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ABSTRACT: When in port, ships burn marine diesel in on-board
generators to produce electricity and are significant contributors to poor
local and regional air quality. Supplying ships with grid electricity can
reduce these emissions. We use two integrated assessment models to
quantify the benefits of reducing the emissions of NOX, SO2, PM2.5, and
CO2 that would occur if shore power were used. Using historical vessel
call data, we identify combinations of vessels and berths at U.S. ports that
could be switched to shore power to yield the largest gains for society. Our
results indicate that, depending on the social costs of pollution assumed,
an air quality benefit of $70−150 million per year could be achieved by
retrofitting a quarter to two-thirds of all vessels that call at U.S. ports. Such
a benefit could be produced at no net cost to society (health and
environmental benefits would be balanced by the cost of ship and port
retrofit) but would require many ships to be equipped to receive shore
power, even if doing so would result in a private loss for the operator. Policy makers could produce a net societal gain by
implementing incentives and mandates to encourage a shift toward shore power.

1. INTRODUCTION
Shore power or “cold ironing” is the use of electricity from the
shore to power a ship’s systems when it is in port. When it is
cruising, a ship’s main engines drive an auxiliary power
generator. As the ship begins maneuvering to enter a port,
the main engines slow down and no longer drive the generator.
An auxiliary generator is then switched on to supply electricity.
Once the ship docks, the main engines are switched off, and the
auxiliary generator continues to power it.1 The electricity
needed by a vessel in port, called the hoteling load, can range
from a few hundred kilowatts to several megawatts, depending
on the vessel’s size and purpose.2

Although there is an ongoing move toward the use of cleaner,
low-sulfur, fuels by ships in port, hoteling emissions are a
significant contributor to poor local air quality. In 2012,
hoteling emissions were 72% of all the SO2 emissions and 11%
of primary PM2.5 and diesel PM (DPM) emissions released
within the Ports of Los Angeles and Long Beach. Hoteling
accounted for 18% of all SO2 emissions in Los Angeles County,
where both ports are located, and about 1% of the county’s
PM2.5 and DPM emissions.3−5

Starting in 2014, the California Air Resources Board6

(CARB) has required that at least 50% of a fleet’s visits to
major California ports either use shore power for most of their
time in port or reduce their use of onboard auxiliary power
generation by at least 50% compared to a historical baseline.
This requirement will rise to 70% of all visits or baseline power
by 2017 and 80% by 2020. CARB’s regulations apply to
container vessels, passenger vessels, and refrigerated cargo

vessels.7 This regulation is controversial,8 and some leeway may
be granted in its implementation. Our analysis assesses whether
a switch to shore power would produce net benefits to society if
implemented in other parts of the United States.

2. PRIOR WORK

The Port of Rotterdam conducted an analysis1 to decide
whether to equip its new terminal at Maasvlakte with cold-
ironing facilities. It found that “the effects on the air quality on
nearby urban [i.e., Rotterdam, 30 miles away] areas will be
minimal, at high design and annual costs.” A study of the
economics of shore power at the Port of Goteborg9 in Sweden
concluded that the cost of port and ship retrofit would exceed
fuel cost savings. Winkel et al.10 conclude that the potential
health benefits of a shift to shore power in Europe would be
€2.94 billion in 2020. Korn et al.11 outline the engineering
required to retrofit vessels and berths. They also performed a
high-level analysis to estimate the reductions in emissions
associated with cold ironing. The most comprehensive publicly
available study of shore power was conducted for the Port of
Long Beach (PoLB) in 2004.2This study has several limitations
in terms of current policy insight.
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First, current conditions have changed both the costs and the
benefits of shore power that make the 2004 study findings out
of date. Petroleum prices have changed significantly since the
study was done. Furthermore, International Maritime Organ-
ization (IMO) regulations now require ships calling at U.S.
ports to use cleaner, low-sulfur marine, gas or diesel oil, which
can be up to 60% more expensive.12

Second, the Port of Long Beach’s 2004 study implicitly
assumes that these pollutants are equally harmful, and that they
all cost the same to abate. Cost-effectiveness calculations
divided the annualized cost of implementing cold ironing by
the total mass of hydrocarbons, carbon monoxide, NOX, PM10
and SO2 emissions that would have been avoided. Retrofits
were considered cost-effective if the net cost was below the
$13 60013 per ton of (total) emissions avoided that California’s
Carl Moyer program would have paid in 2002 to retrofit diesel
engines to reduce their NOX emissions. Moreover, a key
component of diesel exhaust is PM2.5,

14 which is more
detrimental to human health than PM10.

15 Sulfur dioxide, in
addition to being harmful to human health, contributes to the
formation of secondary particulate matter.16 The 2004 study
did not quantify the complex impact of these pollutants.
Third, the study was limited to a small sample of vessels that

called at Long Beach and assumed that all benefits and costs of
the retrofit would be felt only at Long Beach.
Our study addresses these shortcomings, and extends the

2004 study to include other US ports, as well as all of the 3300
vessels that called at U.S. ports in the 18 months between July
2013 and December 2014. We seek to determine whether and
where to deploy shore power in a way that better accounts for
the benefits it confers and costs it imposes on society.

3. MATERIALS AND METHODS
Cargo Vessel Information. This analysis is underpinned

by a large data set of vessel port calls purchased from
Fleetmon,17 a German firm that collects and archives vessel-
position data. These data were collected using land-based
stations that receive transmissions from the automatic
identification system (AIS) on ships. AIS systems continuously
transmit the ship’s unique identifier and position. We obtained
a list of all cargo-carrying vessels that had departed at least once
from the 20 busiest international ports (by cargo volume) in
the 18 months from July 2013 to December 2014. For each of
these vessels, we obtained a list of every port call the vessel had
made anywhere during that time. Each vessel call record
consisted of the identity of the vessel, the name of the port, the
time at which the vessel arrived at the port, and the time at
which it departed. For each vessel, we also obtained the
Maritime Mobile Service Identity (MMSI), a unique nine-digit
number associated with the AIS station carried by the ship, the
ship’s IMO registration number, as well as some information
about vessel dimensions (length, width, and capacity in dead
weight tons (DWT)). The raw data set consisted of 7600
vessels and 870 000 global port calls. The process by which
these data were cleaned to prepare them for analysis is
described in detail in the Supporting Information. We analyzed
a clean data set that consisted of about 46 000 unique calls by
3300 unique ships to 187 unique U.S. ports.
The Long Beach report on shore power2 discusses ways in

which electricity could be delivered to vessels. Vessels that do
not require the use of a gantry crane to load and unload cargo
could be supplied by means of a tower constructed on the
shore, from which cables can be lowered on to the ship. Vessels

that do require the use of gantry cranes for loading and
unloading cannot be supplied in this way because a tower
would interfere with the movement of gantry cranes, which are
designed to move along the full length of the wharf. Such
vessels would need to be connected to shore power using a
barge. These two types of vessels (those that require barges for
shore power and those that do not) are likely to use different
parts of the port; i.e., dock at different terminals and berths.
In recognition of this, we split the data for cargo vessels into

two sets. Vessel types (including container, general cargo, and
bulk cargo) that would be connected by barge were placed in
one set. Tankers and vehicle carriers, which would not require
work barges, were placed in another. There were 1910 vessels
that would need to be supplied by barge and 1373 vessels that
could be supplied using a gantry tower. These two sets were
analyzed separately.
The average power used when a particular type and size of

vessel is in port was obtained from the Port of Los Angeles
(PoLA) emissions inventory.18

Port Information for Cargo Vessels. The vessel call data
were also used to deduce the number of berths at each port for
each of the two sets of vessels. We counted the number of
vessels from each set that were in port on each of the
approximately 500 days for which we have data. We assumed
that the 90th percentile value of this distribution represented an
estimate of the number of berths available to the types of
vessels belonging to that set. This is to account for the fact that
not all stationary ships within AIS range of a port were
necessarily at berth: some may have been moored offshore,
perhaps acting as floating storage.19 We calculated the average
utilization of berths at each port by dividing the total duration
for which the ships were in port by the product of the total
number of berths available and the total number of hours that
had passed between the earliest arrival date and the latest
departure date for vessels at that port. This number was needed
to ensure that, when we calculated the number of berths that
ought to be retrofit at each port, the total number of hours for
which ships could expect to obtain shore power was limited by
the availability of a berth that was equipped to supply it. We
assume that the current average levels of utilization are a good
approximation of this availability.

Cruise Ship and Port Data. Cruise ships often call at a
different set of ports (e.g., Port Canaveral) than do cargo
vessels. To analyze cruise ship activity, we obtained a nearly
complete record of arrivals and departures that was maintained
by the U.S. Army Corps of Engineers’ Navigation Data Center
until 2012, which is the last year for which data are available.
We selected the 17 busiest cruise ports in the continental
United States and the 132 cruise ships that visited them in 2012
for analysis. The integrated assessment models that we use to
quantify the benefits of a shift to shore power do not extend to
Hawaii, Alaska, or U.S. overseas territories such as the Virgin
Islands, all of which see significant cruise activity.
The cruise ship data only told us on what day ships arrived

and departed but not the times. We assumed that each berth
could handle only one departure per day: as such, the
maximum number of departures on a single day was used as
a proxy for the number of berths at each port. We assumed that
all cruise ships stay in port for 10 h on each visit. This number
is based on results from Moffat and Nichols,20 which suggest
that cruise ships stay an average of 12 h in the Port of
Charleston. Cruise operators are under pressure to reduce this
duration to improve cost efficiency, as well as for environmental
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reasons. Assuming that vessels stay in port for 10 h is
conservative: longer stays would make shore power more
attractive. We assumed that, on average, cruise ships use 5400
kW of power when in port.4

Problem Definition. We now define the benefits and costs
of using shore power. We consider two kinds of benefits. The
first is the monetary benefit that accrues to the ship owner. At
2015 fuel prices, it is cheaper to buy one kWh of electricity
from the grid than to produce it using the vessel’s diesel-fired
auxiliary generator. We assumed that vessels would use marine
diesel oil or marine gas oil with 0.1% sulfur as required by
Regulation 14 of the IMO and that engines would conform to
the IMO’s Tier 2 NOX standard.21 This second assumption is
conservative: Tier 2 applies to vessels constructed after January
2011. For dirtier engines, the environmental benefit of
switching to shore power would be greater. We assumed that
such fuel was priced at $680 per ton, the spot price in Houston
in March 2015. The second benefit is environmental: emissions
per kilowatt hour from grid electricity are generally lower than
those from electricity produced by burning marine diesel oil.
This benefit accrues to society, mostly in the form of an
improvement in air quality and corresponding improvements in
health. This benefit can be monetized (e.g., in $ per ton of
emissions avoided) by using integrated assessment mod-
els.22−26

We also consider two kinds of costs. The first is the cost to
the ship owner of retrofitting the vessel so that it may accept
shore power. The second is the cost to the port of extending or
expanding the power distribution network, as well as of putting
in place the electrical equipment (transformers, cables, etc.)
required. In addition, the port would have to acquire, maintain,
and operate a work barge for each berth that was already
equipped with gantry cranes. For berths that did not require
gantry cranes to unload vessels, the port would need to build a
tower to lower power supply cables on to the ship.
With these costs and benefits in mind, a decision maker

might have one of the following objectives.
(i) Maximizing the benefit (the sum of the private saving to

ship owners or operators and the environmental benefit),
subject to the condition that the total net benefit is non-
negative.

(ii) Maximizing the total net benefit (the sum of environ-
mental and private benefit less the cost of retrofitting the
vessels and berths).

The benefits and costs are defined mathematically as follows.
ben_pvti,j, the private benefit, expressed in dollars per year,

that would accrue to the vessel operator if vessel i used shore
power at port j, is given by

_ = − × ×m e oben pvt ( ) eneri,j j i,j i,j (1)

where
m is the cost of electric power generated from marine fuel on

board the vessel, in $ per kWh.
ej is the average price of electricity for industrial use in the

state in which port j is located.27

eneri,j is the amount of energy, in kWh, that would go from
being generated on board to being provided from shore.
oi,j is a binary decision variable, which takes the value of one

(1) if vessel i uses shore power at port j; and zero (0)
otherwise.
ben_envi,j, the net annual environmental benefit of switching

vessel i at port j to shore power, is given by
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where
eimq is the emission index, in grams per kWh, for pollutant k

for marine diesel or gas oil. k = {NOX, SO2, PM2.5, CO2}.
18,4

eieq,j is the state-average emission index expressed in grams
per kWh for pollutant k for the electricity that would be
consumed in port j.28,29

t is the transmission and distribution loss, assumed to have a
value of 10%.
scq,j is the value, in dollars per ton, of emitting pollutant k at

port j. For NOX, SO2, and PM2.5, we obtain the value of scq,j
from two models: AP2, the newest version of the Air Pollution
Emission Experiments and Policy analysis30,23 (APEEP), and
the Estimating Air Pollution Impacts Using Regression24

(EASIUR) method applied to the Comprehensive Air-Quality
model with extensions (CAMx).31

As Heo et al.25 describes, both models quantify “the societal
impacts of air pollution...based on an impact pathway analysis
that converts air pollutant emissions to ambient concentrations,
estimates their societal effects (e.g., premature mortality and
other health effects), and monetizes these outcomes using
estimates of willingness-to-pay to avoid these effects”. (p 4)
CAMx is “state-of-the-science” and operates at a higher

spatial and temporal resolution than does AP2.24 It is, however,
computationally very demanding. EASIUR is a computationally
tractable approximation of CAMx. Like Weis et al.,32 we believe
that performing our analysis with both models makes our
results more robust and sheds additional light on the sources of
uncertainty in environmental decision making. AP2 calculates
marginal damages for sources that emit at stack height, as well
as for area sources at ground level. We assume emissions from
ships to be area sources. AP2 also provides damage values for
2002, 2005, 2008, and 2011. We use the 2005 values because
these provide a confidence interval as well as an estimate of the
mean social damage. The APEEP model calculates the marginal
damages caused by various forms of pollution and includes
“crops, trees, people, man-made materials, visibility resources,
and sensitive ecosystems,”23 (p 5) and concludes that mortality
and morbidity account for close to 95% of the total damages.23

(p 8) The EASIUR model24,25 only accounts for damages
resulting from increased mortality because these are a close
approximation of the total damages.
We conduct the analysis and report results assuming social

costs obtained from both models. For CO2, we assume a social
cost of $40 per ton (in 2015 U.S. dollars, assuming a 3%
discount rate).33

We define cst_shipi, the annualized cost of retrofitting a ship
to accept shore power as

_ = ×r pcst shipi i i (3)

where
ri is a decision variable that takes the value of one (1) if a

vessel is retrofit, and zero (0) if it is not
pi is the annualized cost of retrofitting a ship for shore power.

We assume that it would cost $500 000 to retrofit each ship, a
first-order approximation of the average cost of retrofit of the
12 vessels studied in the PoLB study.2 This cost is amortized
over 20 years, assuming a discount rate of 5%.
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cst_portj, the annualized cost of retrofitting a port to provide
shore power to all the ships that require it, is given by

_ = ×c kcst portj j (4)

where
kj is a decision variable that takes the value of the number of

berths that are retrofit at port j. kj is a positive integer.
c is the sum of the annualized cost of retrofitting a single

berth to provide shore power and the annual cost of operating
and maintaining the required equipment.
We base our costs assumptions on those given in the PoLB

study.2 For the set of vessels that do not require a supply barge,
we assumed that putting in an electrical distribution network
costs $1 000 000 and that a terminal substation costs $500 000.
These capital costs are amortized over 20 years at a discount
rate of 5%. We assume that terminal operating and
maintenance (O & M) costs are $100 000 per year. For the
set of vessels for which a barge is required, an additional capital
expense (amortized over 20 years and at 5%) of $2 000 000 is
assumed, as well as an additional O & M cost of $350 000 per
year.
Objectives (i) and (ii) must each be achieved subject to the

following physical constraints.
The number of berths retrofitted at each port cannot exceed

the total number of berths available for that set of vessels (i.e.,
“barge” or “tower” vessels).

∀ ≤j k n: j j (5)

where
nj is the number of berths available for a particular set of

vessels at port j and kj, is as in eq 4.
The total number of hours for which vessels occupy berths at

a port cannot exceed the number of hours for which the berth is
available.

∑∀ × ≤ × ×o h k uj: 8760
i

i,j i,j j j
(6)

where
oi,j and kj are as defined in eq 1 and eq 4, respectively;
hi,j is the number of hours that vessel i spent in port j in a

year;
uj is the average rate of utilization of berths for a particular set

of vessels at port j; and
finally, a ship must be retrofit for it to be able to use shore

power anywhere.

∀ ≤o ri, j: i,j i (7)

where oi,j and ri are as defined in eq 1 and eq 3, respectively.
The condition that the total net benefit be greater than or

equal to zero may be written as follows.
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Therefore, Problem (i) may be written as follows.
Maximize (Σi,jben_pvti,j + Σi,jben_envi,j), subject to the

constraints given in eqs 5−8.
Finally, Problem (ii) may be written as follows.

Maximize (Σi,jben_pvti,j + Σi,jben_envi,j − Σicst_shipi −
Σjcst_portj), subject to the constraints given in eqs 5−7.
We solved each of these mixed-integer linear problems twice

for each type of vessel, assuming the social cost of pollutants
derived from APEEP30 and those from EASIUR.24 The
problems were written in the General Algebraic Modeling
System (GAMS) and solved using the Gurobi solver.34

4. RESULTS AND DISCUSSION
Results for Cruise Ships. Solving Problem (i) for cruise

ships results in the corner solution, regardless of air-quality
model used. A policy that seeks to maximize benefits subject to
the condition that net total benefit is at least zero would switch
all ships and berths to shore power. On the basis of EASIUR,
doing so would generate an annual environmental benefit of
$45 million and a fuel saving of $16 million, about 40% of what
we estimate the cruise ships in our database currently spend on
fuel in port. This would be partially offset by $8 million in
annualized vessel retrofit costs and $20 million in berth retrofit
costs. On the basis of APEEP, the total environmental benefit
would be $15 million per year. All other costs and benefits
would be the same as those with EASIUR.
Problem (ii) asks what a policy whose goal is to maximize net

benefits, total benefits less total costs, ought to prescribe.
Depending on the air-quality model used, between half
(APEEP) and two-thirds (EASIUR) of cruise vessels ought to
be retrofit. The total environmental benefit would be $40
million, determined on the basis of EASIUR, and $11 million,
determined on the basis of APEEP. Determined on the basis of
EASIUR, the benefits would be evenly split between reductions
in NOX emissions and PM2.5 emissions. Determined on the
basis of APEEP, about half the benefit would come from
reductions in PM2.5, a quarter from a reduction in NOX, a sixth
from reductions in SO2, and the rest from CO2 emissions
reductions.
There has been significant progress both in the United States

(e.g., California is phasing in a requirement that all cruse ships
calling at its ports use shore power) and elsewhere (see, for
example, Wahlquist35) in moving cruise vessels to shore power.
This is partially because each vessel represents a large and
visible source of pollution and partially because there is a
commercial incentive for vessel operators to make the switch.
Our results indicate that society might benefit from an even
broader (perhaps universal) move toward shore power for
cruise ships.

Results for Cargo-Carrying Ships. The use of shore
power for cargo ships is still in its early stages. If marginal social
costs of pollution from EASIUR are used, the optimal solution
to Problem (i) is to retrofit nearly two-thirds of the cargo
vessels considered and 250 of 300 berths. Doing so would
produce $150 million in annual environmental benefits and $30
million in fuel savings (20% of the estimated current cost of fuel
burned in port), which would be completely offset by $80
million in vessel retrofit costs and $100 million in berth retrofit
costs. If the calculations were based on APEEP, the annual total
benefit would be $85 million, of which $15 million would come
from fuel cost savings and the rest from improved air quality.
Determined on the basis of APEEP, it would be optimal to
retrofit about a quarter of the vessels and 120 berths.
In the EASIUR-derived solution, half of the total environ-

mental benefit stems from a reduction in NOX and half from a
reduction in PM2.5 emissions. In the APEEP-based solution,
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about two-fifths of the benefits come from reducing PM2.5 and
approximately a third each from SO2 and NOX reduction.
The geographical distribution of both benefits and optimal

locations for berth retrofits for cargo ships varies considerably
on the basis of the air-quality model used. APEEP produces a
solution where proportionally more berths in California are
retrofitted than in other parts of the country.
The solution to Problem (i) produces a large environmental

benefit while ensuring that society is no worse off when all costs
are accounted for (i.e., non-negative total net benefits). This
requires the retrofit of a large number of cargo vessels, more
than 80% of which would not be able to recover the cost of
vessel retrofit from fuel savings. As such, left to themselves, the
owners of these vessels would not switch to shore power.
Society generates a large enough surplus from the reduced
pollution for it to make economic sense to compensate these

vessel owners for their net loss. It could, however, be argued
that the vessel owners have hitherto been allowed to pollute
without bearing the costs of the deterioration in air quality.
Requiring them to retrofit the vessels, and perhaps even bear
part of the cost of berth retrofit, ensures that they are no longer
allowed to impose this externality on society.
In solving Problem (ii), we assume that the policy seeks to

maximize total net benefit. Implementing the optimal solution
to this problem would result in a significant total net benefit:
$40 million annually, assuming the social costs produced by
EASIUR, and $15 million, assuming the social costs in APEEP.
The total environmental benefit in the optimal solution based
on EASIUR is $110 million annually, which is split almost
evenly between reduction in NOX and PM2.5. This benefit is
offset by a net private loss of $20 million to ship operators and
a cost of $50 million for port retrofit. Given our assumption

Table 1. Summary of the Optimal Solutions to Problems (i) and (ii)a

aCompared to EASIUR, APEEP generally produces lower estimates of environmental benefits and results in optimal solutions that involve a more
limited application of shore power. All monetary estimates are in millions of dollars per year.
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that marine fuel with 0.1% sulfur content is used, the benefit
from a reduction in SO2 emissions is small. Determined on the
basis of APEEP, the total environmental benefit would be $50
million annually, with approximately a third each coming from
reductions in NOX, SO2, and PM2.5 emissions. This is offset by
a net private loss of $5 million to vessel owners and an
annualized port retrofit cost of $30 million. Regardless of the
air-quality model employed, virtually all of the “barge” vessels
that it is optimal to retrofit are container vessels. Among the
“tower” vessels, the optimal solution based on EASIUR is to
retrofit tankers (the plurality of which are liquefied gas carriers)
and many vehicle carriers and RoRo vessels. The optimal
solution for “tower” vessels based on APEEP is to retrofit only
tankers.
As was the case in Problem (i), over 80% of the vessels that

would be retrofit in the optimal solution to Problem (ii) would
not produce a saving in fuel cost large enough to compensate
their owners. Once again, they could be compensated or

required to compensate society for the damage that their
pollution causes.
Table 1 summarizes our findings. It suggests that, depending

on which air-quality model is applied, a quarter to two-thirds of
all vessels can be switched to shore power to generate an
environmental benefit sufficient to offset the cost of putting in
place the necessary infrastructure on shore and on ships. A
more limited deployment of shore power (a tenth to a quarter
of vessels, depending on air-quality model) would produce a
significant societal benefit net of the costs of installing shore
power equipment.
Figure 1 shows that the distribution of environmental

benefits, in terms of where they accrue and the gains from
reducing the emissions of different pollutants, is extremely
sensitive to the choice of air-quality model.

Sensitivity Analysis. We performed a sensitivity analysis
on the results of Problems (ii), where we maximize the total net
benefit. Figure 2 demonstrates that a 2-fold increase in marine
fuel prices, with a fixed price for shore supplied electricity,

Figure 1. Distribution of the health and environmental benefits, in millions of dollars per year, of shore power in the optimal solutions to (left)
Problem (i) and (right) Problem (ii) at select ports. Solutions based on EASIUR (flat colors) and APEEP (patterned colors) are shown.

Figure 2. Sensitivity of the solution to Problem (ii) to changes in the price of marine fuel for cargo vessels and cruise ships on the basis of (left)
EASIUR and (right) APEEP. At low fuel prices, the benefits of shore power are dominated by environmental benefits, which (for any given vessel)
do not diminish with rising fuel costs. However, because of falling private benefits, it may become uneconomical to retrofit a few vessels or a few
ports for which the environmental benefits of shore power are not large (e.g., ports where grid electricity is dirtier than average). This would not only
diminish the environmental benefits somewhat but also result in a solution where fewer berths need to be retrofitted. As such, the net environmental
benefit falls somewhat less steeply than the net private benefit. However, a high fuel price creates an incentive for more ships to be retrofitted. Both
environmental and private net benefits rise (the former less steeply than the latter) to produce a nonlinear increase in total net benefit.
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results in a 2-fold increase in net benefit in the solution based
on EASIUR but a 3-fold increase in the solution based on
APEEP. This is not surprising because APEEP results in an
optimal solution with smaller environmental benefits; as such,
private benefits (which are highly sensitive to fuel price) play a
greater role. Figure 3 demonstrates that the response to
changes in the capital cost of berth retrofit is nonlinear. In
general, quadrupling the capital costs causes benefits to fall to
between one-third and half, depending on the air-quality model.
The 0.1% sulfur content we assume, and which represents

the most stringent current IMO standard, translates to 1000
ppm (ppm), almost 2 orders of magnitude higher than what is
permitted in road vehicles. Burning this fuel in ports could
cause substantial harm to human health. As such, we consider
the possibility that in the future, IMO could mandate an even
lower sulfur content. Figure 4 suggests that, if estimates of
benefits were based on the APEEP air-quality model, such a
change would essentially destroy the case for shore power. If
the EASIUR model were used, the optimal solution would be
an only slightly less widespread adoption of shore power.
Although the results of the optimization are sensitive to fuel

and capital costs, the biggest sensitivity is to the choice of air-
quality model. The social costs in APEEP are obtained by

running a reduced-form air-quality model called Climatological
Regional Dispersion Model (CRDM), which was developed in
1996.24 The model makes significant compromises to ensure
that it is computationally tractable: for example, it uses “annual-
average meteorological input and emissions”.24,25 It also does
not account adequately for recent advances in the under-
standing of the atmospheric chemistry of key pollutants: for
example, that organic particulate matter (PM) is composed
primarily of secondary (rather than primary) PM.24,25,36

EASIUR is based on CAMx, a comprehensive air-quality
model that is developed and used for major regulatory impact
analysis.37,38 CAMx is “state-of-the-science”24,25 and can
operate at a much higher spatial and temporal resolution
than does CRDM and APEEP; for example, it can “estimate the
concentrations of key air pollutants and their precursors at a
high temporal resolution typically of 15 min or less.”24 This
fidelity comes at a high computational price; Heo24 estimates
that producing county by county estimates of the social costs of
pollution (as APEEP does) using CAMx would take 6000 CPU
years. To address this, Heo imposed a 148 × 112 square grid on
the continental United States and adjacent Mexico and Canada
and took a stratified random sample of 100 36 km × 36 km
cells. This results in a higher resolution, especially in the

Figure 3. Sensitivity of the solution to Problem (ii) to changes in capital cost associated with retrofitting a single berth for cargo vessels and cruise
ships, assuming social costs of pollution derived from (left) EASIUR and (right) APEEP. Results are somewhat less sensitive to the capital cost than
they are to changes in the price of fuel. This is because operations and maintenance costs are as large, or larger than, the annualized cost of berth
retrofit.

Figure 4. Sensitivity of the solution to Problem (ii) to changes in the sulfur content of the fuel that may be burnt off the U.S. coast for cargo and
cruise vessels, assuming the social costs of pollution derived from (left) EASIUR and (right) APEEP. The optimal solution based on APEEP, which is
dominated by the high social cost of SO2 emissions in southern California, is far more sensitive to a change in the sulfur content of marine fuel than
is the solution based on EASIUR.
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western United States, than is available in CRDM, which
operates at the resolution of individual counties. For example,
Los Angeles County is about 100 km across and 150 km from
north to south. CRDM and APEEP treat it as a homogeneous
block; CAMx and EASIUR does not. Heo then ran a CAMx
simulation for these cells to calculate the marginal social cost of
emissions in those counties, and fitted a regression model with
high goodness of fit (R2 > 0.9). This regression model was then
used to estimate the social cost of pollution at the other cells in
the grid. Although the EASIUR model is arguably based on an
air-quality model with greater fidelity to the atmospheric
chemistry, the fact that a regression is used to extrapolate from
relatively few sample runs introduces uncertainties of its own
(e.g., the standard errors of the regression coefficients), which
remain to be characterized.
Discussion. Our analysis makes the case for policy

intervention: requiring vessel operators to switch to shore
power will produce a net benefit to society that they do not
have an incentive to provide in the absence of such a
requirement.
The analysis is performed as if it were possible to implement

a single, nationally applicable policy. The actual number of
stakeholders is large and their different motivations are
complex.
This argues for a method of regulation that involves state or

federal agencies either phasing in a requirement for shore
power or providing incentives (e.g., matching funds for port
retrofit) for its uptake. Requirements imposed by a small group
of states could ripple through the fleet and lead to broader
adoption. For example, vessel operators who are required to
retrofit their vessels to meet California’s regulations would save
money by plugging into shore power at other ports at no
additional cost to them.
Given our finding that in some cases the policy decision

could change significantly if a different air-quality model were
used, it may be useful to test the sensitivity of other
studies,39−43 which also use reduced-form models, to the
choice of model.
Finally, the current analysis is limited to ports in the

continental United States, partly because no good integrated
air-quality models exist to help us calculate the social cost of
pollution in non-U.S. ports. It would be useful if estimates of
these costs could be generated, especially for ports in Asia,
where ships are permitted to use fuel with a significantly higher
sulfur content when in port and where it is likely that large
populations are exposed to pollution from vessels in port.
However, such “damage is difficult to quantify given the other
sources of contaminants and the complexities of tracking
health”.44

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.5b04860.

Additional details on cleaning the vessel call history, port
information, cruise vessel information, problem defini-
tion, container ship shore power requirements, sensitivity
analysis, and discussion. Figures showing the sensitivity
of the solution to Problem (ii) to an increase in the rate
of utilization of retrofitted berths for cargo and cruise
vessels assuming social costs of pollution and The
optimal decision if the actual social costs of pollution

were equal to the 5th, mean, or 95th percentile values in
APEEP. Tables showing port calls, summary statistics for
cargo vessel calls, the number of berths available for
vessels, the 17 ports analyzed, potential reductions in the
quantity of electricity supplied by shore power, a
summary of results for earlier Supporting Information
material, and a comparison of shore power to VSR.
(PDF)

■ AUTHOR INFORMATION
Corresponding Author
*Phone: +1 412 512 2038; e-mail: parth.vaishnav@gmail.com.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the Center for Climate and Energy
Decision Making (SES-0949710) through a cooperative
agreement between the National Science Foundation and
Carnegie Mellon University and by Academic Funds through
the Department of Engineering and Public Policy from the CIT
Dean’s Office. Carnegie Mellon University’s Department of
Social and Decision Sciences funded the purchase of vessel call
data. FleetMon.com provided data on vessel characteristics pro
bono. We thank Dr. Jinhyok Heo for help with the EASIUR
model.

■ REFERENCES
(1) Doves, S. Alternative Maritime Power in the port of Rotterdam;
http://www.ops .wpci .n l/_images/_downloads/_orig inal/
1266311641_reportshoreconnectedpowerportofrotterdam.pdf.
(2) Cold Ironing Cost Effectiveness Study;http://www.polb.com/civica/
filebank/blobdload.asp?BlobID=7718.
(3) Starcrest Consulting Group, LLC. Port of Los Angeles Inventory of
Air Emissions - 2012; http://www.portoflosangeles.org/pdf/2012_Air_
Emissions_Inventory.pdf.
(4) Starcrest Consulting Group, LLC. Section 2: Ocean-Going
Vessels. In Port of Long Beach Emissions Inventory; 2013; http://www.
polb.com/civica/filebank/blobdload.asp?BlobID=11375.
(5) California Air Resources Board. 2012 Estimated Annual Average
Emissions (Los Angeles County); http://www.arb.ca.gov/app/
emsinv/2013/emssumcat_query.php?F_DIV=-4&F_DD=Y&F_YR=
2012&F_SEASON=A&SP=2013&F_AREA=CO&F_CO=19.
(6) California Air Resources Board. Regulatory Advisory: Ships-at-
berth regulation; http://www.arb.ca.gov/ports/shorepower/forms/
regulatoryadvisory/regulatoryadvisory12232013.pdf.
(7) California Air Resources Board. Final Regulation Order: Airborne
Toxic Control Measure for Auxiliary Diesel Engines Operated On Ocean-
Going Vessels at- Berth in a California Port; http://www.arb.ca.gov/
ports/shorepower/finalregulation.pdf.
(8) Concerns Raised Ahead of New California Shore-Power
Regulation. http://shipandbunker.com/news/am/219260-concerns-
raised-ahead-of-new-california-shore-power-regulation (accessed Mar
31, 2015).
(9) Wilske, Å. Examining the Commercial Viability of Cold Ironing;
http://www.ops .wpci .n l/_images/_downloads/_orig inal/
1 2 6 5 1 1 9 2 0 0 _
greenshippingonshorepowersupply19nov2009asawilskeportofgothen
burgfinal.pdf.
(10) Winkel, R.; Weddige, U.; Johnsen, D.; Hoen, V.; Papaefthimiou,
S. Shore Side Electricity in Europe: Potential and environmental
benefits. Energy Policy 2016, 88, 584−593.
(11) Korn, M.; Martin, M.; Wallace, P. Cold Iron, A Maritime
Contribution to our Environment. In Sustainability in the maritime
industry: a collection of relevant papers; Society of Naval Architects and

Environmental Science & Technology Policy Analysis

DOI: 10.1021/acs.est.5b04860
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

H

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.est.5b04860
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b04860/suppl_file/es5b04860_si_001.pdf
mailto:parth.vaishnav@gmail.com
http://www.ops.wpci.nl/_images/_downloads/_original/1266311641_reportshoreconnectedpowerportofrotterdam.pdf
http://www.ops.wpci.nl/_images/_downloads/_original/1266311641_reportshoreconnectedpowerportofrotterdam.pdf
http://www.polb.com/civica/filebank/blobdload.asp?BlobID=7718
http://www.polb.com/civica/filebank/blobdload.asp?BlobID=7718
http://www.portoflosangeles.org/pdf/2012_Air_Emissions_Inventory.pdf
http://www.portoflosangeles.org/pdf/2012_Air_Emissions_Inventory.pdf
http://www.polb.com/civica/filebank/blobdload.asp?BlobID=11375
http://www.polb.com/civica/filebank/blobdload.asp?BlobID=11375
http://www.arb.ca.gov/app/emsinv/2013/emssumcat_query.php?F_DIV=-4&F_DD=Y&F_YR=2012&F_SEASON=A&SP=2013&F_AREA=CO&F_CO=19
http://www.arb.ca.gov/app/emsinv/2013/emssumcat_query.php?F_DIV=-4&F_DD=Y&F_YR=2012&F_SEASON=A&SP=2013&F_AREA=CO&F_CO=19
http://www.arb.ca.gov/app/emsinv/2013/emssumcat_query.php?F_DIV=-4&F_DD=Y&F_YR=2012&F_SEASON=A&SP=2013&F_AREA=CO&F_CO=19
http://www.arb.ca.gov/ports/shorepower/forms/regulatoryadvisory/regulatoryadvisory12232013.pdf
http://www.arb.ca.gov/ports/shorepower/forms/regulatoryadvisory/regulatoryadvisory12232013.pdf
http://www.arb.ca.gov/ports/shorepower/finalregulation.pdf
http://www.arb.ca.gov/ports/shorepower/finalregulation.pdf
http://shipandbunker.com/news/am/219260-concerns-raised-ahead-of-new-california-shore-power-regulation
http://shipandbunker.com/news/am/219260-concerns-raised-ahead-of-new-california-shore-power-regulation
http://www.ops.wpci.nl/_images/_downloads/_original/1265119200_greenshippingonshorepowersupply19nov2009asawilskeportofgothenburgfinal.pdf
http://www.ops.wpci.nl/_images/_downloads/_original/1265119200_greenshippingonshorepowersupply19nov2009asawilskeportofgothenburgfinal.pdf
http://www.ops.wpci.nl/_images/_downloads/_original/1265119200_greenshippingonshorepowersupply19nov2009asawilskeportofgothenburgfinal.pdf
http://www.ops.wpci.nl/_images/_downloads/_original/1265119200_greenshippingonshorepowersupply19nov2009asawilskeportofgothenburgfinal.pdf
http://dx.doi.org/10.1021/acs.est.5b04860


Marine Engineers: New York, 2011; http://www.sname.org/
H i g h e r L o g i c / S y s t e m / D o w n l o a d D o c u m e n t F i l e .
ashx?DocumentFileKey=e73a07c3-867d-4d07-ac3a-c04c36aa6bfb.
(12) Houston; http://www.bunkerworld.com/prices/port/us/hou/
(accessed Nov 26, 2015).
(13) California Air Resources Board. Appendix G: Carl Moyer
Program Revised Cost-Effectiveness Limit and Capital Recovery Factors;
http://www.arb.ca.gov/msprog/mailouts/msc1404/msc1404attach.
pdf.
(14) US Department of Health and Human Services. Diesel Exhaust
Particulates. In Report on Carcinogens, 12th Edition; 2011; http://ntp.
niehs.nih.gov/ntp/roc/twelfth/profiles/dieselexhaustparticulates.pdf.
(15) World Health Organization. Health Effects of Particulate Matter;
http://www.euro.who.int/__data/assets/pdf_file/0006/189051/
Health-effects-of-particulate-matter-final-Eng.pdf.
(16) AQEG. Particulate Matter in the UK: Summary; Defra: London,
2005; http://archive.defra.gov.uk/environment/quality/air/airquality/
publications/particulate-matter/documents/pm-summary.pdf.
(17) Fleetmon. Fleetmon Vessel Traf f ic Report for 20 US Ports (Jul
2013 to Dec 2014, custom report); JAKOTA Cruise Systems GmBH:
Rostock, Germany, 2015.
(18) Starcrest Consulting Group, LLC. Port of Los Angeles Inventory of
Air Emissions - 2013; http://www.portoflosangeles.org/pdf/2013_Air_
Emissions_Inventory_Full_Report.pdf.
(19) Raval, A. Oil traders eye floating storage options. Financial
Times. January 12, 2015.
(20) Moffatt & Nichol. 2011 Air Emissions Inventory Update; South
Carolina Ports, 2013; http://www.pledgeforgrowth.com/documents/
2011_Air_Emissions_Inventory_Update.pdf.
(21) MEPC. Report of the Marine Environment Protection Committee
on its Fif ty-Eighth Session; MEPC 58/23/Add.1; International Maritime
Organization Marine Environment Protection Committee, 2008;
http://www.epa.gov/nonroad/marine/ci/mepc58-23-annexes13-14.
pdf.
(22) Matthews, H. S.; Lave, L. B. Applications of environmental
valuation for determining externality costs. Environ. Sci. Technol. 2000,
34 (8), 1390−1395.
(23) Muller, N. Z.; Mendelsohn, R. Measuring the damages of air
pollution in the United States. J. Environ. Econ. Manag. 2007, 54 (1),
1−14.
(24) Heo, J. Evaluation of Air Quality Impacts on Society: Methods
and Application. PhD Thesis, Carnegie Mellon University: Pittsburgh,
PA, 2015.
(25) Heo, J.; Adams, P. J.; Gao, H. O. Reduced-Form Modeling of
Public Health Impacts of Inorganic PM2.5 and Precursor Emissions.
Atmos. Environ. (submitted for review).
(26) Muller, N. Z. Linking Policy to Statistical Uncertainty in Air
Pollution Damages. BE J. Econ. Anal. Policy 2011, 11 (1), 1−29.
(27) U.S. Department of Energy. Electric Power Monthly with Data
for November 2014 Table 5.6a; http://www.eia.gov/electricity/
monthly/current_year/january2015.pdf.
(28) EPA. 2011 National Emissions Inventory Data & Documenta-
tion. http://www.epa.gov/ttn/chief/net/2011inventory.html (ac-
cessed Mar 21, 2015).
(29) EIA. Electricity - Detailed State Data. U.S. Energy Information
Administration April 29, 2015; http://www.eia.gov/electricity/data/
state/.
(30) Muller, N. Z.; Mendelsohn, R. The Air Pollution Emission
Experiments and Policy Analysis Model (APEEP) Technical Appendix.
http://www.econ.yale.edu/~nordhaus/Resources/muller_JEEM_
Appendix.pdf.
(31) Environ. CAMx User’s Guide Version 5.41. March 2015; http://
www.camx.com/files/camxusersguide_v6-20.pdf.
(32) Weis, A.; Michalek, J. J.; Jaramillo, P.; Lueken, R. Emissions and
Cost Implications of Controlled Electric Vehicle Charging in the U.S.
PJM Interconnection. Environ. Sci. Technol. 2015, 49 (9), 5813−5819.
(33) EPA. Social Cost of Carbon. http://www3.epa.gov/
climatechange/EPAactivities/economics/scc.html (accessed Sep 30,
2015).

(34) GAMS. Gurobi 6.0. http://www.gams.com/help/index.
jsp?topic=%2Fgams.doc%2Fsolvers%2Findex.html (accessed Sep 30,
2015).
(35) Wahlquist, C. Cruise ship pollution: NSW Liberals pledge to
enforce low-sulphur fuel. http://www.theguardian.com/australia-
news/2015/mar/11/cruise-ship-pollution-nsw-liberals-pledge-to-
enforce-low-sulphur-fuel.
(36) Miracolo, M. A.; Hennigan, C. J.; Ranjan, M.; Nguyen, N. T.;
Gordon, T. D.; Lipsky, E. M.; Presto, A. A.; Donahue, N. M.;
Robinson, A. L. Secondary aerosol formation from photochemical
aging of aircraft exhaust in a smog chamber. Atmos. Chem. Phys. 2011,
11 (9), 4135−4147.
(37) US EPA. Air Quality Modeling Final Rule Technical Support
Document; Office of Air Quality Planning and Standards Air Quality
Assessment Division: Research Triangle Park, NC, 2011.
(38) US EPA. Regulatory Impact Analysis for the Federal
Implementation Plans to Reduce Interstate Transport of Fine Particulate
Matter and Ozone in 27 States; Correction of SIP Approvals for 22 States;
Office of Air and Radiation: Washington, D.C., 2011.
(39) Holt, J.; Selin, N. E.; Solomon, S. Changes in Inorganic Fine
Particulate Matter Sensitivities to Precursors Due to Large-Scale US
Emissions Reductions. Environ. Sci. Technol. 2015, 49 (8), 4834−4841.
(40) Michalek, J. J.; Chester, M.; Jaramillo, P.; Samaras, C.; Shiau, C.-
S. N.; Lave, L. B. Valuation of plug-in vehicle life-cycle air emissions
and oil displacement benefits. Proc. Natl. Acad. Sci. U. S. A. 2011, 108
(40), 16554−16558.
(41) Litovitz, A.; Curtright, A.; Abramzon, S.; Burger, N.; Samaras, C.
Estimation of regional air-quality damages from Marcellus Shale
natural gas extraction in Pennsylvania. Environ. Res. Lett. 2013, 8 (1),
014017.
(42) Siler-Evans, K.; Azevedo, I. L.; Morgan, M. G.; Apt, J. Regional
variations in the health, environmental, and climate benefits of wind
and solar generation. Proc. Natl. Acad. Sci. U. S. A. 2013, 110 (29),
11768−11773.
(43) Venkatesh, A.; Jaramillo, P.; Griffin, W. M.; Matthews, H. S.
Implications of Near-Term Coal Power Plant Retirement for SO2 and
NOX and Life Cycle GHG Emissions. Environ. Sci. Technol. 2012, 46
(18), 9838−9845.
(44) Buckley, C. Shipping a Serious, but Overlooked, Source of
China’s Pollution, Report Says. http://sinosphere.blogs.nytimes.com/
2014/10/28/chinese-ships-are-serious-but-overlooked-source-of-
pollution-report-says/ (accessed Sep 30, 2015).

Environmental Science & Technology Policy Analysis

DOI: 10.1021/acs.est.5b04860
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

I

http://www.sname.org/HigherLogic/System/DownloadDocumentFile.ashx?DocumentFileKey=e73a07c3-867d-4d07-ac3a-c04c36aa6bfb
http://www.sname.org/HigherLogic/System/DownloadDocumentFile.ashx?DocumentFileKey=e73a07c3-867d-4d07-ac3a-c04c36aa6bfb
http://www.sname.org/HigherLogic/System/DownloadDocumentFile.ashx?DocumentFileKey=e73a07c3-867d-4d07-ac3a-c04c36aa6bfb
http://www.bunkerworld.com/prices/port/us/hou/
http://www.arb.ca.gov/msprog/mailouts/msc1404/msc1404attach.pdf
http://www.arb.ca.gov/msprog/mailouts/msc1404/msc1404attach.pdf
http://ntp.niehs.nih.gov/ntp/roc/twelfth/profiles/dieselexhaustparticulates.pdf
http://ntp.niehs.nih.gov/ntp/roc/twelfth/profiles/dieselexhaustparticulates.pdf
http://www.euro.who.int/__data/assets/pdf_file/0006/189051/Health-effects-of-particulate-matter-final-Eng.pdf
http://www.euro.who.int/__data/assets/pdf_file/0006/189051/Health-effects-of-particulate-matter-final-Eng.pdf
http://archive.defra.gov.uk/environment/quality/air/airquality/publications/particulate-matter/documents/pm-summary.pdf
http://archive.defra.gov.uk/environment/quality/air/airquality/publications/particulate-matter/documents/pm-summary.pdf
http://www.portoflosangeles.org/pdf/2013_Air_Emissions_Inventory_Full_Report.pdf
http://www.portoflosangeles.org/pdf/2013_Air_Emissions_Inventory_Full_Report.pdf
http://www.pledgeforgrowth.com/documents/2011_Air_Emissions_Inventory_Update.pdf
http://www.pledgeforgrowth.com/documents/2011_Air_Emissions_Inventory_Update.pdf
http://www.epa.gov/nonroad/marine/ci/mepc58-23-annexes13-14.pdf
http://www.epa.gov/nonroad/marine/ci/mepc58-23-annexes13-14.pdf
http://www.eia.gov/electricity/monthly/current_year/january2015.pdf
http://www.eia.gov/electricity/monthly/current_year/january2015.pdf
http://www.epa.gov/ttn/chief/net/2011inventory.html
http://www.eia.gov/electricity/data/state/
http://www.eia.gov/electricity/data/state/
http://www.econ.yale.edu/~nordhaus/Resources/muller_JEEM_Appendix.pdf
http://www.econ.yale.edu/~nordhaus/Resources/muller_JEEM_Appendix.pdf
http://www.camx.com/files/camxusersguide_v6-20.pdf
http://www.camx.com/files/camxusersguide_v6-20.pdf
http://www3.epa.gov/climatechange/EPAactivities/economics/scc.html
http://www3.epa.gov/climatechange/EPAactivities/economics/scc.html
http://www.gams.com/help/index.jsp?topic=%2Fgams.doc%2Fsolvers%2Findex.html
http://www.gams.com/help/index.jsp?topic=%2Fgams.doc%2Fsolvers%2Findex.html
http://www.theguardian.com/australia-news/2015/mar/11/cruise-ship-pollution-nsw-liberals-pledge-to-enforce-low-sulphur-fuel
http://www.theguardian.com/australia-news/2015/mar/11/cruise-ship-pollution-nsw-liberals-pledge-to-enforce-low-sulphur-fuel
http://www.theguardian.com/australia-news/2015/mar/11/cruise-ship-pollution-nsw-liberals-pledge-to-enforce-low-sulphur-fuel
http://sinosphere.blogs.nytimes.com/2014/10/28/chinese-ships-are-serious-but-overlooked-source-of-pollution-report-says/
http://sinosphere.blogs.nytimes.com/2014/10/28/chinese-ships-are-serious-but-overlooked-source-of-pollution-report-says/
http://sinosphere.blogs.nytimes.com/2014/10/28/chinese-ships-are-serious-but-overlooked-source-of-pollution-report-says/
http://dx.doi.org/10.1021/acs.est.5b04860

