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ABSTRACT: This paper presents a “policy-informed” life cycle
assessment of a cross-border electricity supply chain that links the
impact of each unit process to its governing policy framework. An
assessment method is developed and applied to the California−
Mexico energy exchange as a unique case study. CO2-equivalent
emissions impacts, water withdrawals, and air quality impacts
associated with California’s imports of electricity from Mexican
combined-cycle facilities fueled by natural gas from the U.S.
Southwest are estimated, and U.S. and Mexican state and federal
environmental regulations are examined to assess well-to-wire
consistency of energy policies. Results indicate most of the water
withdrawn per kWh exported to California occurs in Baja
California, most of the air quality impacts accrue in the U.S.
Southwest, and emissions of CO2-equivalents are more evenly
divided between the two regions. California energy policy design addresses generation-phase CO2 emissions, but not upstream
CO2-eq emissions of methane during the fuel cycle. Water and air quality impacts are not regulated consistently due to varying
U.S. state policies and a lack of stringent federal regulation of unconventional gas development. Considering local impacts and
the regulatory context where they occur provides essential qualitative information for functional-unit-based measures of life cycle
impact and is necessary for a more complete environmental impact assessment.

■ INTRODUCTION

Cross-border flows of electricity and globalized energy supply
chains pose a continuing challenge for policy makers seeking to
regulate the environmental impacts of the electricity sector,
which accounted for 15% of the world’s water withdrawals,1

and 40% of its CO2 emissions2 in 2010. The challenge arises
because the impacts of cross-border supply chains are spread
among multiple states and/or countries, complicating attempts
at impact accounting. Such has been noted, for example, vis-a-̀
vis interstate flows of electricity in the U.S.3 and between
European Union (EU) countries.4 Another difficulty relates to
the effectiveness of environmental governance within interjur-
isdictional trading blocs. While some research finds that trans-
national economic linkages sometimes lead to convergence in
pollution levels toward pollution-efficient economies,5,6 others
have concluded that governments have generally failed to find
effective strategies for trans-boundary environmental gover-

nance,7 particularly when trade and investment flow to nations
with higher government corruptibility.8

Life cycle assessment (LCA) provides insights to policy
makers seeking to manage environmental impact along cross-
border supply chains because it produces impact measures that
encompass a product’s entire life cycle and places the
environmental burden on its consumer.9,10 In the electricity
sector, LCAs of the well-to-wire environmental impacts of each
kWh delivered to end customers help identify high-impact life
cycle processes that should be the target of regulatory efforts.
Indeed, reviews of the extensive literature on life cycle
greenhouse gas (GHG) and water use intensities of electricity
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generation conclude that technology employed during the
energy conversion (i.e., combustion) phase is generally more
important for determining the impact of fossil-fuel electricity, as
opposed to the energy mix used in the manufacturing and
construction phases for renewables.11−13 Recent work on the
life cycle impacts of electricity has given policy makers
additional insights by combining several impact categories,14−16

producing integrated energy sustainability metrics for energy
planners,17 and linking impact estimates and environmental
policy through analysis of the life cycle water use effects of
climate policies.18,19

Despite its usefulness to policy makers, prior electricity LCA
literature has in general not critically examined energy policy by
systematically relating the environmental impact of each unit
process in the electricity life cycle to its governing policy
framework. Similarly, recent studies examining fracking
regulations in the U.S.,20−23 and reviews of global solar,24

wind25 and energy26 policy, have not typically used LCA tools
to evaluate the potential environmental implications of
regulatory developments. This study combines the quantitative
results of LCA with the qualitative insights of energy policy
analysis in a coupled method we denote “policy-informed”
LCA. We use the California−Mexico border region energy
exchange as a case study to demonstrate this novel approach. A
policy-informed LCA of GHG emissions, air quality, and water
withdrawals is developed to assess environmental footprint of
Mexico’s electricity exports to California. Our objective is to
use this case study to evaluate the well-to-wire consistency of
California’s energy policy and to provide an enhanced LCA tool
for energy policy makers seeking to manage the cross-border
impacts of their electricity supply.

■ CASE STUDY: CALIFORNIA−MEXICO ENERGY
EXCHANGE

The California-Baja California border region’s energy relation-
ship is rooted in an historical interdependence that continues to
evolve as the region’s energy policy makers grapple with
increasing climatic uncertainty and the need to decarbonize
energy supply chains. Baja California’s electricity grid is isolated
from Mexico’s national grid, sharing two longstanding
interconnections with California27 and a third added in

2014.28 The region’s current energy interdependence was
borne out of market deregulation that began on both sides of
the border in the 1990s.29−31 In the 2000s, American energy
companies seeking to take advantage of the new regulatory
regime, as well as lower labor and project-development costs,
began to invest in electricity generation and natural gas
distribution infrastructure in Mexico.32 In 2003, two foreign-
owned natural gas combined cycle (NGCC) generation
facilities started operating in Mexicali that currently generate
around 40% of the power generated in Baja California for
export to California.33,34 As a result of rapid increases in
unconventional gas development in the United States, Baja
California’s imports of natural gas from pipeline connections
with the U.S. have grown to around 70% of the state’s natural
gas consumption.35

The resulting energy supply chain that has emergednatural
gas extracted in the southwestern U.S., transported to Baja
California, and then connected to San Diego’s power
distribution networkslends itself to policy-informed LCA in
two respects: first, its spatial separation into generation (Baja
California) and extraction and processing (U.S. Southwest) is
such that each process occurs in a different jurisdictional area
whose policy environment can be compared to the point of
consumption (California); second its interstate and interna-
tional presence encompasses five state governments, two
federal governments, and a bilateral governance structure,
providing an instructive setting for policy analysis of a cross-
border electricity supply chain that is broadly relevant to the
challenges of environmental governance in a globalized
economy.

■ MATERIALS AND METHODS
LCA Goal and Scope. This study performs a spatially

explicit, process-based LCA of Baja California’s NGCC
electricity exports to California using parameters specific to
the Mexican power plants, the natural gas pipeline network that
supplies them, and, where possible, basin- or region- specific
well production and emissions factors. Wind energy generated
at the Sierra Juarez facility since 2015 has added a new and
growing energy source to Baja California’s electricity exports
but we focus here on NGCC electricity because it continues to

Figure 1. Life cycle assessment system boundary (GPTS: gathering, processing, transmission & storage; OK: Oklahoma; TX: Texas; NM: New
Mexico; BC: Baja California; CA: California).

Environmental Science & Technology Policy Analysis

DOI: 10.1021/acs.est.7b06580
Environ. Sci. Technol. 2018, 52, 5048−5061

5049

http://dx.doi.org/10.1021/acs.est.7b06580


dominate the case study and its environmental impact/policy
interface is broadly relevant to fossil-fuel-based electricity.
Nonetheless, we consider the environmental impact and policy
implications of a larger share of renewable energy in our
discussion.
Our LCA focuses on three interrelated impact categories

with important local and global implications for energy policy-
makers: greenhouse gas (GHG) emissions, air quality, and
water withdrawals. The functional unit of the analysis is 1 kWh
of NGCC electricity generated in 2016. Impacts are calculated
as g/kWh for emissions of GHGs and atmospheric
contaminants and Gal/kWh for water withdrawals. Emissions
of CO2 and methane during each life cycle phase and a 100-
year global warming potential (GWP) of methane of 34 gCO2-
eq/g-CH4 from the IPCC’s Fifth Assessment Report,36 are used
to estimate life cycle GHG emissions. The air quality impacts
considered are life cycle emissions of nitrogen oxides (NOx),
volatile organic compounds (VOCs)which react with
Nitrogen Oxides to form ground-level Ozone and can be
harmful to human health, and particulate matter (PM10 and
PM2.5). Water withdrawals are defined as water that is

“removed from the ground or diverted from a surface-water
source”37 for use in the activity in question. We focus on water
withdrawals because they encompass water consumption
(withdrawn water that is “evaporated, transpired, incorporated
into products or crops, consumed by humans or livestock, or
otherwise not available for immediate use”37) and potential
impairment of the quality of water returned to the environ-
ment, both of which are relevant to the environmental policy
framework that governs an activity.
The boundaries of the LCA are shown in Figure 1. The LCA

accounts for direct impacts from well-site preparation,
production, gathering, processing, pipeline transmission and
storage, and combustion. For brevity, indirect impacts from
equipment manufacturing and power plant commissioning/
decommissioning are not included in the analysis. Studies that
have reviewed estimates of the GHG, NOx, and SO2 emissions
and water use associated with fossil-fuel electricity generation
have found that indirect impacts are small relative to their direct
counterparts.11,12,38 However, these impacts still form part of
our discussion of wind’s new presence in Baja California’s
electricity exports, as they are primary contributors to the life

Table 1. LCA Inputs and Sources (EXT: Extraction, GPTS: Gathering, Processing, Transmission & Storage GEN: Generationa)

impact category stage activity value unit source

CO2-eq EXT well preparation 12 200 gCO2/well Logan et al. 201260

well operation 3000 gCO2/well
completion (fractured) 2.5−12.4 MScf/well Allen et al. 201351

workover (fractured) 2.5−12.4 MScf/well
completion (conventional) 37 MScf/well EPA 201252

workover (conventional) 2.5 MScf/well
liquids unloading (fractured) 5−461 000 MScf/well Heath et al. 201453

liquids unloading (conventional) 59−221 000 MScf/well
pneumatics + fugitives 3.7−12.3 Scf/well-yr Allen et al. 201455

GPTS gathering/processing leaks + venting 0.5−0.75 % CH4 supplied Marchese et al. 201565

processing 18 gCO2/kWh Logan et al. 201260

transmission/storage leaks + venting 0.3−0.5 % CH4 supplied Zimmerle et al. 201570

compression 10 kWh/MMBtu Wang & Huang 199961

transmission 0.08 kWh/mile King & Webber 200862

GEN combustion 7100−7600 Btu/kWh QFER 201771

combustion 5.93 × 10−02 g/Btu eGRID 201745

water withdrawal EXT hydraulic fracturing 0.8−9.0 MGal/well Meldrum et al. 201412

well drilling (fractured) 0.1−0.4 MGal/well
well drilling (conventional) 2.9 × 10−4−3.0 MGal/well

GPTS compressor cooling 0−0.8 Gal/bhp-hr McKinney 200772

GEN generator cooling 3.4 × 10−4−6.3 × 10−4 Gal/Btu Diehl et al. 2014,73 QFER 201771

air quality EXT well preparation 5.1−28 tons-NOx/well Roy et al. 201359

0.25−85 tons-VOC/well
0.1−1.5 tons-PM/well

well development 0.2−0.5 tons-NOx/well-yr
6 × 10−05−5 × 10−02 tons-PM/well-yr

GPTS processing 1−5.2 tons-NOx/MMScf
6 × 10−05−0.1 tons-VOC/MMScf
4 × 10−04−0.1 tons-PM/MMScf

compression 1.3 × 10−03 - 3.8 kg-NOx/bhp-hr Tuers et al. 201649

1.0 × 10−05−0.43 kg-VOC/bhp-hr
2 × 10−04−7 × 10−02 kg-PM/bhp-hr

GEN combustion 1.37 × 10−04 kg-NOx/MMBtu eGRID 201745

2.25 × 10−04 kg-VOC/MMBtu Cai et al. 201268

1.10 × 10−04 kg-PM/MMBtu
aItems in bold face are varied in sensitivity analysis.
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cycle impacts of electricity from renewable sources.11,12,38,39 A
sensitivity analysis is performed by varying critical input
parameters for all direct and indirect impacts, based on prior
literature and the authors’ own assessment of important sources
of uncertainty (input parameters that are varied in the
sensitivity analysis are shown in bold face in Table 1).
Additional details on the LCA input parameters, methods, and
sensitivity analysis are provided in the Supporting Information
(SI).
Inventory Analysis. Baja California imports its natural gas

through the Los Algodones pipeline interconnection with El
Paso Natural Gas (EPNG), a network of 59 compressor
stations and 10 200 miles of pipeline that transports natural gas
from the Permian, San Juan, and Anadarko oil and gas basins to
customers throughout the U.S. Southwest.40,41 Based on 2015
natural gas production data from the Energy Information
Administration (EIA),42,43 most natural gas produced in the
Permian basin is conventional gas, whereas roughly 25−45%
half of the San Juan and Anadarko basins’ gas is obtained from
shale or coalbed formations through hydraulic fracturing
(hereafter referred to as unconventional gas).
To estimate each type of environmental impact from natural

gas extraction, we rely on ranges of estimates taken from prior
literature (shown in Table 1), adjusted where possible to
known basin-specific factors such as gas composition,
predominance of hydraulic fracturing wells, and estimated
ultimate recovery (EUR). Well completion events are assumed
to occur once per well lifetime, with a recompletion frequency
of 0.01/year and a 30 year well lifetime as in Heath et al.44 EUR
values and coproduct allocation are based on EIA and USGS
assessments of existing and emerging gas resources45−48 and
prior estimates of the weight fraction of natural gas liquids
(NGLs)49,50 for the study basins, respectively. A basin
production-weighted average is computed for all basin-specific
parameters.
A major source of CO2-eq (and VOC) emissions during the

extraction phase is gas venting during completions, recomple-
tions, and liquids-unloading as well as leaks from pneumatic
devices, fugitives, and chemical pumps. Our model uses
estimates of 2.5−12.4 MScf vented per completion and
workover of unconventional wells, taken from empirical
measurements by Allen et al.51 and reflecting current industry
emissions control and flaring practices. For conventional wells,
we use 36.7 MScf/2.54 MScf vented per completion/work-
over,52 and emissions reduction values between 0 and 76%, as
modeled by Heath et al.53 The analysis of an American
Petroleum Institute and American Natural Gas Association
survey of liquids unloading from 43 000 wells54 provided by
Heath et al.’s harmonization study53 is used to produce a range
of plausible CO2-eq emissions from liquids unloading.
Emissions from pneumatic devices and fugitives are taken
from ranges of values modeled by Allen et al.,51,55 which are
based on field measurements at production sites across the
U.S., and broken down by region; values for the “Rocky
Mountain” region in the study are used for the San Juan Basin
and values for the “Mid-Continent” region are used for the
Permian and Anadarko Basins. Direct emissions of CO2 during
well-site construction, produced water disposal, and well
operation (including gas flaring) are calculated from values
and assumptions in Logan et al.56 We assume, as in prior
comparative studies,57 that these direct emissions are similar for
all wells.

Extraction-phase water withdrawals are estimated from
Meldrum et al.’s review and harmonization study of the life
cycle water footprint of electricity technologies,12 which
provides well-normalized estimates of water withdrawn for
drilling and hydraulic fracturing. Median harmonized water
withdrawal values from studies conducted in the Barnett and
Eagle Ford shale basins in Texas are taken as the closest
estimates of water withdrawals for natural gas extraction in the
study basins. Ranges of air pollutant emissions per well and per
production well-year given in several prior studies58,59 are used
to calculate air quality impact factors that account for emissions
of NOx, VOCs, and PM10/2.5 from combustion of diesel and
natural gas to power trucks, pumps and drill rigs, road dust, gas
flaring, etc. during well construction and operation. Because a
certain fraction of well gas contains VOCs such as benzene,
formaldehyde, and hexane that are known to be harmful to
human health, basin-level VOC composition estimates49,50 are
applied to estimates of leaking and venting to obtain VOC
emissions values that are consistent with the ranges of leaking
and venting emissions modeled in the sensitivity analysis.
GHG emissions and air quality impacts during gathering,

processing, transmission, and storage (GPTS) of natural gas are
due to planned and fugitive emissions and combustion of
pipeline gas to drive the compressors that maintain gas pressure
in transmission systems. Our analysis assumes a value of 18g
CO2-eq/kWh for processing calculated from Logan et al.
2012,60 a power input of 10 kWh/MMBtu to compress
processed gas to 4000 psi, as given by the American Gas
Association,61 and 0.08 kWh to maintain a mile of pipeline
under pressure.62 Data on the size and annual throughput
rating of EPNG’s transmission network are taken from Kinder
Morgan40 and the Energy Information Administration41 and an
updated methane leakage and venting rate of 0.3%−0.5% is
assumed for the entire GPTS system.63 Methane missions from
gathering and processing facilities have recently gained
attention as a large contributor to total fuel cycle methane
emissions not accounted for in prior studies or GHG
inventories.64,65 We use facility-level gathering and processing
emissions modeled by Marchese et al.65 for New Mexico,
Texas, and Oklahoma as our methane emissions estimates for
natural gas extracted from the San Juan, Permian, and Anadarko
basins, respectively. The amount of water used to cool
compressors depends on engine type, and a weighted average
range of values is computed to estimate water needs for
compressor cooling (additional details are given in the SI).
California’s imports of Mexican NGCC electricity are

generated at the La Rosita (LR) and Termoelećtrica de
Mexicali (TDM) power plants in Mexicali. Both LR and TDM
use combined-cycle generators and have state-of-the art
emission control and recirculating cooling tower systems
drawing reclaimed water from the Mexicali State Commission
on Public Services (Comisioń Estatal de Servicios Pub́licos de
Mexicali, or CESPM).66 Electricity generation and fuel use data
for these plants from the California Energy Commission’s
Quarterly Fuel and Emissions Report (QFER) are used to
estimate a generation-weighted average heat conversion
efficiency. Although emissions data for these facilities are
unavailable, they are required to use the same emissions control
technologies as power plants in California67 use and are thus
likely to have similar emissions factors. Therefore, average
emissions factors from EPA eGRID power plant-level opera-
tional data for all combined cycle facilities built after 2000 in
the state of California are used to estimate NOx emissions
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factors. VOC and PM emissions are not reported in the EPA
eGRID database, so we assume emission factors for natural gas

combustion turbines provided in Cai et al.68 Available data
from the QFER on cooling water withdrawn by the Mexican

Figure 2. Life cycle environmental impact cascade plots by category and stage (EXT: extraction; GPTS: gathering, processing, transmission, and
storage; GEN: generation; Note: error bars display 2.5th and 97.5th fractiles from sensitivity analysis).
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power plants are used to obtain a generation-weighted point
estimate of a fuel-consumption-normalized water withdrawal
factor (in Gal/MMBtu). Normalizing by fuel consumption
allows for estimates of water withdrawals that are consistent
with the estimation approach used by Diehl et al. for the U.S.
Geological Survey69 that links water withdrawals to heat release
from fuel combusted, which in turn allows for estimates of
water withdrawals per kWh that are consistent with the
different efficiencies modeled in the sensitivity analysis.
To visualize the policy framework governing life cycle

environmental impacts of Mexico’s power exports to California,
we present policy-process matrices that break down applicable
laws, regulations, and directives by impact category, admin-
istrative level (state, federal, or international) and life cycle
phase. Each element in each matrix is classified according to
whether our analysis deems the policy environment governing
the given impact category as stringent as the jurisdiction where
electricity consumption occurs (i.e., California), whether
governing policies exist but are deemed less stringent, whether
existing policies are likely to change in the near future for
political reasons, or whether no applicable policies are in place.
A detailed discussion of our policy analysis is provided in the
Results section.

■ RESULTS
Life Cycle Assessment. Our LCA results show that a

multidimensional consideration of electricity’s life cycle
environmental impact is likely to implicate all life cycle phases
as important contributors. As shown in Figure 2, the

combustion phase contributes 437 gCO2-eq/kWh, the largest
share of life cycle CO2-eq emissions. Emissions of methane
during extraction (55 gCO2-eq/kWh) and during gathering,
processing, and transmission (55 gCO2-eq/kWh) are smaller,
but still important, determinants of overall greenhouse-gas
impact. The combustion phase is also the primary contributor
to overall water withdrawals. In contrast to CO2-eq emissions,
however, and in line with previous work,12 water withdrawn for
fuel extraction (4.3 × 10−03 Gal/kWh), and for processing,
transmission and storage (5.1 × 10−03 Gal/kWh) comprises a
minute share of life cycle water withdrawals, such that the vast
majority of the 3.4 × 10−01Gal of water withdrawn for each
kWh of Mexico’s electricity exports to California accrues in
Mexico itself.
Unlike greenhouse-gas and water withdrawal impacts, air

quality impacts are dominated by emissions during extraction,
especially for VOCs and PM (shown in Figure 2). Estimates of
gas venting during well completion, recompletion and liquids
unloading correspond to VOC emissions from the extraction
stage of 0.51 g/kWh, large enough to render emissions from
processing, transmission and storage (2.9 × 10−02/kWh) and
combustion (1.7 × 10−03/kWh) negligible from a life cycle
standpoint. Similarly, emissions of PM and NOx during well-
site preparation are 8.0 × 10−03 g/kWh and 3.4 × 10−01 g/kWh,
respectively, more than an order of magnitude larger than
emissions from combustion at the power plant (8.1 × 10−04 g/
kWh and 2.7 × 10−02 g/kWh, respectively).
Results from our sensitivity analysis support the conclusions

reached in the main analysis. Using the most up-to-date data

Table 2. Policies Governing GHG Emissions (GPTS: Gathering, Processing, Transmission & Storage)
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and studies available, we find that the highest methane venting
and leakage scenarios modeled yield CO2-eq emissions per
kWh that are still smaller than the lower-limit combustion
emissions of 423 g CO2-eq/kWh even if uncertainty in methane
venting and leakages during extraction, processing, trans-
mission, and storage are significant relative to the entire life
cycle. Other notable sources of uncertainty are life cycle
emissions of VOCs, NOx, and PM10/2.5 during natural gas
extraction, which reflect uncertainty in well development
emissions and in the magnitude of venting and leaking of
VOC-containing well gas.
Policy Analysis. As the LCA results show, all life cycle

phases are important contributors to overall environmental
impact. However, results from the corresponding policy
analysis reveal notable inconsistencies in environmental
regulation of the cross-border electricity supply chain,
particularly with respect to water use, air quality impacts, and
upstream of generation.
GHG Emissions. Table 2 displays the policy-process matrix

for GHG emissions from Mexico’s exports of natural gas-fired
electricity to California. As indicated in the table, we consider
generation of electricity in Baja California as occurring in an
equivalent policy environment to California’s. There are several
reasons for this. First, California’s 2002 Renewables Portfolio
Standard (RPS) is a consumption-based policy that targets
emissions from electricity generation. California’s RPS permits
utilities to purchase up to 25% of their renewable electricity
from outside the state provided that renewable power sources
comply with California’s environmental quality standards, with
additional exceptions if the power source connects directly to
one of the state’s balancing authorities,74,75 an important detail

since it incentivizes development of renewable generation
outside of the state. In addition, California Senate Bill 1368
passed in 2006 requires that all power plants that export
electricity directly to California meet the emissions standards of
baseload combined cycle generation facilities in the state.75 A
similar requirement is set by the landmark 2006 Global
Warming Solutions Act (SB32), which includes a provision that
regulations apply to all generation facilities used to serve load
within the state, regardless of location.75 For all practical
purposes, then, Mexican power plants exporting electricity to
California receive the same regulatory treatment as power
plants in the state with respect to GHG emissions. Given the
dominance of generation phase GHG emissions, California’s
energy policy design thus appears to address a large portion of
electricity’s GHG impacts regardless of a cross-border presence,
and despite a lack of a binding international agreement to
reduce GHG emissions.
Continued uncertainty about GHG impacts from methane

leaking and venting during natural gas extraction and GPTS
underlines the importance of policies regulating methane
emissions from the natural gas industry. Our analysis identifies
notable inconsistencies in the regulatory treatment of these
emissions, however. California’s current regulation of methane
emissions from the oil and gas industry began with passage of
Senate Bill 4 (SB4) in December 2013, which instructed the
state’s Department of Oil Gas and Geothermal Resources
(DOGGR) and Air Resources Board (CARB) to develop strict
rules for well venting and flaring control, blowout prevention,
and methane leakage detection and repair (LDAR) at its well
sites, gathering and processing facilities and compressor
stations,76 issued in 2017 and effective in 2018.77 This

Table 3. Policies Governing Water Use (GPTS: Gathering, Processing, Transmission & Storage)
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regulatory framework is not matched by the other natural gas-
exporting states in the case study: policies exist that are relevant
to methane emissions in Texas, New Mexico, and Oklahoma,
but they consist primarily of requirements for well blowout
preventers78−80 and not LDAR such that we consider them less
stringent than California’s. Federal rules issued in 2016 by the
U.S. Environmental Protection Agency (EPA) and Bureau of
Land Management (BLM) largely addressed this inconsistency
by setting similar venting, flaring, and LDAR requirements from
new and existing emissions sources in the oil and gas
industry.81,82 However, the Trump administration’s delay of
the BLM rule83 and intent to revise the new EPA leak
prevention rule84 imply that this effort is likely to be temporary,
as reflected in Table 2 by the dotted line surrounding U.S.
federal policies governing the extraction and GPTS stages.
Water Use. The process-policy matrix for water quality and

availability impacts associated with life cycle water withdrawals
is shown in Table 3. As the table indicates, we find that the
policy environment governing water withdrawals for thermo-
electric cooling of the Mexican power plants is notably less
stringent than that which applies in California’s jurisdiction.
Discharges by California’s thermoelectric power plants are
regulated by federal standards added in 198285 to the National
Pollutant Discharge Elimination System (NPDES) established
by the Clean Water Act in 1972.86 Power plant withdrawals and
cooling system reporting requirements have also been in place
since 2007.87,88 Two additional and distinct state-level policies
on thermoelectric cooling in California are its 2010 once-
through cooling restriction on coastal power plans to limit the
electricity sector’s impact on oceanic and estuarine ecosys-
tems,89 and its prioritization, since 2003, of the use of reclaimed
water or dry cooling systems at its thermoelectric power
plants.90 Mexican power plant effluent discharge standards have

been in place since 199691 and are similar to those of the U.S.
federal NPDES. However, there are no reporting requirements
for Mexican thermoelectric generation facilities or restrictions
on ocean water withdrawals for cooling. In addition, although
the LR and TDM plants use reclaimed water, it is not due to
policy either side of the border and is unusual for Baja
California, where recycled water withdrawals comprise just 2%
of thermoelectric water withdrawals.67 We thus consider the
existing policy framework governing water use for power
generation in Baja California less stringent than its counterpart
in California.
Although water used for well drilling and hydraulic fracturing

represents a small share of life cycle water withdrawn per kWh
of Mexican electricity exports to California, we also find
inconsistencies in policies governing the water quality impacts
of these withdrawals. Since passage of California’s SB4 in
December 2013, its DOGGR has introduced some of the most
stringent state-level restrictions relevant to fracking water use in
the country,76,92 including well casing and integrity testing,93,94

prior hydrologic evaluation and monitoring of well-sites
coordinated with the state water board,95 secondary contain-
ment requirements for wastewater storage and disposal,96 and
full disclosure of fracking chemicals.97 Disclosure requirements
have been issued in many other states, including New Mexico,
Texas, and Oklahoma.98−101 In addition, all of the states in the
case study have strict well casing, cementing, and integrity
testing requirements79,102,103 designed to prevent groundwater
contamination from well stimulation activities and surface
storage restrictions on the disposal of wastewater.104 However,
because they have no strict requirements for prior hydro-
geologic evaluations of proposed well sites, monitoring of
groundwater close to wells and underground injection sites, or
secondary containment requirements for surface storage of oil

Table 4. Policies Governing Air Quality (GPTS: Gathering, Processing, Transmission & Storage)
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and gas fluids, we deem existing policy regimes in Texas,
Oklahoma, and New Mexico less stringent than California’s.
Due in part to the controversial 2005 Energy Act exemption of
unconventional oil and gas extraction activities from federal
oversight under the Safe Drinking Water Act (excepting cases
of the use of diesel), federal regulation of water use and quality
impacts of fracking on nonfederal lands is minimal, with the
exception of the EPA’s 2014 NPDES guidance for underground
injection control of fracking activities using diesel.105

Despite state-level inconsistencies in policies relevant to the
water quality impacts of gas development in our case study, we
note that all of the states considered have addressed or are
considering addressing its water availability impacts by
encouraging reuse of oil and gas fluids. California’s SB4
included language explicitly encouraging reuse of oil and gas
fluids.76 Texas first incentivized reuse of fracking water through
tax breaks in 1999,76 and moved to ease the permitting process
for reuse in 2013.106 New Mexico has also made changes to
ease restrictions on reuse of oil and gas water107 and Oklahoma
is considering similar amendments to its state code of
regulations.108

Air Quality Impacts. The process-policy matrix for life cycle
air quality impacts of Mexico’s electricity exports is shown in
Table 4. As indicated in the table, the policy framework
governing air quality impacts of electricity generation in
California currently holds with equal stringency for exporting
electricity generation facilities in Baja California. The primary
reason for this is 2010 Senate Bill 2037, which requires that
new electricity generation units in Mexico selling power to
California comply with air quality regulations applicable to the
adjacent California air basin.66 Although the law did not apply
retroactively to the Mexican plants, it does apply to any new
generation capacity sited in Baja California. These power plants
have already installed emissions control equipment on units
dedicated exclusively to export to comply with California’s air
quality regulations,67 which shows the influence that
California’s regulations exert in Baja California’s export
facilities, even without explicit rules that apply in Mexico.
It is worth noting that a lack of emissions controls at the

Mexican power plants would not change the relative
importance of combustion-phase air quality impacts. Emissions
of VOCs and PM result from incomplete combustion and trace
amounts of noncombustible components of natural gas fuels,109

which are not handled by emissions controls. Emissions factors
for NOx with and without control measures like combustion
optimization and water injection differ by a factor of at most
3.2.68 Even if the per kWh air quality impacts of electricity
generation in Mexico are relatively small, however, they are
likely to have sizable local impacts. Blackman et al, for example,
modeled the air quality effects of LR and TDM and estimated
health costs of roughly $0.5 million/year, mostly due to PM
concentrations in the U.S.66 Imperial county is listed by the
EPA as a nonattainment area relative to 8 h ozone, and PM2.5/
PM10 standards,110 such that even small sources of air
contaminant emissions are likely to exacerbate already poor
air quality. Transboundary air quality impacts are addressed by
the 1987 La Paz agreement between the U.S. and Mexico,
which established workgroups to monitor and control air
pollution in the border region, but it has been criticized as
nonbinding and vague,66 and fragmented bilateral efforts to
regulate transboundary air pollution have not addressed
potential cross-border air quality impacts from electricity
generation.111

As has been noted in prior work,112 the wide variety of
policies in place at the state level indicates a need for a
systematic effort to address the air quality impacts of natural gas
extraction activities. As indicated in Table 4, few statewide
regulatory requirements specific to the air quality impacts of the
natural gas industry have been set by the states in this study,
with existing policies mostly targeting emissions of VOCs.
California’s SB4 mandated CARB’s involvement in reviewing
well permit applications and directed the agency to monitor air
quality near oil and gas well sites.113 In response to a 2015
report by the California Council on Science and Technology
commissioned by SB4, CARB has launched several statewide
monitoring efforts to assess the health risks of air pollutants
from well-sites, designed to inform its future permit review and
development of regulations.114 In addition, even if they are
written to target methane (and are not shown in Table 4),
CARB and DOGGR’s new venting, flaring, and LDAR
requirements for the oil and gas industry have also reduced
VOC emissions and CARB cites the potential health benefits of
these emissions reductions in their regulatory impact assess-
ment.115

State-level regulatory environments in the other case study
states are found to be notably less stringent than California’s
with respect to the air quality impacts of gas development. To
begin with, we did not find any statewide mandates to monitor
concentrations of hazardous air pollutants specific to gas well
stimulation activities. Although state-level regulations of VOC
emissions from gas leaking and venting exist in Texas and are
being drafted in New Mexico, their scope is limited: Texas’s
regulation of VOCs only applies to major urban areas that are
noncompliant with federal Ozone standards116 and New
Mexico’s new LDAR protocol only applies to new (and not
existing) stationary emissions sources.117 No state-level
regulations to address emissions of VOCs or other atmospheric
contaminants were found for Oklahoma.
Federal policies address some of the other atmospheric

contaminants examined in this study (PM and NOx) and have
begun to establish performance standards to limit emissions of
VOCs. Ambient concentrations of PM and Ozone (resulting
from NOx and VOCs) are regulated under the Clean Air Act
(CAA), which is administered and enforced by every state
government.118 California and New Mexico have passed
legislation allowing their air quality regulators to set stricter
standards than the EPA’s, although their ambient PM and
Ozone standards are similar to federal standards.119,120 The
EPA’s 2012 and 2016 updates to its performance standards for
the oil and gas industry also set LDAR requirements and best
management practices to target emissions of VOCs from new
and existing emissions sources.52,82 We consider these
regulations to be roughly equivalent to California’s CARB
and DOGGR regulations; as mentioned previously, however,
their continuation is uncertain (reflected in Table 4 by the
dotted line surrounding US federal policies governing the
extraction and GPTS stages).

■ DISCUSSION AND POLICY IMPLICATIONS
Results from the case study offer several insights relevant to
energy policymakers. As with previous LCAs that include
several impact categories,11 the quantitative results indicate that
an integrated, cross-sector approach to environmental policy in
the energy sector is likely to involve its entire life cycle: while
GHG impacts are more evenly distributed across extraction,
processing, transport, and generation, associated water with-

Environmental Science & Technology Policy Analysis

DOI: 10.1021/acs.est.7b06580
Environ. Sci. Technol. 2018, 52, 5048−5061

5056

http://dx.doi.org/10.1021/acs.est.7b06580


drawals are concentrated in the generation phase, and air
quality impacts accrue primarily in the fuel extraction phase.
Our policy analysis identifies high-impact policy inconsistencies
that should be the target of regulatory efforts to mitigate the
power sector’s life cycle environmental impact, not only on
GHG emissions, but water withdrawals and air quality, both of
which can have short- and long-term socio-economic
implications. In addition, we find low-impact gaps that highlight
activities likely to be overlooked by the functional-unit-based
comparison of conventional LCA. Such is the case, for example,
with the local impacts of water disposal for natural gas
extraction. Although they are small relative to combustion-
phase cooling water withdrawn in per kWh terms, they involve
one-time withdrawals that are large enough to adversely affect
local water quality if not managed appropriately; inconsistent
regulation of water used for fracking indicate that they should
be of concern to California’s energy planners.
California’s electricity sector is subject to some of the most

stringent environmental standards in the U.S., and the broad set
of stakeholders affected by the impacts analyzed in the case
study underlines the complexity of designing sustainable energy
policy that avoids exporting a substantial share of environ-
mental impacts in per kWh terms. Most of the water
withdrawal burden of Baja California’s power exports to
California is borne by communities in Mexicali, but the brunt
of the air quality impacts accrues in the U.S. Southwest, and the
burden of reducing GHG emissions falls on regulatory
authorities in multiple states and federal governments. Because
air and water quality effects are localized, an integrated,
consumption-based regulatory approach that fully addresses the
environmental impacts of a cross-border electricity supply chain
must consider local institutional and environmental factors and
community resilience to environmental shocks.
The implications of wind energy’s new and growing presence

for our case study’s policy-impact landscape are worth
mentioning, as they are part of the global decarbonization of
electricity140 that could shift the environmental burden of
electricity supply toward activities less directly related to
generation. Table 5 shows estimates of GHG emissions and
water withdrawals for the case study’s 2016 energy mix after
accounting for wind energy, inclusive of available estimates of
impacts from manufacturing and construction of large wind
turbines (ranges of disaggregated values of embodied NOx,
VOCs, and PM10/s.5 from manufacturing/construction are not
available). Unsurprisingly, the table shows that the immediate
effect of wind’s presence is to reduce the overall GHG intensity
of Baja California’s electricity exports to 511g/kWh from 547g/
kWh, even after accounting for additional indirect emissions.
The same is the case for water withdrawals, which decrease to
0.32 gal/kWh from 0.35 gal/kWh.
Despite its recent growth, wind’s share in the case study’s

2016 energy mix is not large enough to alter the relative
importance of processes upstream of generation. Median
estimates of GHG impacts from manufacturing and con-

struction comprise only 0.2% and 0.1% of total lifecycle GHG
impacts, respectively. For water withdrawals, the equivalent
figures are just 0.0009% (manufacturing) and 0.0007%
(construction), far smaller even than water withdrawal from
extraction/GPTS. Still, the highest estimates of indirect GHG
impacts from wind turbine manufacturing are 9gCO2-eq/kWh,
within an order of magnitude of median estimated GHG
emissions from extraction (50gCO2-eq/kWh) or GPTS
(50gCO2-eq/kWh). If wind generation’s share were increased
to 50% of Baja California’s electricity exports (the same share of
renewables required by 2030 under California’s RPS126), high-
end estimates of GHG emissions from wind turbine
manufacturing and construction would be roughly on par
with emissions from natural gas extraction or GPTS.
As is clear from these results, accounting for wind’s presence

in the case study has the immediate effect of limiting the weight
of electricity’s direct GHG emissions and water footprint;
continued growth will eventually shift the environmental
burden toward equipment manufacturing and plant commis-
sioning/decommissioning. The boundaries of a policy-informed
LCA of a renewable-dominated electricity grid would thus need
to include these activities and would likely place the policy
focus on the manufacturing and mining sectors and the
environmental impacts embodied in international trade.141−144

A detailed analysis of these impacts is outside the scope of this
study but is certainly a topic that merits further examination.

■ CONCLUSIONS
Policy-informed LCA of the California−Mexico energy
exchange adds vital context to environmental impact
accounting that has often excluded the complex institutional
layer mediating human-environment interactions. Our results
indicate that life cycle phases that make important contribu-
tions to overall impact do not always receive the same
regulatory treatment they would be given if they occurred in
California. Existing state and federal policy structures do not
ensure that air quality impacts and GHG emissions during fuel
extraction are regulated consistently. In addition, although
California has designed policies relevant to GHGs to minimize
imports of “coal-by-wire” through its RPS and other electricity
supply requirements, there are no equivalent restrictions that
address imports of “water-by-wire” from Mexico (or other U.S.
states).
Notwithstanding the challenges it identifies, our analysis

provides several pointers for regulators seeking to address
electricity’s cross-border environmental impacts. To begin with,
a more obvious strategy for consistent environmental
governance from a policy-informed life cycle standpoint is to
focus efforts on higher administrative levels (e.g., federal or
international), which can improve policy environments whose
boundaries encompass more jurisdictions and life cycle phases.
In this respect, the lack of coordinated policy making at the

Table 5. Ranges of Manufacturing, Construction, And total GHG and water withdrawal impacts given Baja California’s 2016
electricity exports

life cycle stage

category manufacturing construction total impact

GHG emissions (g/kWh)a 1.0 (1.4 × 10−02−8.8) 0.6 (1.4 × 10−02 − 2.2) 511 (457−753)
water withdrawals (gal/kWh)b 2.8 × 10−06 (1.1 × 10−07−1.4 × 10−05) 2.2 × 10−06 (3.6 × 10−07−4.7 × 10−06) 0.32 (0.28−0.38)

aNugent and Sovacool 2014,39 bMeldrum et al. 2013,12 and own calculations).
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(U.S.) federal or international level is both a notable deficiency
and opportunity identified by our analysis.
Purchasing requirements like California’s RPS are another

effective way to extend a jurisdiction’s policy boundary to
encompass upstream processes. A framework similar to the RPS
was proposed in California Senate Bill 1441 introduced in the
2016 legislative session to address methane emissions from gas
leaking and venting outside the state. The bill would have
imposed procurement and delivery tracking requirements on
the state’s gas suppliers and leveraged California’s position as
the U.S.’s second largest market for gas to incentivize emissions
reductions at exporting gas basins.145 Although it was not
approved, the law presents one strategy for tackling upstream
methane emissions outside of California’s jurisdiction.
Access to California’s large electricity market can itself

incentivize good governance outside its borders, as suggested
by the implicit governance mechanism responsible for emission
controls and high-performance recycled water cooling systems
installed at the export generation facilities in Mexicali. Baja
California is estimated to possess Mexico’s second largest
reserves of wind energy, and the fact that Mexican renewable
energy is eligible to satisfy the RPS requirements of California’s
utilities could spur additional investments in renewable capacity
by energy companies looking to satisfy California’s growing
energy needs.146

More generally, we note that the interrelationships between
policy-impact interfaces can help provide a rationale for
regulating an activity. In our case study, for example, local air
quality concerns about VOC emissions motivated regulatory
efforts by Texas, New Mexico, and the federal government to
limit gas leaking and venting during extraction and GPTS, even
though these activities also result in methane emissions with
sizable global GHG impacts. Engaging local stakeholders by
focusing on the air quality impacts of fossil fuels has been
shown to be an effective strategy for catalyzing action on
climate change in urban settings in developing countries,147 and
has been proposed as an alternative approach to global climate
policy.148,149

Despite gaps in bilateral U.S.−Mexico or U.S. federal policy,
separate regulatory developments in California and Mexico
continue to lay the foundations for a more sustainable cross-
border energy supply. The Mexican government has set
ambitious emissions reduction and renewable generation
targets as part of its commitments to the 2015 Paris
Agreement,150 along with new rules governing natural gas
transmission and storage.123 The border-region energy relation-
ship is in continuous flux, with privatization of Mexican
electricity transmission infrastructure likely to accelerate plans
for an interconnection between Baja California to the rest of
Mexico, and 314 MW of new NGCC generation capacity
coming online in Ensenada this year. In the U.S., changes in the
new administration’s regulatory approach are reversing long-
standing regulatory efforts, while states continue to develop
regulations to address the environmental impacts of unconven-
tional gas development. These evolving policies and priorities
present an essential qualitative backdrop to environmental
impact accounting whose analysis contributes a more complete
understanding of the various local impacts embodied in each
kWh of electricity delivered to end customers in San Diego.
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Electricidad: la no empresa de clase mundial. Hacia la creacioń de una
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