with prenatal
exposure to PMy 5 (and also PMjg) during the first month of pregnancy. Dugandzic et al.
(2006) find a significant association between SOs exposure in the highest quartile during
the first trimester and the risk of LBW among live singleton full-term births in Canada.
Similarly, also based on pregnancy outcomes in Canada, Liu et al. (2003) find that SOq
exposure during the first month of pregnancy is significantly associated with LBW among
live singleton full-term births. Using data from Croatia, Mohorovic (2004) find that greater
exposure to SO, during the first two months of pregnancy is associated with not only lower
birth weight but also shorter gestational length.

Our finding also suggests that in-utero exposure to SOy and PM, 5 due to coal-fired
power plant emissions could induce fetal growth restrictions, of which the exact biological
mechanism is still being examined in the medical and environmental health fields. Among
several potential pathways proposed in the literature, such as inflammation, changes in blood

coagulability and viscosity, endothelial function and hemodynamic responses (Kannan et al.,
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2006; Slama et al., 2008), there is growing evidence showing that intrauterine oxidative
stress is highly correlated with the occurrence of ITUGR (Al-Gubory, Fowler and Garrel
2010; Kannan et al., 2006). Inhaled fine particles can contain many free radicals, which
include reactive oxygen species (ROS), reactive nitrogen species, and reactive sulfur species
(RSS). One important response to oxidative stress is the influx of inflammatory cells to
the sites of damage. Inflammatory cells can generate and release more free radicals, which
will initiate another round of oxidative stress. Moreover, maternal inflammation could be
associated with inadequate placental perfusion that restricts fetal growth due to interference
of transplacental oxygen and nutrient transport (Kannan et al., 2006). Inflammation could
also affect maternal host’s immune system that increases maternal risk of infections, which in
turn could influence maternal nutrition supply or disturb transplacental nutrient exchanges
or cause fetal infection that impairs fetal growth and development. While the ROS-induced
oxidative stress and its adverse impact on fetal growth have been extensively studied in the
medical field (Al-Gubory, Fowler and Garrel 2010; Kannan et al., 2006), the RSS-induced
oxidative stress has become an emerging concept (Giles and Jacob, 2002; Mohorovic, 2004).
Usually, sulfur is considered as part of cellular antioxidant system, which will reduce oxidative
stress; however, there is more evidence showing that RSS can actually have stressor properties
that are similar to ROS, inducing oxidative stress (Giles and Jacob, 2002; Mohorovic, 2004).
Our finding suggests that the adverse impact on fetal growth could arise from possibly RSS-
induced intrauterine oxidative stress due to Portland Generating Station’s emissions of SO,
(a major precursor to ambient PM, 5 concentrations) travelling to the downwind region of
New Jersey.

Previous studies have suggested that when facing a compromised in-utero environment,
male and female fetuses will respond differently, and therefore they can exhibit sexually
dimorphic birth outcomes. However, sex-specific effects of prenatal exposure to air pollution
on fetal growth have not received much attention in the epidemiological literature. Existing

studies that have examined sex-specific effects, reviewed in Ghosh et al. (2007), suggest
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a stronger effect of pollution exposure (e.g., SOy, PMy 5, CO, O3, and NO,) on low birth
weight or very low birth weight for males than for females.

Indeed, in Table 10 we find that the impacts of being downwind of the power plant during
the first month of pregnancy on the occurrence of slow fetal growth are salient among males,
but on average there is no effect detected among females; the magnitudes of the estimate
among males (between 1.2 and 1.3 percentage points, reported in Table 10) are slightly
greater than the magnitudes of the estimate (approximately 1 percentage point, reported in
Table 3) when both sexes are included in the estimation sample. This pattern suggests that
the adverse impact of maternal exposure to power plant emissions during the early stage
of pregnancy could concentrate among male fetuses. Our results indicate that male fetuses
can be more vulnerable than female fetuses to in-utero environmental insults (such as power
plant pollutions) during the early stage of pregnancy, and the adverse impacts during the
first month of pregnancy may not be overcome by the catch-up growth of male fetuses during
the later stage of pregnancy, such as the fetal growth spurt starting at the end of the second
semester or the beginning of the third trimester.

The findings of our study are consistent with the sex difference predicted by the theory
of Developmental Origins of Health and Disease (Aiken and Ozanne, 2013). Our results
also provide evidence supporting a contention that “boys live dangerously in the womb”
(Eriksson et al., 2010). Unless otherwise stated, the following discussions on sex-specific
response to in-utero insults are based on Aiken and Ozanne (2013), Clifton (2010), Eriksson
et al. (2010), and Renzo et al. (2007).

Starting from the early stage of human development, males tend to grow faster at every
gestation age. To sustain their fast growth, males also invest less in placental growth. Prior
to the 10th week of pregnancy (a period when most of organs are forming), male embryos
experience more rapid cell divisions, and more frequent cell cycles can expose male embryos
to a higher risk of effective in-utero insults. After the 10th week of pregnancy, male fetuses

continue to grow faster but mature more slowly than female fetuses. The greater growth
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velocity, which demands more nutrition and oxygen but with less mature organs and systems,
potentially can make males more susceptible to in-utero environmental insults.

More importantly, when facing an in-utero insult that restricts nutrition and oxygen
supply, females tend to perform a higher level of epigenetic modifications and changes of
mRNA and protein expressions, to reduce their growth rates and adapt placenta to the
compromised in-utero environment. This developmental adaptation potentially explains
why we do not detect any statistically significant effect (on average) of maternal exposure to
power plant emissions during pregnancy on the full-term LBW (columns 2, 4 and 6 of Table
10) among females. In contrast, male fetuses lack the same level of “plasticity” that female
fetuses have, which will expose male fetuses to greater risks of becoming undernourished.
In other words, when resource constraints change, female fetuses can remaximize the usage
of intrauterine environment to achieve their optimal outcomes under the new constraints,
and the new optimal outcomes can lead to minor reductions in fetal growth, thus avoiding
IUGR; in contrast, when facing more constrained resources, male fetuses can continue to
develop without recognizing the new constraints and in the end fail to sustain their growth
and development or fail to have any capacity to mitigate the in-utero environmental insults.

Interestingly, our results suggest that the first month of pregnancy could have a crucial
impact on male fetuses’ growth if fetuses are carried to full terms. It is possible that male
fetuses’ organs and placenta are not developed to the level of adjusting male fetuses to a
compromised in-utero environment during the early stage of pregnancy, and when maternal

exposure to pollution persists, growth of male fetuses will eventually be restricted.

6 Conclusion

The Portland Rule provides us with a rare opportunity to examine the impacts of coal-fired
power plant emissions on infant health at birth: the impact area was scientifically verified

and the sole source of the air pollution in the downwind region was exactly identified by the
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NJDEP and also by the EPA independently. Our study assembled a set of evidence showing
the infant health impacts from coal-fired power plant emissions, such as sulfur dioxide, which
can contribute to the formation of sulfates in the atmosphere—a dominate ingredient of fine
particle pollution east of Mississippi of the United States (Schneider and Bank, 2010): infant
birth outcomes could be adversely affected by the Portland Generating Station, a large
polluter identified in the Portland Rule, and the impact region can be 20 to 40 miles far
away from the power plant due to prevailing winds.

Specifically, among all live singleton births during 2004-2010 we find that for mothers
who live in the impact area identified in the Portland Rule, being downwind of the power
plant during the first month of pregnancy can increase the likelihood of full-term LBW, an
indicator of slow fetal growth, by approximately one percentage point, which is an increase
of approximate 42 percent since the national average rate of live singleton full-term LBW
is about 2.4 percent during our sample period. In contrast, no effect of being downwind of
the power plant on slow fetal growth (represented by full-term LBW) is found in the area
far away from the power plant: for instance, the area that is at least 80 miles away from the
power plant, or the counties that are far away and also not directly downwind of the power
plant.

Using data on the power plant’s emissions adjusted by how downwind a New Jersey zip
code is relative to the power plant, we find that the health impacts of the direction-adjusted
power plant emissions are fully consistent with the findings on the health impacts of being
downwind of the power plant: maternal exposure to an increase of 1,000 tons of SO, emissions
from the power plant (roughly three percent of the power plant’s annual total SO, emissions)
in a perfectly upwind direction during the first month pregnancy could increase the likelihood
of full-term LBW by about 0.24 percentage points, or 10 percent (when compared with the
national level live singleton full-term births during our sample period) in the area that is 20
to 40 miles away but downwind of the power plant, which includes the Hunterdon, Morris,

and Sussex Counties of New Jersey. Furthermore, we provide evidence that is consistent
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with the Portland Rule, suggesting that it is SOy and PMs 5, not NO, (whose emissions are
reported in the EPA’s AMPD in addition to SO, emissions), that have the potential to travel
long distance in the air through prevailing winds.

Adding to the scientific findings presented in the Portland Rule, our results suggest an
impact of in-utero exposure to SOy and PMy 5 during the first month of pregnancy (i.e.,
during the embryo stage) on the occurrence of slow fetal growth, indicated by the full-term
LBW. This finding echoes the results of several studies pinpointing the critical gestation
period for adverse impacts on infant health from in-utero environmental insults (such as
prenatal exposure to air pollution). To the best of our knowledge, we also provide the first
evidence in the economics field regarding the adverse impact on fetal growth from possibly
reactive sulfur species-induced intrauterine oxidative stress, arising from maternal exposure
to emissions of SO, (a major precursor to ambient PMs 5 concentrations), whose travelling
from the emission source to the downwind region has been confirmed in the Portland Rule.
Furthermore, we find suggestive evidence in support of the theory of Developmental Origins
of Health and Disease (Aiken and Ozanne, 2013): male fetuses can be more vulnerable than
female fetuses to in-utero environmental insults during the early stage of pregnancy, and the
adverse impacts during the early stage of pregnancy may not be countervailed by the growth
spurts of male fetuses during the later stage of pregnancy.

Our research design is guided by two aspects of the Portland Rule: first, it provides
scientific evidence on the travel distance and direction of SO, emitted from the Portland
Generating Station, which is about 40 miles downwind of the power plant; second, it shows
that the power plant is an independent source of air pollution and a significant contributor to
the violation of NAAQS in the downwind region. By focusing on the impact area identified
in the Portland Rule, we are able to exploit the variation in the power plant emissions that
can be independent of local pollution sources. By focusing on those mothers who live in
the Hunterdon, Morris and Sussex Counties of New Jersey, the area that is 20 to 40 miles

away from the power plant, we aim to preclude possible presence of protection behaviors

40



of those who live in close proximity to the power plant, as well as selective migration away
from the power plant. Furthermore, we focus on the period (2004-2010) that is prior to the
date of the Portland Rule, during which residents living 20 to 40 miles away but downwind
of the power plant may not have been aware of the impacts of the power plant, and thus the
possibility of their selective migration away from the power plant can be minimal.

However, the focal region of our study is a wealthy part of New Jersey, which is a wealthy
state. Thus, our findings on the adverse infant health impacts of the power plant emissions
can be an under-estimation compared with the actual impacts for a general population, since
higher income can be associated with better access to health care, which usually prevents
the occurrence of adverse infant health outcomes. Besides, to have infant birth weight
information, we rely on the birth certificate data, from which we only observe infant weights
of live births. As a result, our study will incur a bias from “fetal selection” (Currie, 2009) or
“selective mortality” (Almond and Currie, 2011): we are likely to have under-estimated the
actual infant health impacts of power plant emissions by using a sample of survivors of in-
utero environmental insults. Nonetheless, in the evaluation of adverse impacts of power plant
emissions, an under-estimation may still be informative to policy-makers, when a potential
lower bound of the actual adverse impact is considered.

The Portland Rule is precedent-setting and it is expected to encourage more petitions
from the downwind states against upwind polluters. The ruling by the Third Circuit in
the GenOn REMA LLC v. FEPA case affirmed EPA’s proper use of the AERMOD for
air quality impact analysis, which also has precedential impact because the court’s ruling
essentially allows the EPA to continue using its own air quality impact modeling to identify
individual upwind polluters causing downwind NAAQS violations and hold those upwind
polluters accountable. In this regard, our study is aimed at broadening the scope of cross-
border pollution analysis by taking into account adverse infant heath impacts from upwind

polluters, which can burden the downwind states disproportionately.
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