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I.

Introduction

One of the animating concerns of the trade-and-environment debate is the idea that tighter environmental regulation in richer countries may, through trade, lead to relocation of dirty production
activities to poorer countries with weaker regulations. Although not always stated, the concern
often includes worries about adverse health effects in the destination. This is one articulation of
what is commonly referred to as the pollution-haven hypothesis.
Despite the prominence of this idea in academic and policy discussions, the direct evidence that
environmental regulation can displace polluting activities from developed countries (the “North”)
to developing countries with weaker regulations (the “South”) remains thin. Several influential
papers have documented displacement effects across regions within the U.S. (Henderson, 1996;
Becker and Henderson, 2000; Greenstone, 2002), but there is less evidence for North-South displacement. A leading study by Hanna (2010) finds that the Clean Air Act Amendments in the
U.S. increased outgoing foreign direct investment (FDI) but not disproportionately to developing
countries. The reviews by Copeland and Taylor (2004), Levinson (2010), Karp (2011), Cherniwchan et al. (2017), Dechezleprêtre and Sato (2017), Cole et al. (2017), and Copeland et al.
(2021) report some evidence that regulation leads to fewer exports and more imports of pollutionintensive goods and less inward and more outward FDI, but little direct evidence of displacement
of pollution-intensive production from North to South.
It appears that the dominant view in the policy world is that such displacement effects,
if they exist, are small and relatively innocuous. For instance, the World Bank’s 2020 World
Development Report, its flagship publication, asserts: “[E]mpirical evidence shows that strict
environmental regulation of polluting industries has not led to large relocations to countries with
less-strict standards.... The association of falling trade costs and tighter environmental regulations
could drive polluters to flee to developing countries. But this has not happened ” (World Bank,
2020, p. 125, emphasis added).
Here we provide a counterexample to this anodyne view. Focusing on recycling of used leadacid batteries (ULAB), we document a direct effect of tightened air-quality regulation in the U.S.
on relocation of polluting activities to Mexico and on birth outcomes in Mexico. Battery recycling
has a number of features that make it both salient and amenable to empirical study. First, the
industry is an intensive emitter of lead, a particularly noxious pollutant. A recent UNICEF report
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lists battery recycling first among concerning sources of lead exposure for children (Rees and Fuller,
2020).1 Lead exposure has been linked to retarded fetal growth, lower IQ, lower educational
achievement, and several other adverse outcomes. Second, there was a sharp experiment: in
early 2009, the U.S. tightened the National Ambient Air Quality Standard (NAAQS) for lead by
a factor of 10, from 1.5 µg/m3 to 0.15 µg/m3 ; the standard in Mexico remained stable at 1.5
µg/m3 over the period. Third, the data environment allows us to track the relocation of battery
recycling. We observe the locations of battery-recycling plants in the U.S., ambient lead levels at
monitoring stations nearby, ULAB trade flows from the U.S. to Mexico, industry output and the
locations of ULAB recycling plants in Mexico, and birthweight of infants born to mothers who
live near them, a particularly well-measured and fast-responding health outcome.
We have five main findings. First, the revised air-quality standard reduced ambient lead
concentrations around U.S. battery-recycling plants. Lead concentrations declined sharply in
areas where the new regulation was binding relative to areas where it was not; we estimate that
the new standard reduced concentrations by 0.242 µg/m3 from a pre-reform mean in binding
areas of 0.549 µg/m3 . Second, ULAB exports from the U.S. to Mexico rose markedly after the
reform; after remaining roughly constant between 2005 and 2008, ULAB exports rose by a factor
of four between Jan. 2009 and the end of 2014. Third, the growth of value-added and output in
Mexican battery-recycling plants was sharply higher in 2008–2013 than in 2003–2008, relative to
similar industries. Value-added in battery recycling grew by 62.2% over the 5-year period from
2003–2008 (i.e. approximately 12.4% per year) and by 243.2% from 2008–2013; the comparable
numbers for non-battery plants in the same broad sector (averaging across 6-digit subsectors) are
77.5% and -2.2%. Fourth, the average incidence of low birthweight increased significantly near
Mexican battery-recycling plants (within 2 miles) relative to areas slightly farther away (between
2 and 4 miles). Averaging over all hospital types, we estimate that the policy change increased
the incidence of low birthweight by 0.020 on a pre-reform mean of 0.095. Fifth, the health effects
were concentrated among mothers in hospitals run by the Mexican Ministry of Health, who tend
to be of lower socio-economic status than mothers in other hospital types. For this disadvantaged
group, we estimate that the incidence of low birthweight rose by 0.048 on a pre-reform mean of
0.128 in our preferred specification; we find no statistically significant effect for mothers in private
1

A 2017 World Health Organization (WHO) report writes, “Lead recycling is an important source of environmental contamination and human exposure in many countries.... [T]he health impacts of lead exposure are significant...
Young children, pregnant women and women of childbearing age are particularly vulnerable to the toxic effects of
lead” (WHO, 2017, pp. 2–3, 14).
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or other public hospitals. Together, these findings suggest strongly that the tightening of the U.S.
lead regulation induced the relocation of battery recycling and caused negative health spillovers
in Mexico. They also reinforce the argument of a large environmental-justice literature that the
poor are disproportionately affected by environmental hazards (Currie, 2011; Hsiang et al., 2019).
We provide a short review of the literature on the displacement effects of environmental
regulation in Appendix A. Our reading is that few studies using quasi-experimental designs have
focused on relocation of dirty production activities from North to South, and that those few have
found little evidence of such displacement. In addition, we are not aware of a study that has traced
the effects of rich-country environmental regulation through to health outcomes in a destination
country.

II.

Background

Lead-acid batteries are a major use of lead, and much of the lead in new batteries is from recycling
of used batteries. In the U.S. in 2009, for instance, nearly 90% of lead consumption was for new
lead-acid batteries, and approximately 90% of refined lead production was from ULAB recycling
(Guberman, 2012). Moreover, 99% or more of ULABs are typically recycled, making the lead-acid
battery industry nearly a “closed loop,” in which almost all lead used in production is reused in
the same sector (Davidson et al., 2016).
The U.S. has made substantial reductions in lead in ambient air, reducing average airborne
lead concentrations by more than 90% from 1980 to 2016 (U.S. EPA, 2014), mostly by phasing
out lead in gasoline (starting in 1973) and banning lead in paint (in 1978). In Mexico, lead was
largely unregulated until the early 1990s, when limits were imposed on the lead content of paints,
toys, pens, cosmetics and several other products (Romieu et al., 1994).
Despite the regulatory measures, lead continues to endanger public health. It is known to
affect almost every organ and system in the human body. Children under six years old and fetuses
are considered most susceptible, and exposure has been linked to learning disabilities, lower IQ,
lower educational achievement, and later criminal activities (Needleman et al., 1990; Reyes, 2007;
Aizer et al., 2018; Billings and Schnepel, 2018; Grönqvist et al., 2020). A number of studies have
documented a relationship between maternal lead levels and birth outcomes, although the precise
physiological mechanisms remain unclear (González-Cossı́o et al., 1997; Torres-Sanchez et al.,
1999; Hernández-Ávila et al., 2002; Ettinger and Wengrovitz, eds, 2010; Zhu et al., 2010; World
3

Health Organization, 2017; Grossman and Slusky, 2019). Over time, the level of lead exposure
considered to be safe has declined dramatically. The Centers for Disease Control and Prevention
(CDC) progressively lowered its “level of concern” for blood-lead levels in children from 60 µg/dl
in 1960 to 10 µg/dl in 2002; in 2012, it stopped using the “level of concern” terminology and
concluded that “no safe blood lead level in children has been identified” (CDC, 2005, 2012).
In response to the growing body of evidence, the U.S. Environmental Protection Agency
(EPA) reduced the NAAQS for lead from 1.5 µg/m3 to 0.15 µg/m3 in early 2009. It issued an
Advance Notice of Proposed Rulemaking (ANPR), opening a period of debate, on Dec. 5, 2007.
The new standard was signed on May 1, 2008 and took effect on Jan. 12, 2009. The standard is
applied to three-month moving averages and enforced at the level of geographical areas, typically
counties. An area found in violation is assigned “non-attainment status,” which opens the door
to substantially more stringent regulation.2
In Mexico, the air-quality standard remained at 1.5 µg/m3 throughout our study period, and
other dimensions of the regulatory regime were also largely unchanged. Awareness of the dangers
of lead exposure from battery recycling grew over the period due to several reports and press
accounts (OKI&FC, 2011; Commission for Environmental Cooperation (hereafter CEC) 2013;
Rosenthal, 2011), and new point-of-production regulation was proposed in April 2014 and took
effect in January 2015 (Diario Oficial, 2014; 2015).
There exist technologies for reducing lead emissions from battery-recycling plants, including
systems to filter exhaust through fabric (“baghouse systems”), to remove particles from exhaust
through electrostatic precipitation, and to reduce fugitive dust emissions by enclosing production
areas (CEC, 2016). But these systems are costly. For instance, Burr et al. (2011) estimate that
the annual costs for reducing lead concentrations to the new NAAQS standard for 14 plants active
in 2009 together was $9.6 million per year.
One other important institutional detail is that the U.S. has not ratified the 1992 Basel
Convention on the Control of Transboundary Movements of Hazardous Wastes and Their Disposal,
and ratifying countries (188 total) are in principle prohibited from trading with non-ratifying
countries in the absence of a bilateral agreement. The U.S. has a bilateral agreement for export of
2
In 2012, the EPA also tightened a pollution standard at the point of production, the National Emission Standards for Hazardous Air Pollutants (NESHAP) for secondary lead smelting, which had been unchanged since June
1997. The new standard was implemented on January 5, 2012, and existing plants were given until January 6, 2014
to conform to the new rule (EPA, 2012). Given the timing of effects we document, we believe that the NAAQS
change was the primary driver of production relocation, although the NESHAP change may have contributed in
later years.
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hazardous waste (which includes ULABs) only with Canada and Mexico.3 Thus in our context,
the “South” effectively means Mexico only.

III.

Data

Here we briefly describe our data sources; additional details are in Appendix B. We focus on the
period 2002–2015.
We identify the geocoded locations of lead-emitting plants in the U.S. using the Toxic Release
Inventory (TRI). Among lead-emitting plants, we identify battery recyclers from a report by the
Commission for Environmental Cooperation (CEC, 2013). The report lists 15 battery-recycling
plants in the U.S., operated by 7 firms, in operation in 2007.
The EPA measures compliance with air-quality standards at approximately 4,000 monitors
across the country, approximately 580 of which monitor lead. Appendix Figure A.1 plots their
locations. The monitors are not located randomly: often they are placed where pollutant concentrations are expected to be high and measure the pollutants expected to be prevalent there. The
monitors that measure lead tend to be located close to lead-emitting plants. We define distance
for each monitor as the distance to the nearest lead-emitting plant. We focus on monitors within
two miles of a lead-emitting plant, for reasons discussed below. To reduce the possibility that our
estimates reflect the endogenous placement of monitors, we focus on monitors that were in place
prior to the 2009 reform.4 Appendix Table A.1 reports summary statistics for the 142 monitors
in our main sample and the 22 monitors near a battery-recycling plant.
We constructed a list of 26 authorized battery-recycling plants in Mexico from CEC (2013)
and from the website of the ministry overseeing the Mexican counterpart of the TRI, the Registro
de Emisiones y Transferencia de Contaminantes (RETC). Unfortunately, airborne lead concentrations were not systematically measured outside Mexico City during our study period. The
location of Mexican battery-recycling plants are plotted in Appendix Figure A.2.
The data on exports and imports are from the U.S. Census Bureau, Foreign Trade Division,
available on a monthly basis. Trade of used lead-acid batteries is tracked in U.S. tariff codes
8548100540, 8548100580, and 8548102500, and we aggregate these three codes.
3

See CEC (2013) and the EPA summary at https://www.epa.gov/hwgenerators/international-agreementstransboundary-shipments-hazardous-waste. (Accessed July 26, 2021.)
4
In the empirical analysis, we include monitor fixed effects to absorb time-invariant differences across monitor
locations.
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The Mexican production data are from the 2004, 2009 and 2014 Economic Censuses, each of
which contains information from the previous calendar year. We provided lists of battery-recycling
plants active in 2008 and 2013 to INEGI, the Mexican statistical agency, and INEGI staff linked
them to the Census microdata. To identify plants active in 2003, INEGI used the longitudinal
links compiled by Busso et al. (2018). It was possible to identify 8 battery recycling plants in
2003, 11 in 2008, and 15 in 2013.5 Given the small number of plants, we are limited to using
the censuses, rather than Mexico’s monthly and annual industrial surveys, which have much less
extensive coverage.
Our data on Mexican birth outcomes are from two sources. The first is discharge records of hospitals operated by the Mexican Ministry of Health (MH), which primarily serve a disadvantaged
population not covered by the Mexican social security system. The data report birthweight, gestation period, mother’s age, and fetal death and are available on a consistent basis for 2005–2015.
The second source is birth certificates issued by the Mexican National Health System, available
beginning in 2008. While they are available for only one pre-reform year, they cover the universe
of births and report detailed demographic characteristics of mothers. The broader coverage allows
us to compare MH hospitals to private hospitals, whose patients tend to be significantly richer,
and to other public hospitals, which cover mainly formal-sector workers and their families. Both
sources report locality (localidad ) of mother’s residence, corresponding roughly to neighborhood.
Appendix Table A.3 presents summary statistics for the two sources. Mothers in MH hospitals
are younger, less likely to be married, and have lower completed schooling than those in private
or other public hospitals.

IV.
A.

Results
Compliance with the New Lead Standard in the U.S.

In this section, we examine the effect of the tightening of the air-quality standard on airborne
lead concentrations in the U.S. Because of data constraints, two empirical strategies that might
seem natural in this setting are not feasible. One would be to compare ambient lead levels at
monitors near and slightly farther away from plants affected by the reform. The difficulty here is
5

The linking process may have missed some recycling plants in 2003 that stopped producing before 2008 Census,
but this would lead us to overstate the change in production between 2003 and 2008 and hence understate the
acceleration in production between 2008 and 2013.
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that the number of monitors that measure lead more than two miles away from battery-recycling
plants (or other lead emitters) is very limited. Another strategy would be to compare lead levels
at monitors near lead-emitting plants to those near non-lead-emitting plants. The difficulty in
this case is that few monitors near non-lead-emitting plants measure lead.
Given the data constraints, our strategy is to compare pollution levels at monitors near leademitting plants more and less affected by the regulation. We compare monitors near lead-emitting
plants where the reform was binding, with ambient lead levels above 0.15 µg/m3 prior to the
reform, to monitors near lead-emitting plants where the reform was not binding. In implementing
this strategy, a key decision is how to define “near.” Our preferred definition is within two
miles of a lead-emitting plant. As motivation for this choice, Appendix Figure A.3 plots lead
concentrations by distance from plants for which average concentrations at nearby monitors were
above the new standard, which we refer to as “binding” plants; the concentrations fall off quickly
within the first two miles and remain roughly similar between 3 and 10 miles.6 Below we also
report results using a one-mile range, which we refer to as “very near.”
Figure 1 plots average lead concentrations over time at monitors within two miles of a leademitting plant, separately for areas where the new standard was binding and where it was not.
The vertical lines indicate the dates of the ANPR, the signing of the new standard, and the
implementation of the new standard. For binding areas, there was no obvious trend pre-reform,
but there was a clear decline in lead concentrations following the reform. As a further illustration,
Appendix Figure A.4 plots the average lead concentration at monitors within two miles of a given
lead-emitting plant in 2015 versus 2007, for plants with data in both years. Eight of the ten
plants with average lead levels above the new standard in 2007 were battery-recycling plants, and
all of the plants with initial average concentration levels above the new standard had average
concentration levels below 0.15 µg/m3 by 2015.
Table 1 presents simple difference-in-difference and triple-difference estimates of the effect of
the reform. Columns (1)–(3) use the sample of monitors within two miles of any lead-emitting
plant. The coefficient on the Binding × P ost interaction in Column (1) captures the differential
decline in lead concentrations at monitors where the new standard was binding relative to monitors
6

The WHO (2017, p. 10) reports that a California battery-recycling plant was found to have contaminated the
surrounding area up to 1.7 miles away. Given that battery-recycling plants are particularly intensive lead emitters,
we believe that it is reasonable to focus on a slightly larger range than the one used by a leading previous study,
Currie et al. (2015), which considered a range of pollutants.
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in non-binding areas.7 The pre-reform mean at the binding monitors was 0.549 and the coefficient
of -0.242 represents a decline of 44%. Column (2) shows that using an indicator for batteryrecycling plant in place of the Binding indicator yields similar results, as would be expected given
that it was mainly on such plants that the reform was binding. Column (3) adds the “very near”
indicator. The coefficient on V ery N ear × P ost × Binding is identified by the comparison of the
post-reform decline between monitors 0–1 and 1–2 miles from a lead-emitting plant in a binding
area. The effect of the reform is statistically significantly stronger at very near monitors. At the
same time, the Binding × P ost interaction, which captures the effect on monitors 1–2 miles away,
remains significant, providing support for our definition of “near” as within two miles. Column (4)
reports the basic difference-in-difference specification for the subset of 22 monitors within 2 miles
of a battery-recycling plant. The estimate is very similar to the estimate for the larger sample
in Column (1). Overall, there is clear evidence that the reform reduced lead concentrations at
monitors where it was binding, which were primarily those near battery-recycling plants.
It is difficult to make definitive statements about U.S. lead output from battery recycling,
because confidentiality rules for the U.S. Census of Manufactures would prevent the disclosure
of information for such a small number of plants. But it appears from other sources that lead
production from recycling of ULABs fell over the same period. The U.S. Geological Survey reports
that lead output from battery recycling fell by 13% from 2007 to 2014, from 1.1 million to .96
million metric tons (Guberman, 2009, 2016).8 Of the 15 battery-recycling plants in operation in
2007 listed in CEC (2013), only 10 were still in operation at the end of 2014 (Guberman, 2016,
2017).9

B.

U.S. Exports of Used Lead-Acid Batteries to Mexico

Using the trade data from the U.S. Census Bureau, Figure 2 plots monthly ULAB exports from the
U.S. to Mexico and to the rest of the world, primarily Canada. There was a small increase in 2004,
corresponding to the construction of a battery-recycling plant in Mexico by Johnson Controls,
a major auto-parts producer. But the most notable feature of the graph is the trend break in
7

Standard errors are clustered at the monitor level to address the possibility of
al., 2004).
8
This decline came after output had risen by 10%, from 1.0 million to 1.1 million
2007.
9
The overall decline in output was slowed by the opening of a new Johnson
battery-recycling plant in the U.S. in 20 years) in Florence, SC, announced in June
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early 2009. ULAB exports rose by a factor of four between January 2009 and the end of 2014. In
Appendix C.1, we test formally for a structural break using a Quandt likelihood ratio test, and
we find clear evidence of a break in May–August 2009. In Appendix C.2, we conduct a differencein-difference analysis, comparing ULAB exports to exports in other 10-digit trade categories
that map into the 3-digit sector in which battery recycling is typically considered to be located,
Primary Metal Manufacturing (Sector 331 in the North American Industry Classification System
(NAICS)).10 We again find clear evidence that the reform increased U.S. ULAB exports. The fact
that ULAB exports increased suggests that not all of the reduction in U.S. lead concentrations
can be attributed to adoption of cleaner technologies by U.S. plants, which as noted above can
be costly, especially for older plants.

C.

Growth of Battery Recycling in Mexico

We turn now to the growth of battery-recycling plants in Mexico. The fact that we observe only
two waves of pre-reform data limits our ability to apply synthetic-control methods (Abadie, 2021),
which would otherwise be natural in this context.11 Instead, we simply compare the growth of
value-added for 2003–2008 and 2008–2013 for battery recycling and other 6-digit industries from
NAICS Sector 331. To form the battery-recycling “sector,” we aggregate the plants identified
as battery-recycling plants. Figure 3 presents a scatterplot. Battery recycling is a clear outlier.
Its value-added growth over 2003–2008 (62.2% over the 5-year period, or approximately 12.4%
per year) was modest, below the median of 6-digit industries in Sector 331, and its growth over
2008–2013 (243.2%) was markedly greater than the other industries.12 Appendix Figure A.7
presents a similar scatterplot for gross output. Growth in gross output was also high for industry
331520 (“Nonferrous Metallic Parts Molded by Casting”) but, again, battery recycling’s growth
clearly accelerated in 2008–2013 relative to almost all other industries in the broad sector.
10

Plants that engage in battery recycling are typically classified in NAICS 331419, Primary Smelting and Refining
of Non-Ferrous Metal (except Copper and Aluminum), although in some cases they are classified in NAICS 335910,
Battery Manufacturing.
11
Given the small number of periods, this method would match battery recycling with industries based just on
the 2003–2008 change in the outcome variable (e.g. value-added); it is not clear that industries that match on this
single change are compelling comparators for battery recycling.
12
The value-added growth rates for non-battery plants reported in the Introduction were calculated by taking an
unweighted average of 6-digit industries in Sector 331.
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D.

Infant Health in Mexico

To estimate the health effects in Mexico, we compare birth outcomes for mothers living in localities near battery-recycling plants to those for mothers living in localities slightly farther away.
Consistent with our approach in the U.S., we define “near” as within two miles of a batteryrecycling plant and “slightly farther away” as between two and four miles away. Appendix Figure
A.8 illustrates the assignment of localities to distance bins. We focus on births to mothers residing
in localities in one of these two bins.
Our preferred model is the following:
Healthijmht = α + βN earj × P ostt + ρXit + φZj,2005 × P ostt

(1)

+µmt + γj + λht + εijmht
where i, j, m, h, and t denote individual, locality, municipality, hospital, and year, respectively.
Health denotes a birth outcome, e.g. an indicator for low birthweight (< 2.5 kg) or birthweight itself. N ear is an indicator for mother’s locality being 0–2 miles from the nearest battery-recycling
plant. The P ostt indicator takes the value 1 in 2009 and thereafter and 0 otherwise. The
Xit vector contains mothers’ characteristics. The Zj,2005 vector contains initial values of locality characteristics, listed in Appendix B.6. The variables µmt , γj , and λht are fixed effects for
municipality-year, locality, and hospital-year. The coefficient of interest is β, which captures the
differential effect of the U.S. reform on birth outcomes for mothers living in localities 0–2 miles
from a battery-recycling plant relative to those living 2–4 miles away. The fact that we can control
for hospital-year effects is a notable advantage over previous studies (e.g. Currie et al. (2015)),
since there is extensive sorting of mothers across hospitals based on observable socio-economic
characteristics and most likely on unobservable characteristics as well.
Table 2 presents estimates of equation (1). Panel A uses the Ministry of Health (MH) hospitaldischarge records. These data contain limited information on mothers; Xit here includes only
mother’s age and age squared. Across columns, we include progressively richer sets of controls,
using the same sample. Column (1) includes just municipality-year and locality effects, Column
(2) adds the Zj,2005 ∗ P ostt locality controls, Column (3) adds hospital effects, and Column (4)
adds hospital-year effects. The dependent variables are an indicator for low birthweight (< 2.5 kg)
— the primary outcome considered in the literature (e.g. Currie et al. (2015)) and our preferred
10

outcome — in Panel A.1 and birthweight itself in Panel A.2.13 The results are reasonably stable
across columns and consistent across outcomes. Our preferred specification is the most stringent
one, Column (4), with hospital-year effects. These estimates indicate that the share of lowbirthweight births mothers rose by 0.048 (i.e. 4.8 percentage points) and birthweight declined
by 38.5 g on average for mothers living in a locality within 2 miles of a battery-recycling plant
relative to mothers living in a locality 2–4 miles away who gave birth in the same hospital in the
same year.
Panel B uses the birth certificates, which are only available for one pre-reform year but are
available for all hospitals. We estimate the Panel A Column (4) specification for the different types
of hospitals. To facilitate comparison we include the same covariates as in Panel A, i.e. mother’s
age and age squared.14 In Column (1), for MH hospitals, the low birthweight indicator estimate is
very similar to the Panel A.1 Column (4) estimate and again highly significant. The birthweight
estimate is larger than the Panel A.2 Column (4) estimate — Appendix B.5 discusses differences
in the data sources that give rise to this difference in magnitudes — but is again negative and
highly significant. Pooling across hospital types, we see an increase of 0.02 in the incidence of low
birthweight on average. But this effect is driven entirely by the MH hospitals. Strikingly, there is
little evidence of a negative impact on birth outcomes in other public or private hospitals. For the
low birthweight indicator, the estimates for other public and private hospitals are both very close
to zero. For birthweight, the point estimate for other public hospitals is in fact positive, although
not statistically significant, and the point estimate for private hospitals, although negative, is
an order of magnitude smaller than the estimate for MH hospitals, and again not statistically
significant.
To illustrate the timing of the impacts, Appendix Figure A.9 plots coefficients from a specification similar to our preferred one, Table 2 Panel A.1 Column (4), but interacting N ear with
dummies for each year (with 2008 as the omitted reference year). There was no obvious trend
prior to 2009; to the extent that there is a pattern, it suggests that the incidence of low birthweight
was declining in areas closer to battery-recycling plants. But there is an evident and statistically
significant increase in 2009. We cannot reject that the effect is constant thereafter. As mentioned
above, awareness of the health consequences of battery recycling increased in Mexico over the
13

Appendix Tables A.5–A.6 report all coefficients for the Panel A regressions, and include an additional specification with municipality controls in place of municipality-year effects.
14
Appendix Tables A.11 and A.12 report all coefficients for the Panel B regressions. Regressions using a richer
set of mothers’ characteristics are reported in Appendix Tables A.13 and A.14. The results are very similar.
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period, culminating in new regulation imposed in early 2015; public pressure may be in part
responsible for the slight decline in the effect over 2010–2015.
We have also considered the effects on other outcomes, in particular the incidence of very
low birthweight (<1.5 kg), the length of gestation period, the incidence of premature birth (<37
weeks), and the probability of live birth. Appendix Tables A.7–A.10 report the results for the MH
hospital-discharge data.15 For very low birthweight (a rare occurrence), the effect is marginally
significant in our preferred specification, but not robust across specifications. We do not find
robust effects on gestation length, the incidence of premature birth, or the probability of live
birth. The latter result suggests that selection into birth is not a major source of bias in our main
estimates.
Our estimates for birth outcomes in Ministry of Health hospitals — an 0.048 (4.8 percentage
point) increase in the incidence of low birthweight and a 38.5 gram (1.3%) decline in birthweight in
our preferred specification — are large relative to many existing estimates of the effect of pollution
on infant health, but not out of line with evidence on concentrated exposure among disadvantaged
populations. Two leading related studies find comparatively small effects. Currie and Schmieder
(2009) relate U.S. firms’ self-reported releases of lead in the TRI to infant health outcomes at
the county level, and find that a one-standard-deviation increase is associated with just a 0.00002
increase in the incidence of low birthweight and a decline in birthweight of 0.9 g. Currie et al.
(2015) consider the effects of openings of industrial plants (which emit lead and other pollutants)
on births to mothers living within 1 mile and find an increase in low-birthweight incidence of
0.002 and a decline in birthweight of 3.9 g. But other recent studies have found larger effects.
Currie and Walker (2011) find that the introduction of E-ZPass in New Jersey and Pennsylvania
was associated with a reduction of low-birthweight incidence of approximately 0.01 for mothers
living within 2 miles of toll plazas, with a larger reduction for African-American mothers (0.024).
Both estimates are about half the size of ours (0.02 on average for all hospitals, and 0.048 for
disadvantaged mothers in MH hospitals). A study of the switch to a contaminated water source
(containing lead and other pollutants) in Flint, Michigan, estimates a 175 g (5.4%) decrease in
birthweight after adjusting for selection into birth (Grossman and Slusky, 2019). Currie et al.
(2009) find that reductions of carbon monoxide in some areas of New Jersey were associated with
birthweight increases of approximately 60 g, roughly what would be expected for a mother going
15

The probability of live birth cannot be examined in the birth-certificate data, since they only record live births.
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from 10 cigarettes a day to zero. The fact that our estimates are on the high side of the range
of existing estimates may be explained by the facts that battery-recycling plants are particularly
intensive emitters, that lead is a particularly toxic pollutant, and that mothers in MH hospitals
are a particularly vulnerable population, with limited access to high-quality health care.

V.

Conclusion

This short paper has provided evidence that the 2009 tightening of the U.S. airborne lead standard
led battery recycling to shift from the U.S. to Mexico and negatively affected infant health near
Mexican battery-recycling plants. The data have limitations: for instance, we are not able to track
year-to-year changes in output of Mexican battery-recycling plants, nor are air-monitor data on
lead available outside of Mexico City over the study period. But the findings provide reasonably
strong evidence of a pollution-haven effect in this industry, with adverse health consequences in
the destination. The fact that the health impacts are concentrated among disadvantaged mothers
echoes the findings of the environmental-justice literature that the costs of environmental hazards
are disproportionately borne by the poor (Currie, 2011; Hsiang et al., 2019).
Two important questions remain unanswered and merit further investigation. First, what were
the health effects in the U.S. of the policy change? As noted above, two leading studies, Currie
and Schmieder (2009) and Currie et al. (2015), suggest that the positive impact on U.S. birth
outcomes was likely small. But neither study focuses specifically on the link between airborne
lead concentrations and infant health. In addition, people living near “binding” plants tend to
be disadvantaged relative even to people near other lead-emitting plants.16 Given the income
gradient in effects of pollution, one might reasonably expect larger impacts on the vulnerable
population living near U.S. battery recyclers.
Second, to what extent is the case of battery recycling representative of broader patterns?
We have focused on the case because there was a sharp regulatory change and a conducive
data environment, but the technological characteristics of the sector may be special. Ederington
et al. (2005) argue that evidence for pollution-haven effects has been mixed in part because
industries with high pollution-abatement costs tend to be less mobile than those with lower costs.
Battery recycling may be an unusual case in which abatement costs are high and both inputs
16

Appendix Table A.15 reports summary statistics from the American Community Survey indicating that the
former group has lower household income and educational attainment and is much more likely to be Hispanic. See
Appendix D for details.
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(used batteries) and output (lead) are relatively transportable. More research on North-South
displacement in other sectors is needed. But at a minimum, the case of battery recycling provides
a clear example that environmental regulation in the North can displace polluting activities to
the South.
From a policy perspective, a key contribution of this paper is to document an environmental
production externality between the U.S. and Mexico — a particular sense in which the environmental fates of the two countries are linked. The externality points to a need for greater
North-South coordination of environmental policy, in the same way that terms-of-trade externalities provide a motivation for trade agreements (Bagwell and Staiger, 2004). Such coordination is
sure to be complicated both by differences in bargaining power between countries and by unequal
distribution of impacts and influence within countries. There are also important questions about
the extent to which trade and environmental negotiations should be linked (Copeland and Taylor,
2004; Limão, 2005). But it seems clear that North-South displacement effects make environmental
policy a legitimate subject for North-South policy negotiations.
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Figure 1. Lead Concentrations in U.S., Binding vs. Non-Binding Areas
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post-reform lead concentrations. Figure plots three-month moving averages in lead concentration levels in ambient
air at monitoring stations between 2002 and 2015, separately for binding areas (concentration > .15 µg/m3 pre2008) and non-binding areas. The leftmost vertical line indicates the date of the Advance Notice of Proposed
Rulemaking (ANPR), December 5, 2007; the middle line the signing of the revised standard (NAAQS), May 1,
2008; the rightmost the implementation of the new standard, January 12, 2009.
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Figure 2. U.S. Monthly Exports of Used Lead-Acid Batteries

Number (Million) per Month
1
2

ANPR

Implemented
Signed

n
20

14

Ja

n
20

12

Ja

n
20

10

Ja

n
20

08

Ja

n
20

06

Ja

n
Ja
04
20

20

02

Ja

n

0

Mexico
Rest of the world

Notes: Each dot indicates monthly exports (measured in millions of batteries) from the U.S. to Mexico (in blue) and
the rest of the world (in red). The fitted trend lines indicate smoothed local polynomial trends with the bandwidth
of three months. The leftmost vertical line indicates the date of the Advance Notice of Proposed Rulemaking
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Figure 3. Value-Added in Battery Recycling vs. Similar Industries in Mexico
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Notes: Value-added by industry is from 2004, 2009, and 2014 Mexican Economic Censuses (data for 2003, 2008,
and 2013), for North American Industry Classification System (NAICS) sector 331 (Primary Metal Manufacturing)
and for plants identified as battery recyclers. Real value-added is defined as gross output minus intermediate input
consumption, deflated by the Mexican CPI. Growth of real value-added is defined as (vat −vat−1 )/vat−1 . The 6-digit
industries are: 331111 – Iron and steel mills; 331112 – Primary roughs and ferroalloy manufacturing; 331210 – Iron
and steel pipe and tube manufacturing; 331220 – Other iron and steel product manufacturing; 331310 – Aluminum
production; 331411 – Copper smelting and refining; 331412 – Precious metals smelting and refining; 331419 – Other
nonferrous metals smelting and refining; 331420 – Secondary lamination of copper; 331490 – Secondary lamination
of other nonferrous metals; 331510 – Iron and steel parts molded by casting; 331520 – Nonferrous metallic parts
molded by casting.

Table 1. Effect of Tightened Lead Standard on Airborne Lead in the U.S.
Dep. var.: Lead concentration (µg/m3 )

Binding × Post
Battery × Post
Very Near × Post
Very Near × Post × Binding
N (observations)
N (monitors)
Pre-Reform Mean (binding monitors)
Monitor Effects
Year-Month Effects

Monitors near
lead-emitting plants
(1)
(2)
(3)
-0.242***
-0.142***
(0.047)
(0.003)
-0.165***
(0.050)
-0.020***
(0.007)
-0.102**
(0.050)
16,858
142
0.549
Y
Y

16,858
142
0.549
Y
Y

16,858
142
0.549
Y
Y

Monitors near
battery-recycling plants
(4)
-0.252***
(0.067)

3,133
22
0.506
Y
Y

Notes: “Near” is defined as ≤ 2 miles. Sample in Columns (1)–(3) is monitors near any lead-emitting plant. Sample in
Column (4) is monitors near a battery-recycling plant. In all columns, monitors are included only if they report lead
emissions both before and after January 1, 2009. Data are for 2002–2015. “Binding” means that lead concentration
levels were above new standard at the most recent reading prior to January 2009. “Post” takes the value 0 prior to
January 2009 and 1 thereafter. “Battery” means near a battery-recycling plant. “Very near” means ≤ 1 mile from a
lead-emitting plant. Pre-reform mean is calculated for available years prior to 2009. Robust standard errors, clustered
at the monitor level, are in parentheses. *10% level, **5% level, ***1% level.

Table 2. Effects on Birthweight in Mexico
Panel A. Hospital-Discharge Records
(1)
1. Outcome: 1(Birthweight < 2.5 kg)
Near*Post
0.022∗∗∗
(0.0081)
Pre-Reform Mean (Near=1)
0.128

Ministry of Health (MH) Hospitals
(2)
(3)

(4)

0.043∗∗∗
(0.011)
0.128

0.049∗∗∗
(0.012)
0.128

0.048∗∗∗
(0.011)
0.128

Pre-Reform Mean (Near=1)

-35.0∗∗∗
(10.2)
3006.6

-32.3∗∗
(16.0)
3006.6

-40.4∗∗
(16.2)
3006.6

-38.5∗∗
(16.3)
3006.6

Observations
Locality Effects
Municipality-Year Effects
Locality Chars.*Post
Hospital Effects
Hospital-Year Effects

319165
Y
Y
N
N
N

319165
Y
Y
Y
N
N

319165
Y
Y
Y
Y
N

319165
Y
Y
Y
N
Y

Other public
(2)

Private
(3)

All
(4)

0.0020
(0.019)
0.100

0.0024
(0.015)
0.071

0.020∗∗
(0.0081)
0.095

Pre-Reform Mean (Near=1)

-71.5∗∗∗
(23.6)
3011.4

28.6
(33.4)
3078.8

-8.19
(27.7)
3095.1

-23.5
(17.4)
3068.3

Observations
Locality Effects
Municipality-Year Effects
Locality Chars.*Post
Hospital-Year Effects

226458
Y
Y
Y
Y

187684
Y
Y
Y
Y

139818
Y
Y
Y
Y

553960
Y
Y
Y
Y

2. Outcome: Birthweight (grams)
Near*Post

Panel B. Birth-Certificate Data

Hospital Type
MH
(1)

1. Outcome: 1(Birthweight < 2.5 kg)
Near*Post
0.052∗∗∗
(0.014)
Pre-Reform Mean (Near=1)
0.124
2. Outcome: Birthweight (grams)
Near*Post

Notes: Table reports 16 separate regressions. Post indicates year≥2009. All include a quadratic in mother’s age; locality
fixed effects (locality is area smaller than municipality); interactions of Post indicator with locality characteristics (share
of households with access to water, electricity, and sewer, share of population below age 5, log total population, and share
of population with social security); and interactions of Post with indicators for 1–5, 6–10, or ≥ 11 other lead-emitting
plants ≤ 2 miles from mother’s residence locality. Panel A sample is live births in Ministry of Health (MH) hospitals with
mother’s residential locality ≤ 4 mi. from battery-recycling plant, 2005–2015. Panel B sample is selected similarly but
from birth certificates for 2008–2015, for MH, other public, and private hospitals. “Near” equals 1 if mother’s locality is
≤2 mi. from battery-recycling plant, 0 otherwise. Pre-reform means are for near localities over available years (2005–2008
in Panel A, 2008 in Panel B). See Appendix B.6 for details on locality characteristics. Panel B uses specification from
Panel A, Column (4), and varies sample. Robust standard errors, clustered at the locality level, are in parentheses. *10%
level, **5% level, ***1% level.

