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What This Study Adds
•

•

•

•

This study provides a comprehensive and
detailed spatial analysis of the impacts of
shipping and related activities on air quality
and health of the populations of the Yangtze
River Delta (9-km resolution) and the city of
Shanghai (1-km resolution).
It examines emissions and health effects in a
baseline year (2015, before implementation of
China’s domestic emissions control areas
[DECAs]*) and under three future emissions
control scenarios (2030).
Both the baseline and future analyses showed
the importance for air quality and human health
of controlling emissions from shipping and
related activities that occur close to population
centers, in particular from coastal or international
ships entering inland waterways of Shanghai.
In the Yangtze River Delta in 2015, shippingrelated exposures to PM2.5 contributed to about

•

3,600 premature deaths from stroke, chronic
obstructive pulmonary disease, ischemic heart
disease, and lung cancer combined, and to
270,000 hospital admissions from all causes.
About a third of these deaths were in Shanghai.
The analysis of the current policy scenario
identified clear health benefits of full compliance
with the current China DECA policies; the
number of premature deaths relative to 2015
would be cut by half in 2030. Implementation of
stricter and aspirational policy scenarios could
reduce the 2015 mortality burden by
substantially more (by a total of 62% and 77%,
respectively). Requiring use of marine fuels with
0.1% sulfur content out to an extended
emissions control area boundary of 100 nautical
miles (NM) would provide the most benefit of
the shipping emissions controls.

This document summarizes HEI Special Report 22. The final contents of this document have not been reviewed by private party
institutions, including those that sup-port the Health Effects Institute; therefore, it may not reflect the views or policies of these parties,
and no endorsement by them should be inferred.
Correspondence concerning this Executive Summary may be addressed to Dr. Yan Zhang, Institute of Atmospheric Sciences, Fudan
Uni-versity, Shanghai 200438, China; e-mail: yan_zhang@fudan.edu.cn; or Allison Patton, Health Effects Institute, 75 Federal Street,
Suite 1400, Boston, MA 02110, U.S.A.; e-mail: apatton@healtheffects.org.
* A list of abbreviations and other terms appears at the end of this summary.
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INTRODUCTION AND BACKGROUND

SCIENTIFIC APPROACH

Air pollution has posed a major challenge in China.
Although there has been recent progress, many sources
continue to contribute to air pollution in quantities that
vary geographically. Some are more important than others;
several previous studies have identified substantial contributions from the industrial, power generation, transportation, agricultural biomass burning, and residential sectors
(Ding et al. 2019; GBD MAPS Working Group 2016).
Although China’s first Action Plan for Air Pollution Prevention and Control, which was initiated in 2013 to
improve air quality, led to reductions of 25% or more in the
levels of PM2.5 in 2017, the annual average concentrations
of PM2.5 in China were still estimated at about 53 µg/m3,
well above the World Health Organization’s guidelines for
healthy air (Health Effects Institute 2019). The potential
implications for public health are substantial. In 2015, air
pollution from all sources contributed to an estimated 1.1
million deaths in China (Cohen et al. 2017).

The flow chart in Figure ES-2 provides an overview of
the steps taken and the related data inputs necessary to
assess the impact of ships and shipping-related sources on
air pollutant emissions, ambient air quality levels, population exposures, and health burden in this study. The main
steps were to:

Although such national studies have typically not
included the shipping sector in their analyses, a number of
other studies have examined the global impacts of shipping
and, more recently, their specific implications for China.
Globally, air pollution from ship emissions has been estimated to contribute around 18,300 to 147,900 premature
deaths primarily from the contributions to PM2.5 of large
ships traveling on international routes (Corbett et al. 2007;
Partanen et al. 2013; Winebrake et al. 2009). Liu and colleagues (2016) estimated that shipping contributed 5,560 to
25,500 premature deaths in 2013 in East Asia of which
about 18,000 were in mainland China. A recent global analysis estimated that 137,000 cardiovascular and lung cancer
deaths globally related to ship emissions — 80% of them in
Asia — could be avoided by stricter controls, specifically
by decreasing the sulfur content of marine fuel from
approximately 2.7% (mass/mass) to less than 0.5% by 2020
(Sofiev et al. 2018).
The overall goal of this project was to conduct a comprehensive assessment of the current and potential future air
quality and health impacts of shipping and related activities at finer spatial scales in the city of Shanghai and the
broader Yangtze River Delta region than have been conducted to date (Figure ES-1). We sought to estimate the
impacts of shipping prior to the implementation of Chinese
DECAs, using 2015 as a baseline year, as well as the future
impacts (2030) of implementing both the latest DECA and
more ambitious policies related to ships and green ports
initiatives.
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•

Develop emissions inventories for shipping and shipping-related sources in the Yangtze River Delta and
Shanghai for the baseline year 2015 and projected for
the year 2030 under alternative control scenarios. Emissions from non-shipping sources were obtained from
existing national and regional emissions inventories.

•

Simulate the impact of total and shipping-specific
emissions on ambient pollutant and populationweighted PM2.5 concentrations in the Yangtze River
Delta and Shanghai using the Weather Research and
Forecasting (WRF version 3.3) and Community Multiscale Air Quality (CMAQ version 4.6) modeling system
(WRF-CMAQ). Simulations were conducted for 2015
and for 2030 under three alternative emissions control
policies, described below.

•

Estimate the health burden, defined in terms of excess
numbers of deaths and hospital admissions in a given
year, using the Environmental Benefits Mapping and
Analysis Program-Community Edition (BenMAP-CE
version 1.4), an open-source software developed by the
U.S. Environmental Protection Agency (U.S. EPA
2015). We worked with Chinese scientists to identify
the most appropriate studies with which to characterize the risks associated with exposures to PM2.5 for
China and to obtain the appropriate mortality and hospital admissions rates for Shanghai and the Yangtze
River Delta.

EVALUATION OF ALTERNATIVE CONTROL POLICIES
We examined potential air quality and health benefits of
controlling ship emissions for the Yangtze River Delta in
2030 under three alternative policy scenarios (Table ES-1).
The “current” policy scenario was intended to examine the
benefits of full implementation of China’s second domestic
emissions control policies (DECA 2.0), first proposed in
July 2018. The 0.5% sulfur fuel requirement for cruising
ships under this scenario is the same as the International
Maritime Organization (IMO) sulfur fuel content limit set
to be implemented globally in 2020. However, to estimate
the benefits of the China policy alone, we assumed that the

Figure ES-1. Map of nested study areas and delineation of inland-water area in Shanghai. Spatial resolutions for main analyses were 9 km in the Yangtze River Delta (YRD)
(Domain 3) and 1 km in Shanghai (Domain 4). The inland-water area was defined by the black line shown above at the mouth of the Yangtze River; inland-water ships are
defined as river ships, coastal ships, and ocean-going vessels that enter this area. (Adapted from Feng et al. 2019 [supplement]; distributed under Creative Commons Attribution
4.0 License.)
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Figure ES-2. Process flowchart for estimating the impacts of emissions on air quality and health.

Table ES-1. Future Policy Scenarios
Scenario

Control
Area

Base year (2015)

12 NM

All vessels change over to
0.5% sulfur fuel prior to
entering the DECA

Current policy scenario,
year 2030

12 NM

Stricter policy scenario,
year 2030
Aspirational scenario,
year 2030

12 NM

0.1% sulfur fuel at berth
0.5% sulfur fuel while
cruising
0.1% sulfur fuel

100 NM

Sulfur
Controls

0.1% sulfur fuel

NOx
Controls
No controls on ships built before 2000
Tier I for ships constructed on or after
Jan 1, 2000
Tier II for ships constructed on or after
Jan 1, 2011
China II for Chinese inland vessels
Tier II for foreign ships
Tier III engines for all ships
Tier III engines for all ships

NM = nautical miles

sulfur fuel content used by vessels beyond 12 NM of shore
would remain the same as it was in 2015. The second,
“stricter” policy scenario assumed lower fuel sulfur content and tighter NOx controls than the current policy, but
still extended to vessels only 12 NM from shore. The third,
“aspirational” policy scenario extended these stricter
policies to vessels 100 NM from shore; this policy scenario
4

was more aspirational because implementation would
require agreement of the IMO. Although not included in
our future policy analyses, emissions from cargo transport
and from port machinery were expected to decrease in the
future because of upcoming low-sulfur fuel and electrification requirements.
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MAIN FINDINGS
BASELINE (2015)
Our assessment of the relative contributions of total ship
emissions and their impacts on average PM2.5 concentrations in the Yangtze River Delta region at varying distances
from shore emphasizes the importance of shipping activities close to shore and to population centers. We found that
between about 48% and 75% of pollutant emissions from
ships are released within 12 NM of shore, depending on the
pollutant; over 90% are released within 96 NM. Ship emissions within 12 NM accounted for between 53% and 83%
of estimated human exposure to PM2.5 in the core cities,
represented in this analysis as population-weighted PM2.5
concentrations.
Annual population-weighted PM2.5 concentrations from
shipping sources in individual core cities of the Yangtze
River Delta region ranged from 0.5 µg/m 3 to 2.5 µg/m 3
(average 0.93 µg/m3) (Figure ES-3), accounting for 1% to 6%
of population-weighted PM2.5 concentrations from all pollution sources. The four cities in the Yangtze River Delta with
the largest contributions of population-weighted PM2.5 from
shipping sources were all coastal cities. Of these, Shanghai
had the highest average ship-related population-weighted
PM2.5 concentration (2.5 µg/m3).
The detailed analysis of ship and related emissions
within the Shanghai port area (Domain 4) found that
inland-water ships contributed the most to average annual
population-weighted PM2.5 concentrations (0.48 µg/m3),
followed by coastal ships (0.18 µg/m3), and trucks and port
machinery (0.15 µg/m3), but varied spatially (Figure ES-4).

Inland-water ship contributions to population-weighted
PM2.5 concentrations were highest in Shanghai due to the
combination of dense population and close proximity to
the Huangpu and Yangtze rivers.
Our study finds that emissions from shipping contribute
meaningfully to the burden of disease from long-term exposures to PM2.5 (particulate matter ≤ 2.5 µm in aerodynamic
diameter) in the Yangtze River Delta and in Shanghai. We
estimated that in 2015 there were about 3,600 premature
deaths from stroke, chronic obstructive pulmonary disease,
ischemic heart disease, and lung cancer attributable to
long-term exposures to air pollution from ship emissions in
the Yangtze River Delta region (Figure ES-5). When considering the impact of shipping emissions from across the
entire Yangtze River Delta modeling domain, long-term
exposures to PM2.5 from ships contributed to about 1,100
premature deaths in Shanghai. As the figure indicates, the
results are broadly consistent with, and in proportion to,
the results presented for other regions and ports, despite
differences in underlying data and methods.
Short-term, daily exposures to shipping-related PM2.5
also contribute to the health burden. In the Yangtze River
Delta, these exposures contributed to an estimated 1,000
additional deaths and to over 270,000 additional hospital
admissions from all causes. Within the Shanghai port
domain, we estimated that about 73 additional deaths and
16,000 hospital admissions were attributable to short-term
exposures to PM2.5 from all shipping sources. The largest
impacts were from ships traveling on inland waterways,
with additional contributions from coastal ships, containercargo trucks, and in-port machinery.

Figure ES-3. Annual average population-weighted PM2.5 concentrations (µg/m3) in core cities in the Yangtze River Delta from (A) all air pollution
sources and (B) ships. (From Feng et al. 2019; distributed under Creative Commons Attribution 4.0 License.)
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ANALYSIS OF FUTURE POLICY SCENARIOS
Our analysis projected that existing Chinese air quality
policies for all sources are likely to reduce population
exposures to PM2.5 levels substantially in the Yangtze River
Delta — from 48 µg/m3 in 2015 to about 32 µg/m3 by 2030.
Only a small fraction of that change was attributable to
reductions in shipping emissions. The projected contributions from shipping to population-weighted annual average
PM2.5 was 0.36 µg/m3 in the current scenario, 0.26 µg/m3 in
the stricter scenario, and 0.16 µg/m3 in the aspirational scenario (accounting for 1.1%, 0.8%, and 0.5%, respectively,
of PM2.5 from all sources).
Despite these small changes in exposure, we estimated
that each of these policies could contribute to important
reductions in the numbers of premature deaths attributable
to shipping and related emissions in 2030 (Figure ES-6),
reflecting the large numbers of people potentially exposed.
The current policies were projected to reduce the health
burden from stroke, chronic obstructive pulmonary disease, ischemic heart disease, and lung cancer by about half
(~1,800) relative to the numbers of estimated deaths attributable to PM2.5 in 2015. The stricter and aspirational policies were projected to reduce mortality burden further to
1,400 and 830 deaths, respectively. Ships close to shore
contributed more to PM2.5 concentrations than those farther from shore, so most of the marginal benefit to air
quality and health was obtained by stricter regulations
close to shore. However, the aspirational scenario of 0.1%
sulfur fuel within a 100 NM DECA would be even more
effective in reducing PM2.5 pollution and associated health
impacts than maintaining the 12 NM DECA area.

CONCLUSIONS AND RECOMMENDATIONS
This study provides a comprehensive and detailed spatial analysis of the impacts of shipping and related activities on air quality and health of the populations of
Shanghai and the Yangtze River Delta in a pre-DECA baseline year (2015) and under three future scenarios designed
to inform decisions about the efficacy of alternative emissions control policies by 2030. It corroborates previous
work and provides additional scientific evidence relevant
to controlling future shipping emissions and to improving
air quality in China.
Figure ES-4. Contribution of (A) inland shipping, (B) coastal shipping,
and (C) diesel cargo trucks and port machinery to annual average
population-weighted PM2.5 in Shanghai in the baseline year 2015.

6

Both the baseline and future analyses showed the importance of controlling emissions from shipping and related
activities close to population centers. The baseline analysis
indicated that 61% of SO2 emissions and 48% of PM 2.5
emissions from ships in the Yangtze River Delta occur
within 12 NM, the current demarcation for the DECA in

Executive Summary

Figure ES-5. Estimated mortality attributable to exposure to air pollution from ships and all sources, including the results for this study. Pollutant is
PM2.5 and year is 2013 unless otherwise specified for regions outside this study. See figures in the full report for data sources.

Figure ES-6. Numbers of premature deaths attributable to long- and short-term exposures to shipping-related PM2.5 in the Yangtze River Delta in
2030 under alternative future policy scenarios for control of ship emissions.
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China. However, over 90% of emissions of these pollutants
from ships traveling within 200 NM of shore are released
within 96 NM. Due to long distance transport and transformation of primary emissions to PM2.5, the influence of ship
emissions on air quality and health extends far inland from
the coastal cities.
Our analysis of the baseline year 2015 scenario suggested substantial air quality and health benefits of full
implementation of the current DECA requirements within
12 NM of shore. The greatest benefits are expected from the
more aspirational scenario which, similar to what might be
required under an IMO agreement, would require the
stricter fuel sulfur requirements out to 100 NM. Further
detailed evaluation of the relative contributions to air
quality and health burden of inland ships — that is, ships
travelling into the inland waterways of Shanghai — reinforces the importance of controlling emissions that occur
in close proximity to high-density population centers like
Shanghai.
Our analysis of the contributions of cargo-transport
trucks and in-port activities (including ships at berth) to air
quality was limited and may underestimate the impacts
both for the city of Shanghai and for the Yangtze River
Delta. More data are needed to more completely identify
and characterize the contributions of these sources.
As our analysis assumed 100% compliance with existing
and proposed regulations, the air quality and health benefits are likely to be overstated. Consequently, compliance
monitoring and enforcement are a critical component of
any ongoing and future policies.
Confidence in the benefits of implementing and
enforcing strong regulations will come from demonstrable
improvements in air quality. See for example the studies
that have evaluated the effectiveness of shipping emissions
regulations by measuring PM2.5 concentrations at nearby
air quality monitoring stations (e.g., Mason et al. 2019;
Zhang et al. 2019). As the estimated contributions of ships
to PM2.5 exposures are small in both absolute and relative
terms compared with other major sources of PM 2.5 , it
would be advisable to ensure ongoing monitoring of air
pollution components that are more reliable indicators of
ship emissions (e.g., vanadium and nickel) in order to
detect and evaluate the impact of any regulations. We recommend that such studies be done in Shanghai and the
Yangtze River Delta to evaluate the effectiveness of the regulations at reducing air pollution over time.
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1.0 INTRODUCTION
1.1 PROJECT RATIONALE
Shipping — the international, national, and local transport of goods via ships as well as the related port and transportation infrastructure that supports it — has important
implications for the environment and human health.
Potential adverse effects from ships and the supporting
infrastructure include human mortality and morbidity
from the degradation of air quality near ports and climate
impacts from emitted greenhouse gases (Li et al. 2018a; Liu
et al. 2016). Globally, air pollution related to shipping has
been estimated to contribute to 18,300 to 147,900 premature deaths from lung cancer and cardiopulmonary disease
each year, primarily from the contributions of particulate
matter ≤ 2.5 µm in aerodynamic diameter (PM2.5*) from
large ships traveling on international routes (Corbett et al.
2007; Partanen et al. 2013; Winebrake et al. 2009). As of
2017, 7 out of 10 of the largest container ports by shipping
volume (20-foot equivalent units) in the world were in
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China, and the shipping volumes at these ports had
upward trajectories (United Nations Conference on Trade
and Development [UNCTAD] 2018). In the Yangtze River
Delta (YRD), Shanghai contains a cluster of several of the
largest international ports in China. The Shanghai port
cluster is a major transfer hub between coastal transport
and transport of goods into mainland China via inlandwater ships traveling on major rivers (e.g., the Huangpu
and Yangtze Rivers) and trucks to locations within cities
and where waterways do not reach. In addition to the large
coastal ports, China also has substantial inland shipping
with many smaller and less studied river ports. To address
the impacts of emissions from these ships near Shanghai
and other population centers, China has recently implemented emissions control areas near major ports. To inform
future policies in China related to shipping and ports, information is needed on the impacts of shipping-related emissions on air quality and health in local cities and larger
regions under different levels of emissions reductions.
This report describes the objectives, methods, and
results of a health impact assessment of air pollutant emissions from ships and port-related activities for Shanghai
and the YRD region.
1.2 SPECIFIC AIMS
The overall goal of this project was to conduct assessments of the potential air quality and health impacts of
shipping as well as related activities to inform future shipping-related emissions control policies in the city of
Shanghai and the broader Yangtze River Delta region in
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China. We sought to estimate both the impacts of shipping
prior to the implementation of Chinese domestic emissions
control areas (DECAs), using 2015 as a baseline year, and the
future impacts of likely and aspirational policies related to
ships and “green ports” initiatives by the year 2030.

4.

Evaluate the impacts of three alternative future policy
scenarios on projected shipping activity and related
emissions and on ambient air quality, population
exposures, and burden of disease for the YRD region
in 2030.

The specific aims of this work were to:
1.

2.

3.

Develop daily pre-DECA baseline (i.e., 2015) spatially
distributed emissions inventories of sulfur dioxide
(SO 2 ), PM 2.5 , nitrogen oxides (NO x ), and volatile
organic compounds (VOCs) in the YRD region (9-km
resolution) and the city of Shanghai (1-km resolution)
from sources related to shipping (i.e., ocean and
coastal vessels, inland-water vessels, and shippingrelated emissions from port machinery and cargo
trucks).
Estimate the impacts of shipping and related sources
on annual and seasonal ambient concentrations of
SO2, PM2.5, nitrogen dioxide (NO2), and ozone (O3) in
the YRD region and in the city of Shanghai.
Estimate the baseline impact of shipping sources on
population-weighted exposures and the burden of
disease attributable to PM2.5 in the YRD region and in
the city of Shanghai.

2.0 BACKGROUND
Air pollution is a major risk factor for increased risk of
disease and mortality (GBD 2017 Risk Factor Collaborators
2018). Air pollution causes adverse health impacts primarily through inflammatory pathways. The causes of
death attributed to ambient PM2.5 include ischemic heart
disease, cerebrovascular disease (stroke), chronic obstructive pulmonary disease (COPD), and infections of the
lower respiratory tract (Cohen et al. 2017). These findings
have been increasingly supported by epidemiological
research in China (see Text Box).
2.1 AIR POLLUTION AND HEALTH IN CHINA
Air pollution is a well-acknowledged issue in China.
Government regulatory initiatives over the past several
years, including the ongoing 3-year Action Plan for Air Pollution Prevention and Control (2018–2020), have helped

Growing Evidence on the Effects of PM2.5 on Health in China
Exposure to air pollution has long been linked to mortality
and shortening of life expectancy. In the short-term,
exposures over a few hours to a few days can contribute to
ear, nose, and throat irritation. Short-term exposure may
also aggravate existing lower-respiratory-tract conditions
and chronic conditions such as asthma, allergies, and
bronchitis (U.S. Environmental Protection Agency 2009).
Among all air pollutants, fine particulate matter (PM2.5) is
arousing greater public health concern because of its
independent contribution to these health effects. PM2.5 is
small enough to penetrate into the pulmonary alveolar
region of the lungs causing systemic inflammation and
oxidative stress that contribute to important effects on
health. A substantial body of scientific evidence shows that
long-term exposure to air pollution increases the risk of
dying early from heart disease, chronic respiratory
diseases, lung infections, lung cancer, diabetes, stroke, and
lower respiratory infections (U.S. EPA 2009; World Health
Organization [WHO] 2016). Air pollution has also been
associated with other conditions and diseases including
disorders of the central nervous system and adverse
pregnancy and developmental outcomes.
There is a growing body of evidence on the health effects of
air pollution from studies conducted in China where
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evidence has been limited in the past. The health effects of
short-term (e.g., daily) exposures to PM2.5 in China have
been documented using both individual city time-series
studies and multicenter meta-analyses. The results of these
studies all point to an increased mortality risk associated with
short-term exposures to PM2.5 although the study locations,
time periods and analytic approaches may differ. More
recently, Professors Haidong Kan and Maigeng Zhou led a
national-scale time-series study (Chen et al. 2017b) in 272
Chinese cities that provides a comprehensive assessment of
the health effects of short-term exposures to PM2.5 among
other key air pollutants. Additionally, the China CDC has
recently conducted a large prospective study with a nationally
representative cohort of nearly 190,000 Chinese men and
found a significant increase in all-natural-cause and causespecific mortality associated with long-term PM2.5 exposure
(Yin et al. 2017). Reported risks of premature mortality in this
cohort were greater than those observed in studies in the
United States and Europe and have provided new
information on the relative risks of the high PM2.5 exposures
experienced in China. The results of this study have had an
important influence on recent efforts to characterize the
global concentration response relationships between PM2.5
and mortality (Burnett et al. 2018).
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lead to declines of as much as 25% in annual average PM2.5
exposures from a high of 71 µg/m3 in 2011 to 53 µg/m3 in
2017 (Health Effects Institute 2019). Nevertheless, these
levels continue to exceed both the China national standard
of 35 µg/m3 and the World Health Organization guideline
of 10 µg/m3, with important consequences for the burden
of disease. In 2015, ambient PM2.5 in China contributed to
about 1.1 million premature deaths and the loss of 22 million disability-adjusted life-years (Cohen et al. 2017).

China in that study were industry (both coal and non-coal
burning industries), which contributed to 250,000 deaths
or 27% of the mortality, and household solid fuel (coal,
wood, charcoal, and other biomass) combustion for
cooking, which contributed to 177,000 deaths or 19% of
the mortality attributable to PM2.5 in 2013. Although the
transportation sector was included in the GBD MAPS
study, the emissions inventories did not include data on
shipping and ports.

A recent comparative study of the major sources of air
pollution in China and their impacts on air quality and
health reported that burning coal (to fuel industries, power
generation, and household heating) contributed about
40% of ambient population-weighted PM 2.5 concentrations and to an estimated 366,000 deaths in 2013 (GBD
MAPS Working Group 2016). The most important sectors
contributing to ambient PM 2.5 -attributed mortality in

Several studies of the potential impacts of shipping on
health have now been conducted at global, regional, and
city scales. Although the range of results reflect variability
and uncertainties in the data and methods, they are
broadly consistent across geographical scales (Figure 2-1).
Studies of the health impacts of air pollution from ships
have estimated that 5,560 to 25,500 annual premature
deaths are attributable to shipping in East Asia, with the

Figure 2-1. Mean estimated mortality attributable to exposure to air pollution from ships and all sources.
a

Sources of mortality attributable to air pollution from ships: Global: PM2.5 in 2012 (Corbett et al. 2007; Winebrake et al. 2009) and PM2.5 and O3 in 2010
(Partanen et al. 2013); East Asia: PM2.5 in 2005 (Corbett et al. 2007) and 2008 (Liu et al. 2016); China: PM2.5 and O3 in 2008 (Liu et al. 2016); Pearl River Delta:
combination of SO2, NO2, PM10, and O3 in 2008 (Lai et al. 2013); Hong Kong: combination of SO2, NO2, PM10, and O3 in 2008 (Lai et al. 2013). The reported
values contain the full range of uncertainty reported across the studies in each category.
b Sources of mortality attributable to ambient PM
2.5 in 2013: Global, East Asia, and China (Health Effects Institute 2019); Pearl River Delta (Wu et al. 2019);
and Hong Kong and Shanghai (GBD MAPS Working Group 2016). Sources of mortality attributable to ambient PM2.5 in 2015: Yangtze River Delta (Maji et al.
2018).
c Sources of population data for 2013: East Asia (World Bank 2019); China, Pearl River Delta, and Hong Kong (National Bureau of Statistics of China 2014).
For 2015: Yangzte River Delta and Shanghai (Bright et al. 2016).
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largest impacts in mainland China (Corbett et al. 2007; Liu
et al. 2016; Partanen et al. 2013; Winebrake et al. 2009).
Corbett and colleagues (2007) predicted that the impact of
increasing shipping activity between 2001/2002 and 2012
would lead to about 18,000 additional deaths globally, of
which 2,000 would be in East Asia. Estimates of premature
mortality related to ship emissions in Hong Kong were on
the order of several hundred to one thousand deaths per
year (Lai et al. 2013; Liu et al. 2016).
Several studies have looked at emissions and air quality
impacts, but few have looked at health impacts of shipping
within individual countries or cities in Asia. To determine
whether shipping and port-related emissions substantially
affect the health of people in close proximity to the
sources, more detailed evaluation of these sources in the
most-affected port cities and regions is needed. Although
the YRD in general, and Shanghai in particular, are home
to many of the largest ports in China, the potential health
burdens from shipping-related air pollution in these areas
had not previously been evaluated in depth. Therefore, we
decided to develop high-resolution emissions inventories
and to evaluate the effects of shipping-related emissions in
Shanghai and in the broader YRD region.
2.2 SHIPPING-RELATED SOURCES OF AIR POLLUTION
The main sources of shipping-related air pollution emissions are: ships operating on the open ocean, near a coast,
or on inland waterways; port equipment, including all
land-based machinery operating inside the port boundaries; and land-based transport associated with ports (e.g.,
container-cargo trucks). Emissions from ships depend on
the type of ship (e.g., container, tanker, passenger, fishing,
or tugboats) and the conditions in which the ship is operated (Li et al. 2016; Sun et al. 2013). Although the larger
coastal and ocean-going vessels usually use higher-sulfur
fuel and are tracked using the Automatic Identification
System (AIS), inland-water ships typically use a variety of
different fuels, and their emissions are often underestimated in emissions inventories because AIS is not
required for small ships that do not travel on the ocean (Li
et al. 2016; Zhang et al. 2019b). Also, although increasing
numbers of inland-water ships in China have installed landbased AIS, the systems are not always turned on or the signals are not accurate. In a study of impacts of shipping on
air pollutant concentrations in Europe, ships in the North
Sea contributed up to 25% of NO2 concentrations near
shore and up to 6% of NO2 concentrations 100 km inland;
contributions to PM2.5 were similar (Aulinger et al. 2016).
Another study reported that PM2.5 concentrations in European coastal regions increased by about 20% (0.5 to
2 µg/m3) due to emissions from ships (Partanen et al. 2013).
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Measurable increases in air pollutant concentrations and
exposures in people living near waterways with ship
activity have also been documented around the world (Corbett and Fischbeck 2000; Fu et al. 2013; Keuken et al. 2014;
van der Zee et al. 2012). Finally, impacts of emissions from
port machinery (i.e., cranes and other equipment to handle,
store, and transfer shipping containers) and land-based
transport of goods on air quality in addition to the health of
populations living along “goods corridors” have also been
documented, particularly near the Ports of Los Angeles and
Long Beach in the United States (e.g., Ault et al. 2009; Ault et
al. 2010; Giuliano and O’Brien 2007; Houston et al. 2014;
Kim et al. 2012; Kozawa et al. 2009).
Although health impacts of shipping-related emissions
have not previously been reported for Shanghai, air quality
impacts of ship activities have been measured in several
studies. One study measuring air quality in Shanghai Port
in three seasons (winter, spring, and summer) found that
ship traffic contributed 0.63 µg/m3 to 3.58 µg/m3 (or 4.2 to
12.8%) of the total PM2.5 in Shanghai Port (Zhao et al.
2013). Compared with a non-port site, NO2 and SO2 levels
were higher while O3 levels were lower. At the port measurement location, vanadium (V) concentrations were
highly correlated with ship traffic. In addition, particulate
matter (PM) (especially PM 2.5 ) was enriched in V and
nickel (Ni) relative to crustal material. By comparing the
V/Ni ratio measured in port air measurements (V/Ni = 3.4),
Zhao and colleagues concluded that in summer, international heavy fuel oils (V/Ni = 3.6) contributed more to the
PM2.5 concentrations than did domestic fuel oil (V/Ni =
1.9). Liu and colleagues (2017) showed that the influence
of ship plumes on shore concentrations of air pollutants in
Shanghai is highly dependent on weather and season. The
authors estimated that ships could contribute 2 to 7 µg/m3
(or 5.9% to 30%) of the total ambient PM2.5 concentrations
within tens of kilometers of coastal and riverside Shanghai
during times when the wind directly transported ship
plumes to shore. Another study estimated that ship emissions contribute 36.4% of SO2 concentrations, 49.5% of V
particles, and 5.9% of ambient PM2.5 in the Shanghai port
region (Wang et al. 2019).

3.0 GLOBAL AND CHINESE REGULATION
OF SHIPPING-RELATED EMISSIONS
To reduce the impact of shipping on human health and
the environment, various regulations have been proposed
and implemented at global, regional, and national or local
levels of government to limit these emissions. Regulations
related to shipping-related emissions include internationally negotiated regulations promulgated by the International
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Figure 3-1. Timeline for national and international regulations of emissions affecting Chinese exposures to air pollution from shipping-related sources.
Acronyms: DECA = Domestic Emission Control Area (extends to 12 NM off the coastlines in YRD and PRD and within the Bohai Sea); IMO = International
Maritime Organization; MEP = Ministry of Environmental Protection; MOT = Ministry of Transport; PRD = Pearl River Delta; TPRI = Transportation Planning Research Institute; YRD = Yangtze River Delta.
Early-action ports (11): Shanghai, Ningbo-Zhoushan, Suzhou, and Nantong in the YRD; Shenzhen, Guangszhou, and Zhuhai in the PRD; Tianjin,
Qinhuangdao, Tangshan, and Huanghua in the Bohai Sea.
MEP Marine engine standards apply to all new engines used on inland, coastal, river-sea, channel and fishing vessels with net power rating >37 kW. Phase
2 marine engine emissions standards are similar to EU stage IIIA standard and slightly weaker than US Tier 3 standard.

Maritime Organization (IMO), national and international
emissions control areas where emissions of air pollutants are
limited, and international or national fuel or control technology standards (Figure 3-1). Much of the impact on air quality
and health from ship emissions is linked to PM and its precursors, in particular emissions of sulfur and nitrogen, which
contribute to the ambient PM in the form of sulfates and nitrates. Therefore, many regulations seek to limit sulfur in fuel
to reduce secondary formation of PM from sulfates and to improve the efficiency of catalytic converters and other control
technologies that reduce NOx emissions.

3.1 SHIPPING EMISSIONS REGULATIONS BY THE
INTERNATIONAL MARITIME ORGANIZATION
Air pollution and greenhouse gas emissions from oceangoing vessels are regulated by the IMO under Annex VI of
the International Convention for the Prevention of Pollution from Ships (MARPOL) (IMO 2019). MARPOL is able
to regulate the sulfur or nitrogen content in fuel and emissions from ships. Since 2012, the global fuel sulfur limit
has been 3.5% by mass. The limit is set to decrease to 0.5%
sulfur in fuel by 2020 (Figure 3-1). Similar decreases in the
allowable amount of sulfur in fuel have been made in
China and elsewhere (Figure 3-2).

15

Impacts of Shipping Emissions in the Yangtze River Delta and Shanghai

machinery within the ports through European Directive
2012/23/EU (European Parliament 2012). The United
States and Canada each regulate emissions of inland-water
emissions from ships traveling in the Great Lakes Region
(Harkins 2007).

The IMO also designates Emission Control Areas (ECAs)
in amendments to MARPOL to benefit the atmospheric
environment and human health in port and coastal communities. These benefits are obtained by specifying fuel or
emission limits for sulfur oxides (SOx), nitrogen oxides
(NOx), or PM for all ships within the ECAs. Current ECAs
exist for the Baltic Sea (SO x ), North Sea (SO x ), North
America (SOx, NOx, and PM), and United States Caribbean
Sea (SOx, NOx, and PM) (IMO 2017). As of January 1, 2015,
a limit of 0.1% sulfur by mass was implemented in sulfur
ECAs (European Maritime Safety Agency 2010; IMO 2017).
As of January 1, 2016, the allowable NO x emissions in
nitrogen ECAs ranged from 2.0 to 3.4 grams per kilowatt
hour (g/kWh) depending on the engine’s rated speed (IMO
2018). Although the IMO designates the ECA, each nation
protected by an ECA separately produces regulations to
institute the ECA and ensure compliance (see European
Parliament 2012; IMO Marine Environment Protection
Committee 2009).

Although China does not have an ECA designated by the
IMO, in December 2015 the Chinese Ministry of Transport
designated three DECAs in the YRD, Pearl River Delta
(PRD), and Bohai Sea, where the emissions from ships are
highest (Figure 3-3) (Chinese Ministry of Transport 2015).
These DECAs limited fuel sulfur content to 0.5% by mass,
first for ships at berth by 2017 and then expanding to
domestic vessels within 12 NM from shore by 2019.

In general, each nation (and not the IMO) has jurisdiction over environmental protection within its exclusive
economic zone of up to 200 nautical miles (NM) from
shore and including inland waters (United Nations 1982).
For example, European member states limit the sulfur content in fuels used by ships at berth (0.1% by mass) or regularly traveling between European Union (EU) ports (1.5%
by mass) and encourage electrification of all ships and

In December 2018, the Chinese government announced
new regulations for its DECAs (DECA 2.0). From January
1, 2019, the new regulation requires domestic vessels
within 12 NM of shore to use marine fuels with a maximum sulfur content of 0.5% by mass (China Classification Society 2018). By this date, the regulations also
impose a stricter fuel sulfur limit (0.10% by mass) on
inland and “river-sea” ships entering designated “inland

Figure 3-2. Existing fuel sulfur standards or commitments for vessels.
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3.2 CURRENT AND FUTURE CONTROLS ON SHIPPING
AND RELATED ACTIVITIES IN CHINA
Over time, China has implemented a series of increasingly strict regulations of shipping-related emissions (see
Figure 3-1).
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Figure 3-3. Geographical positions and cargo throughputs of major coastal and inland ports in China. (Reprinted from Zhang et al. 2017 with permission
from Elsevier.)

emission control areas.” These include the navigable waters
of the Yangtze River (from Shuifu in Yunnan Province to
Liuhe Estuary in Jiangsu Province) and the Xijiang River
(from Nanning in Guangxi Province to Zhaoqing in Guangdong Province). Beginning on January 1, 2020, ocean-going
vessels entering the inland ECAs must use marine fuels with

a fuel sulfur limit of 0.10% by mass. The regulations also
govern emissions of NOx and VOCs and require the use of
shore power when at berth for more than 3 hours.
Controls on emissions from river and fishing vessels are
stricter than emissions from coastal and ocean-going vessels. These ships must use general diesel fuel as opposed to
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the higher sulfur (0.5% by mass) marine fuel used by coastal
and ocean-going vessels. By January 1, 2018, general diesel
fuel must meet the same China V standard of 0.001% sulfur
by mass (or 10 ppm) sulfur as diesel approved for trucks
(DieselNet 2018b). However, compliance with these stricter
controls is not well-documented and these controls also do
not apply to the larger coastal and ocean vessels that sometimes enter the rivers to travel to inland ports.
Regulation of other ports-related sources of air pollution
falls under different programs and government agencies.
Emissions from trucks involved in the transport of shipping
cargo in China are regulated under the national 13th Five
Year Plan, Clean Air Action Plan (State Council of the
People’s Republic of China 2013), and the National 3-year
Blue Sky Defense Plan. Cities like Shanghai also develop
plans to promote cleaner air quality and transportation
alternatives that affect cargo-related transport. For example,
see the Shanghai City Plan for 2035, the Shanghai Transport
Commission report, and the Shanghai 3-Year Green Port
Action Plan (2015–2017) (China Carbon Emissions Trading
Network 2015). Some proposed actions under these plans
include electrifying all in-port machinery by 2030 and
replacing diesel fuel with compressed natural gas for
trucks and forklifts (China Carbon Emissions Trading Network 2015). It is challenging to ensure complete compliance by all cargo trucks as Shanghai only has jurisdiction
over trucks registered in Shanghai.
3.3 POTENTIAL HEALTH BENEFITS OF SHIPPING
EMISSIONS POLICIES IN YANGTZE RIVER DELTA
AND SHANGHAI
Health benefits of shipping regulations have been estimated on various scales from global to national to regional.
Several studies have suggested that decreasing the global
or coastal sulfur content of marine fuel from the current
global average of about 2.7% to 0.5% or 0.1% by mass
could avoid 33,500 to 137,000 premature deaths on
average attributable to ship emissions each year (Partanen
et al. 2013; Sofiev et al. 2018; Winebrake et al. 2009); these
numbers are similar in magnitude to the number of deaths
in the YRD attributable to all sources of air pollution
(Wang et al. 2015). Sofiev and colleagues (2018) estimated
that of the global adult mortality reductions (137,000),
80% would be in Asia in 2020; in addition, they estimated
that there would be 7.6 million avoided cases of childhood
asthma morbidity, of which 54% would be in Asia (Sofiev
et al. 2018). The authors expected that China would be
heavily affected given the concentration of the shipping
industry around highly populated cities.
Although Shanghai and other cities in the YRD have
major ports and are therefore potentially impacted by
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shipping-related emissions, little work has been done to
evaluate the potential health benefits for these cities of
implementing and going beyond the current regulations.
This study was undertaken to improve the scientific
understanding of these potential benefits.

4.0 METHODS
4.1 STUDY AREA
This study was conducted for the YRD, with a particular
focus on the city of Shanghai and the nearby waters regulated by the Shanghai municipal organizations. All analyses
were done in a series of nested domains (Figure 4-1): China
(Domain 1; 81 km × 81 km), East China (Domain 2; 27 km ×
27 km), YRD (Domain 3; 9 km × 9 km), and Shanghai
(Domain 4; 1 km × 1 km). The geographical scope for the
YRD study area extended from 116.5°E to 127°E and 27°N to
35°N and included an offshore distance of approximately
200 NM. The Shanghai study area included from 120.5°E to
122.3°E and from 30.5°N to 32°N, up to an offshore distance
of less than 12 NM, where the water is within the jurisdiction of Shanghai Maritime Safety Administration.
4.2 SHIPPING AND SHIPPING-RELATED SOURCES
EVALUATED
Although there are many categories of ships and related
sources, this analysis focused on those that have generally
been found to be the most important sources in other settings and for which we had access to data. For the YRD and
its cities, we assessed the emissions and air quality and
health impacts of all ships captured in the AIS dataset
within the YRD modeling domain (Domain 3). AIS is a
safety technology that is not installed on all ships; consequently, the AIS dataset contains more complete information on large ships traveling on the ocean than on smaller
ships or those that travel on inland waters.
Within Shanghai, we sought to understand the impact of
emissions released nearer the population centers from the
following shipping, or related, sources:
•

Coastal and international ships, including both
coastal vessels defined as domestic or international
ships that travel between Chinese ports in north–
south lanes along the coast and ocean-going vessels
defined as ships that travel on the open ocean, typically internationally.

•

Inland-water ships, which for the purposes of this
study are defined as any ships that entered a geographically defined boundary shown in Figure 4-1.
These could include ocean-going vessels or coastal
vessels as well as river ships or fishing vessels that

Figure 4-1. Map of nested study areas and delineation of inland-water area in Shanghai. Spatial resolutions for main analyses were 9 km in the YRD (Domain 3) and 1 km in Shanghai (Domain
4). The inland-water area was defined as the inside water area of the Yangtze River mouth (black line); inland-water ships are defined as river ships, coastal ships, and ocean-going vessels that
enter this area. (Adapted from Feng et al. 2019 [supplement]; distributed under Creative Commons Attribution 4.0 License.)
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regularly travel the inland waterways. To characterize
inland-water ships in Shanghai more completely, the
AIS data were supplemented with local visa data at
river ports.
•

Diesel container-cargo transport trucks, defined as
trucks that carry cargo to and from the ports located
within Shanghai.

•

In-port machinery, defined as cranes and other equipment to handle, store, and transfer shipping containers.

More detail on the development of emissions for each of
these sources is found in subsequent sections. We recognize that the definition of inland ships in this report differs
from those in other studies that may focus on specific
classes of vessels that travel inland waterways or that are
governed by specific policies. Our goal in defining inlandwater ships geographically was to understand the relative
impact of emissions from vessels traveling in closer proximity to more densely populated areas through Shanghai
compared with the impact of ships that remain at greater
distances. The results need to be interpreted with that
caveat in mind.

ambient air quality levels (yellow boxes), population exposures (green boxes), and health burden (blue boxes) in this
study:
1.

Development of emissions inventories for shipping
and shipping-related sources in the YRD and
Shanghai for the baseline year 2015 and for these
sources for the future year 2030 under alternative
control scenarios. Emissions from non–shippingrelated sources were obtained from existing national
and regional emissions inventories.

2.

Simulation of the impact of all emissions sources on
ambient SO2 and PM2.5 concentrations in the YRD
and Shanghai using the Weather Research and Forecasting (WRF, version 3.3) and Community Multiscale
Air Quality (CMAQ, version 4.6) modeling system
(WRF-CMAQ).

3.

Simulation of the effect on air quality of removing
ships and other shipping-related sources of air pollutant emissions for 2015 and for 2030 under various
policy scenarios.

4.

Estimation of exposures to PM2.5 as populationweighted concentrations, combining gridded air
quality and population data.

5.

Estimation of health burden, defined in terms of increased hospital admissions and mortality, was
estimated using the Environmental Benefits Mapping

4.3 OVERVIEW OF METHODOLOGICAL APPROACH
The flow chart in Figure 4-2 provides an overview of the
steps taken to assess the impact of ships and shippingrelated sources on air pollutant emissions (orange boxes),

Figure 4-2. Process flowchart.
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and Analysis Program-Community Edition (BenMAPCE, version 1.4), an open-source software developed
by the U.S. Environmental Protection Agency (U.S.
EPA) (2015).
Each of these steps will be described in further detail in
subsequent sections.
4.3.1 Baseline Year (2015) Analyses
We defined 2015 as the baseline year because it preceded
the implementation of the first Chinese DECAs. The baseline impact of all emissions sources in the region are first
estimated from inventories of all sources, both land-based
non-shipping and shipping-related sources. The contributions of individual shipping-related sources are assessed by
excluding the emissions of an individual source from the
complete inventory and re-running the air quality simulations; the difference between the impacts on air quality
between the baseline analysis and the source-excluded
analysis yield the impact of the individual source.

4.3.2 Future Policy Scenarios (2030)
To assess the impact of potential future policy alternatives, three scenarios designed to control SO2 and NO x
emissions were evaluated: the current policy scenario, a
stricter policy scenario, and an aspirational scenario
(Table 4-1). The current policy scenario reflects the Chinese
Ministry of Transportation’s proposal for upgrading the
China DECA policy published in July 2018. This scenario
assumes that all ships switch to 0.5% sulfur fuel when operating inside the DECA and use fuel with a limit of 0.1%
sulfur while at berth. The assumed fuel use is slightly
stricter than the final amended DECA policy that requires
0.5% sulfur fuel when operating inside the DECA but has
no additional fuel sulfur requirement for ships at berth.
The stricter and aspirational scenarios include policy
options that either have been or might be proposed in the
future under domestic or international ECAs; these policy
options would expand the geographical size of the ECAs,
mandate the use of fuel with lower sulfur content, and

Table 4-1. Future Scenario Design for Regional Inventories in the YRD under the DECA and ECA Policies
Scenario /
Distance from Shore
Base Year (2015)
12 NM

NOx Controlsa

Sulfur Controls

No DECA controls; 2.7% fuel

No controls on ships built before 2000
Tier I for ships constructed on or after Jan. 1, 2000
Tier II for ships constructed on or after Jan. 1, 2011

1: Current Policy Scenariob
12 NM
0.1% sulfur fuel at berth
0.5% sulfur fuel while cruising

China II for Chinese inland vessels
(Engine power > 500 kW)
Tier II for all foreign ships

2: Stricter Policy Scenarioc,d
12 NM
0.1% sulfur fuel
3: Aspirational Scenarioc,e
100 NM

0.1% sulfur fuel

Tier III engines for all ships built on or after
January 1, 2021
Tier III engines for all ships built on or after
January 1, 2021

a Tiers

I, II, and III refer to the IMO emissions limits, whereas China II refers to the domestic emissions limits for general diesel fuel (DieselNet 2018a, b;
2019).

b

The current policy scenario is consistent with the Ministry of Transportation (Chinese) proposal for upgrading China DECA policy published in July 2018,
so the at-berth requirement of 0.1% sulfur fuel is slightly stricter than the current policy requirement.

c

Tier III requirements would only apply to new ships after an international ECA was enacted.

d

The stricter policy scenario is consistent with the Shanghai government’s 3-year Clean Air Action Plan for 2018-2022, released in July 2018.

e

The aspirational scenario is consistent with an IMO ECA with a boundary 100 NM from the coastline. A 200 NM ECA boundary was not considered
because it might cut into the area of disputed waters with Japan.
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require new ships in ECAs to meet stricter NOx emissions
standards. The stricter policy scenario is consistent with the
Shanghai government’s 3-year Clean Air Action Plan for
2018–2022. The aspirational scenario is consistent with an
IMO ECA with a boundary 100 NM from the coastline and
assumes the 0.1% sulfur fuel standard in ECAs that was implemented by the IMO in the beginning of 2015 (Figure 3-2).
We recognize that the IMO plans to implement a global
limit of 0.5% fuel sulfur content for all ships in international
waters in 2020; this policy is not reflected in these scenarios because we wished to compare the impact of fuel
changes within the ECAs alone with the base year. For
NOx, Tier III requirements would apply to new vessels that
are built if an IMO ECA in China were to be enacted for
both the stricter and aspirational scenarios (IMO 2016). We
assume that the IMO ECA will be enacted in China by
2021, the same year by which the NOx ECAs in North Sea
and Baltic Sea will take effect. This assumption may be
over-optimistic, because the final amended China DECA
policy has delayed the decision whether to apply for an
IMO ECA to at least 2025.
Changes in future liquefied natural gas (LNG) controls
or use were not considered because the related policy is
very uncertain. LNG ships emit near-zero sulfur emissions,
and up to 88–90% less NOx emissions than Tier I ships;
but some LNG ships using diesel-cycle engines cannot
meet Tier III NOx emissions requirements without aftertreatment devices. Although China has issued policies
promoting the use of LNG for inland vessels, it has not
issued any policies on the preferred deployment schedule
for LNG ships at the national or regional level. Consequently, rather than make assumptions about what those
future LNG policies might be, we thought that the future
policy analyses would be more realistic and informative if
they were constructed assuming that ships entering a
DECA or ECA met a specific set of fuel sulfur and NOx
emissions requirements. Details of the future policy scenarios are summarized in Table 4-1.
4.4 DEVELOPMENT OF EMISSIONS INVENTORIES
4.4.1 Baseline Ship-Related Emissions Inventories

Maritime Safety department (L Huo, personal communication, June 2016). The installed power of the main engine,
auxiliary engine, and auxiliary boiler plus the maximum
speed of ships were obtained from Lloyd’s register (IHS
Fairplay 2015) and the China Classification Society database (China Classification Society 2016). The emissions
from the main engine, Em were calculated as
E m  Pm  LF m  LLAM  T m

(1)

 EF m  FCF m  CF m

where Pm is the installed power of the main engine (kW),
LLAM is the low load adjustment multiplier for the main
engine (unitless), Tm is operation time of the main engine
(h), EF m is the main engine emissions factor (g/kWh),
FCFm is the main engine fuel correction factor (unitless),
and CFm is the main engine control factor (unitless). The
main engine load factor, LFm, was calculated as:
LFm 

 ActSpeed / MaxSpeed 3

(2)

where ActSpeed is the actual speed when ship is cruising
and MaxSpeed is the maximum design speed for the ship.
Auxiliary engine emissions in grams, Ea, were calculated as
Ea  Pa  LFa  Ta  EFa  CFa

(3)

where Pa is the installed power of the auxiliary engine
(kW), LFa is the auxiliary engine load factor, Ta is operation time of the auxiliary engine (h), EFa is the auxiliary
engine emission factor (g/kWh), and CFa is the auxiliary
engine control factor.
Auxiliary boiler emissions in grams, Eb, were calculated as:
Eb  Pb  LFb  Tb  EFb  CFb

(4)

where P b is the installed power of the auxiliary boiler
(kW), LFb is the auxiliary boiler load factor, Tb is the operation time of the auxiliary boiler (h), EFb is the auxiliary
boiler emission factor (g/kWh), and CFb is the auxiliary
boiler control factor (unitless).
The total emissions of the ship in grams, E, were:

4.4.1.1 Coastal and Ocean-Going Ships Coastal and oceangoing ship emissions inventories were constructed using
bottom-up methods based on ship traffic activity primarily
using the AIS-based model (Fan et al. 2016; Ng et al. 2013;
Nunes et al. 2017). The ship speeds and operation times
within the YRD and Shanghai geographical domains were
obtained from AIS data at a 1-minute temporal resolution
and 1 km × 1 km spatial resolution provided by the
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E  E m  Ea  E b .

(5)

For ships available in Lloyd’s register (IHS Fairplay 2015),
the following data were derived from the Lloyd’s database:
ship name, ship type, date of construction, flag name, revolutions per minute (RPM) of the main engine, speed, maximum design power of the main engine, maximum design
power of the auxiliary engines and gross tonnage.
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For some domestic ships unavailable in Lloyd’s database,
the main engine power was assumed to be 7,000 kW by
default, based on the East China Sea-going ships in Lloyd’s
register (with main engine power mainly ranging from
11,000 kW to 14,000 kW) (IHS Fairplay 2015) and
domestic ships from the China Classification Society
(2016) (with main engine power mainly ranging from
4,000 kW to 6,000 kW). These ships usually contribute less
than 1% of the total cargo volume.
Emission factors, low load adjustment multipliers, and
control factors for use in Equations 1–3 were based on
international and Chinese data. We assumed that the
sulfur content of the fuel burned by the main engines was
2.7% for international coastal ships, and 1.5% for
domestic coastal ships. The sulfur content of residual oil
was about 2.7%, and the sulfur content of marine distillate
was 0.5% based on multiyear data from the China Marine
Bunker Fuel Oil Company, as described by Fan and colleagues (2016) and consistent with the assumption used in
the Third IMO Greenhouse Gas study (IMO Marine Environment Protection Committee 2014). The emission factors for SO 2 , NO x , CO, non–methane volatile organic
compounds (NMVOCs), PM ≤10 µm in aerodynamic diameter (PM10), and PM2.5 come primarily from the data published in studies by Cooper and Gostafsson (2004), ICF
International (2009), and Goldsworthy and Goldsworthy
(2015). Emission factors for organic carbon (OC) and elemental carbon (EC) were obtained from the scientific literature (Agrawal et al. 2008a,b; Moldanov á et al. 2013;
Petzold et al. 2011). Appendix A, Table A-1 (available on
the HEI website) summarizes emission factors used for all
of the pollutants in the present study.
Emission factors were adjusted for loads below 20%
using tables from studies conducted in other studies (ICF
International 2009; Starcrest Consulting Group 2009).
Because adjustment multipliers were not available for OC
and EC, these pollutants were assigned the same low load
adjustment multiplier (LLAM) as PM 10 in the present
study. Appendix A, Table A-2 lists values for LLAM for
main engine emission factors.
Control factors were applied to account for control technologies installed on older ships. For all marine engines
over 130 kW with engines built on or after January 1, 2000,
NOx limits in MARPOL Annex VI were applied (DieselNet
2018a). We used a control factor of 0.9024 for main engines
and a factor of 0.906 for auxiliary engines to adjust the NOx
emissions. For vessels built after 2010, and thus complying with IMO Tier II, we used a main engine control
factor of 0.875 and an auxiliary engine control factor of
0.8767 to adjust main engine emissions from ships with
emissions controls. All control factors were obtained from
ICF International (2009).

4.4.1.2 Inland-Water Ships E m i s s i o n s f r o m i n l a n d water ships, as defined in this study, were estimated following the methods used for coastal and ocean-going vessels with AIS devices. This inventory was supplemented
with 2015 vessel call data provided by the Shanghai Maritime Safety Administration (MSA) and Shanghai Municipal MSA (Y Shen, personal communication, June 2016)
for inland-water ships without AIS devices. The Shanghai
Environmental Monitoring Center (EMC) used the vessel
call data to estimate emissions of PM10, PM2.5, SO2, NOx,
carbon monoxide (CO), and VOCs from these ships at 3-km
spatial resolution. The inland-water ship emissions based
on the vessel call data were estimated as:
E  MCR  ACT  EF  LF  FCF  QCF

(6)

where E is the emissions in grams, MCR is the maximum
continuous rating of the main engine, ACT is the operation
time in Shanghai Port, EF is the emission factor for the
main engine, LF is the load factor, FCF is the fuel correction factor, and QCF is the quantity correction factor. The
load factor was calculated using the propeller law:
LF  Vactual / Vmax

3

(6a)

where Vactual is the actual ship speed and Vmax is the maximum (i.e., design) ship speed. Although actual load factors may deviate from those predicted by the propeller law
when vessel speeds are very different from the design
speed (Nunes et al. 2017), Equation 6a was applied to all
ships to simplify the calculations. The quantity correction
factor was calculated as:
QCF  Qtransit  Qvisa  / Qvisa

(6b)

where Qtransit is the number of transit vessels and Qvisa is
the number of vessels with visa call data.
Emission factors (Appendix A, Table A-3) and fuel correction factors (Appendix A, Table A-4) reported by the Port
of Los Angeles were used in the emissions estimation for
vessels with visa call data (Agrawal et al. 2011). The fuel
correction factor of 0.005% sulfur was used in the emissions
estimation for the fuel regulation of river vessels.
4.4.1.3 Emissions from Container-Cargo Trucks and Port
Terminal Equipment Emissions from container-cargo
trucks within Shanghai (Domain 4) were estimated using
the International Vehicle Emission model (Wang et al.
2008). The vehicular activity data were provided by the
Shanghai Traffic Department (Wangqi Ge, personal communication, November 2017). The identification of
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container-cargo trucks was based on registration information from the Management Department of Vehicles in
Shanghai and the online list of diesel particulate matter
(DPM) filter systems setup for cargo trucks. Only trucks
that carry container cargo or have DPM filter systems were
assumed to be associated with the ports and therefore
included in the emissions inventory. The fuel oils consumed by the container trucks were diesel oils with the
National Standard-3 diesel oils, and we assumed the vehicles themselves were compliant with China V standards.
The emission factors for container-cargo trucks were based
on the combination of national guidelines and monitoring
data from the Shanghai Academy of Environmental Sciences. The emissions from port terminal equipment
including the trucks in port were calculated based on fuel
consumption for each part of the port. Emissions from container-cargo trucks and port terminal equipment were
gridded at 1-km resolution.
4.4.2 Future Ship Emissions Inventory for 2030
Future emissions from ships in 2030 were estimated by
scaling the 2015 baseline ship traffic activity based on projections of future ship traffic activity constrained by projected global gross domestic product (GDP) and emission
factors adjusted in accordance with the alternative policy
scenarios for SO x and NO x in Appendix F, Table F-1
(available on the HEI website). The overall equation used
to predict future emissions in 2030 was:

majority of ships pass by the port instead of entering it.
The total ship traffic activity was first calculated for
historical 2013–2017 AIS data. The model was validated
by predicting the ship activities in 2017 and comparing the
predictions with the actual traffic activities on each grid
cell. Then, we scaled total ship activity from 2015 to predict the total ship activity in 2030.
A constraint factor on ship traffic activity is necessary
when scaling from 2015 to 2030 because there is a high
level of uncertainty in the estimated amount of ship traffic
activity in 2030 based on the historical AIS data for 2013–
2017. The annual growth of the global real GDP was
chosen as the constraint factor because international trade
is the most important underlying demand for shipping.
The relationship of freight volume with real GDP in China
was provided by the research group from the Vehicle Emission Control Center at the Ministry of Environmental Protection (Emission Prediction of Marine for 2030 in China,
Vehicle Emission Control Center (VECC) Ministry of Environmental Protection, personal communication, 2018).
The total volume of freight transported by ships in 2030
was calculated as:
Total volume of freight by ships

(9a)

 elasticity  GDP variation
 waterway freight rate
and

Future emissions in 2030

(7)

 Constraint factor related to GDP in 2030



 Pm  LFm  LLAM



 Pa

(8)
 Tm 

 LFa  Ta  .

The total ship activity is a dynamic combination of
cargo volume and travel time that accounts for total shipping demand but does not differentiate between ships of
different types or sizes. The calculation assumes that port
capacity in 2030 will not be a limiting factor because the
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 1  GDPgrowth rate 3

Future total ship traffic activity was predicted based on
past total ship traffic activity using the AIS-based model
(Equation 5) with EF, FCF, and CF set to 1 by:
Total ship traffic activity



 1  GDPgrowth rate 2

 Adjustment factors related to 2030 policies.

5



GDP2030  1  GDPgrowth rate 1

= Future total ship traffic activities

(9b)

5

5

where the total freight volume transmitted by ships is the
domestic total cargo volume in tons, the GDP variation is
percent change in value of GDP from 2015 to 2030, and the
waterway freight rate is the proportion of waterway freight
in the total freight volume in percentage. The elasticity is the
ratio of volume of freight to GDP variation, which is usually
characterized as the relationship between volume of freight
and GDP. GDP2030 is the expected GDP in 2030 in China. The
GDP growth rates (GDP growth rate1 , GDP growth rate 2 ,
GDP growth rate 3) are rates of increase of GDP in 2016–2020,
2020–2025, and 2025–2030 in China.
The VECC forecasts that GDP will grow by a factor of 1.43
(GDP variation) between 2015 and 2030 and total freight
volume transported by ships will increase by 70% (Emission
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Prediction of Marine for 2030 in China, VECC, personal communication, 2018). This study introduced a maximum incremental increase of 70% in the total ship freight volume in
2030 to constrain the forecast of ship activity growth from
2015 to 2030.
Adjustment factors for the prediction of future emissions were related to the current policy, stricter policy, and
aspirational scenarios for 2030. Adjustment factors were
used to calculate adjusted gridded seaborne trade in 2030

C

adjusted
grd,2030

 in individual grid cells and at hourly time

points by:

C

adjusted
grd,2030

C

actual
grd,2015



C




predict
grd,2017

(10)
C

C

actual
total,2017
predict
total,2017



C

actual 
grd,2015 




ROC 2015–2030
1 + ROC 2015–2017

where C is the amount of ship traffic activity in units of
kWh. Superscripts refer to actual historical ship traffic
activities (actual), raw unconstrained predictions of ship
traffic activities (predicted), and constrained predictions
of ship traffic activities (adjusted). Subscripts refer to
gridded (grd) and total (total) ship traffic activities in the
years 2030, 2015, and 2017. ROC 2015–2030 is the rate of
change of ship activities from 2015 to 2030 and had an
assumed value of 70% to constrain the forecast of ship
activity growth. ROC2015–2017 was calculated by:

ROC 2015–2017 

actual
actual
 C total,2015
C total,2017

actual
C total,2015

(11)

We estimated SO2 and NOx emissions in 2030 in different ways. For sulfur emissions, we adjusted emission
factors according to the allowable sulfur content of ship
fuels under each emissions control policy. NOx emission
reductions depend on the gradual adoption of new engine
technologies (e.g., exhaust gas recirculation, selective catalyst reduction, and liquefied natural gas as stricter NOx
engine standards are enacted and older, higher emitting
ships are retired; consequently, we assumed a 25-year lifetime for ships and marine engines for the engine renewal
(i.e., 100% turnover) period. Installed NO x emission
reduction technologies for each engine were assumed
based on the emissions and control technology requirements in place at the time when the engines were sold.

4.4.3 Non-Shipping Emissions Inventories

To establish the overall baseline impact of all sources on
air quality in the YRD and in Shanghai it was necessary to
characterize emissions from all other major sources. Major
categories of non-shipping air pollutant sources included
power plants, industry, mobile sources, area sources, VOCrelated sources, and biogenic sources. National (Domain 2)
and YRD (Domain 3) emissions inventories were used for
non-shipping or land-based emissions. For the national
scale domain (Domain 2), we obtained a 2015 national
emissions database at 27 km × 27 km resolution that
included 5 pollutants (PM10, PM2.5, SO2, NOx, and VOCs)
and 14 pollution source types from investigators at Tsinghua University (S. Wang, personal communication,
December 2017). Because the national emissions inventory
database available at that time lacked data on CO and
ammonia (NH3) emissions, which are compulsory inputs
for CMAQ, supplemental data on these pollutants were
obtained at 0.5° × 0.5° resolution from the International
Institute for Applied Systems Analysis (IIASA) database
(Stohl et al. 2015). The ratio of CO to VOCs was 7.7 in the
IIASA inventory and 7.5 in the final combined inventory
(Feng et al. 2019). Thus, the CO/VOC shares in these two
inventories were very close, and the use of the final combined inventory is acceptable. The Shanghai Academy of
Environmental Sciences provided the more detailed YRD
land-based emissions inventory at a 4 km × 4 km resolution; it included eight source types and seven pollutants
(PM10, PM2.5, SO2, NOx, CO, VOCs, and NH3). Pollution
sources and pollutants in the non-shipping emissions
inventories are listed in Table 4-2.
For evaluation of 2030 policy scenarios in the YRD,
emissions inventory projections for non-shipping sources
were obtained from Tsinghua University. These inventories assume full implementation of the Chinese government’s strictest plans for air pollutant emissions
reductions (Cai et al. 2018).
4.5 MODELING AIR QUALITY

An air quality model was used to simulate ambient
PM2.5 concentrations in the YRD region and Shanghai,
with a spatial resolution of 9 × 9 km and 1 × 1 km, respectively (Feng et al. 2019). The air quality model used in this
study was the CMAQ model (version 4.6) with meteorological inputs from the WRF model (version 3.3). Model setup
and predictions for the 2015 baseline year and for 2030
scenarios differed only in the emissions inventories used
as inputs to the models. All other conditions were
assumed to be the same.
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Table 4-2. Pollution Source Types and Pollutants in National-Scale and YRD-Scale Non-shipping Emissions Inventories

Modeling Domain /
Land-Based Pollution Source Types

Pollutants

National-scale emissions inventories: Domain 1 (East Asia) and Domain 2 (China)

Power plant, steel, cement
Industrial point source
Industrial combustion, industrial process, domestic fuel combustion,
domestic biomass combustion, on-road traffic, non-road traffic, open
combustion
Residential solvent, industrial solvent
Agriculture, residential and commercial, waste

SO2, NOx, PM2.5, PM10, CO, NH3
SO2, PM2.5, PM10
SO2, NOx, PM2.5, PM10, VOCs, CO, NH3

VOCs
CO, NH3

YRD-scale emissions inventories: Domain 3 (YRD), and Domain 4 (Shanghai)

Power plant, industrial boiler, industrial process, domestic source
On-road traffic
Non-road traffic
Dust
Agriculture

4.5.1 WRF-CMAQ Model Setup

The initial and boundary conditions for meteorology
were generated from the Chinese National Centers for
Environmental Prediction Final Analysis with resolution
at 1 ° × 1 ° at 6-hour time intervals. Vertically, 27 sigma
layers were set for the WRF simulation, and the results
were then converted to the 24 layers required by CMAQ
using the Meteorology-Chemistry Interface Processor.
CMAQ was configured to use the Carbon Bond mechanism
for gas-phase chemistry and the AERO4 aerosol module
(Liu et al. 2017).
Simulations were run for either the full year where
resources allowed or for representative months informed
by seasonal meteorological patterns. For the base year of
2015, simulations were performed over the full year of January 2015 to December 2015 for the YRD region and for the
representative months of January, April, June, and October
in 2015 for Shanghai. July is typically used as a representative month for summer in China, but at the time of the
study, only June data were available so those were used
instead. For the future scenarios, simulations were conducted only for the YRD region for the representative
months of January, April, July and October. These representative months were selected from each season to capture the range of wind fields experienced throughout the
year. Prevailing winds are from the northeast and southeast in spring (March, April, and May) and during the
summer monsoon (June, July, and August), from the
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SO2, NOx, PM2.5, PM10, CO, NH3, VOCs
NOx, PM2.5, PM10, CO, NH3, VOCs
SO2, NOx, PM2.5, PM10, CO, VOCs
PM2.5, PM10
NH3

northeast in autumn (September, October, and November),
and from the northwest during the winter monsoon season
(December, January, and February) (Appendix A, Figure A1). Especially in summer, under the influence of the
summer monsoon, the wind from the ocean to the land is
stronger than in the other seasons. Where representative
months were used, the average PM2.5 concentrations from
those months were treated as annual average concentrations.
The appropriateness of this assumption was evaluated by
comparing annual average PM2.5 concentrations in the YRD
in 2015 with the average of the PM2.5 concentrations in the
four representative months (Appendix E, Section 1, available on the HEI website). In addition, the effects of seasonality were evaluated by comparing results for the four
seasons in 2015.
Performance of the CMAQ model simulations in January
and June 2015 was evaluated spatially by comparing them
with monthly-average observations at monitoring stations
across the YRD region (Appendix E, Section 2). Also,
daily-average observations from 53 monitoring stations in
16 core YRD cities were compared with daily-average simulated ambient SO2 and PM2.5 concentrations. Normalized
mean bias, normalized mean error, root mean-square error,
and Pearson's correlation coefficient were used to qualify
the degree of deviation between the observed data and
modeling results (Eder and Yu 2006).
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4.5.2 Estimation of Fractional Contributions from
Individual Sources to Ambient PM2.5 Concentrations in
2015

For the YRD region (Domain 3), simulations were conducted for all ships included in the AIS database. Impacts of
ships operating within different boundaries from shore (12
NM, 12–24 NM, 24–48 NM, 48–96 NM, and 96–200 NM)
were also modeled and have been published (Feng et al.
2019). For the city of Shanghai (Domain 4), simulations
were conducted for: all ship-related activity within
approximately 12 NM of shore, coastal and ocean-going
vessels, inland-water ships, and the combination of container-cargo transport and port terminal equipment (combined because of their smaller emissions relative to ships
and other non-port sources). The detailed assumptions for
each of the simulations can be found in Appendix A, Table
A-5. Given their smaller emissions relative to shipping and
other non-port sources, emissions from container-cargo
trucks and terminal equipment were combined and
gridded at a resolution of 1 km × 1 km.
4.6 ESTIMATION OF POPULATION EXPOSURE
TO PM2.5

Population-weighted PM2.5 concentrations are a better
approximation of potential human exposure than ambient
concentrations because they give proportionately greater
weight to concentrations in areas where most people live.
We estimated population-weighted PM2.5 concentrations
for the YRD and its 16 core cities and for Shanghai and its
16 administrative districts. The population-weighted
PM2.5 concentration of the given grid cell 𝑖 is calculated
based on the following equation (Brauer et al. 2012; U.S.
EPA 2015):
Population-weighted PM2.5 concentration

(12)



Pi

=  ni1  PM i 


n

P

i1 i 
where, PMi is defined as the PM2.5 concentration in the ith
grid cell, Pi is the population in the ith grid cell, and n is
the number of grid cells in the selected geographical area
(e.g., city or region).
4.7 ESTIMATION OF SOURCE CONTRIBUTIONS TO
HEALTH BURDEN

Environmental Benefits Mapping and Analysis ProgramCommunity Edition software (BenMAP-CE, version 1.4)
was used to estimate human health impacts resulting from
changes in PM 2.5 population-weighted concentrations

attributable to individual sources for both the 2015 baseline year and for 2030 under alternative control policies.
Developed originally by the U.S. EPA, this model has been
widely used in the United States and in international
research for quantifying health risks. BenMAP-CE has
been incorporated into the Air Benefit and Cost and
Attainment Assessment System (ABaCAS, www.abacasdss.com ), which is widely used to support policies
affecting air quality in China.
4.7.1 Analysis Process

BenMAP-CE relates a change in air quality to an estimated change in the incidence of mortality or morbidity
from specific health endpoints in most cases via the following function:

⌬Y  Y0 1  e ␤ ⌬ PM 2.5   Pop

(13)

where Δ Y is the number of cases attributable to a change
in air quality, Y0 is the baseline incidence rate of the health
outcome in the population of interest, the coefficient β is
the percentage change in the risk of an adverse health
effect due to a unit change in air pollution derived from
the epidemiological literature, Δ PM2.5 is the change in
PM2.5 attributed to a source or particular policy, and Pop is
the exposed population. For this study, we are focused primarily on mortality outcomes, except for hospital admissions. Where there are multiple concentration–response
functions for the same health endpoint (in this study, for
example, cause-specific integrated exposure response
[IER] functions for different age groups: ≤ 44, 45–64, ≥65),
they were combined using a sum-dependent fixed-effects
pooling procedure within BenMAP-CE with each estimate
weighted in proportion to the inverse of its variance.
BenMAP-CE utilizes a Monte Carlo approach to characterize uncertainty in the estimated change in the incidence
of the health outcomes of interest. The uncertainty is
reported as 95% confidence intervals.
The changes in air quality incorporated into BenMAP
for this study were the average gridded changes in PM2.5
simulated by CMAQ to estimate the contribution of individual shipping sources relative to the baseline both in
2015 and in 2030 under different policy scenarios.
4.7.2 Data Sources
4.7.2.1 Health Outcomes of Interest and Concentration–
Response Functions A workshop with nearly 20 Chinese
and international experts in the field of environmental epidemiology and air pollution was convened in December 2017 to evaluate the most relevant Chinese and
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international studies for identifying the health effects associated with air pollution exposure and for characterizing
the most appropriate concentration–response functions for
this analysis (see Additional Materials, available on the
HEI website, for the workshop agenda and attendees). The
attendees agreed on several broad criteria for inclusion in
the discussion. For cohort studies of long-term exposures,
preference was given to nationally representative studies,
ideally in China, with large sample sizes and at least
5 years of follow-up. For studies of short-term (e.g., daily)
exposures, preference was given to multicity time-series
studies with large populations (>1 million population) and
with at least 1 year of exposure data. Preference was given
to studies using measurements of PM2.5 directly but conversion factors were considered in some cases where other
PM size fractions were measured (e.g., 0.30 for total suspended particulate to PM2.5, 0.7 for PM10 to PM2.5) (Harrison et al. 2003; Yin and Harrison 2008).
Another important consideration was which health outcomes to include in the impact assessment. The workshop
attendees agreed that it was appropriate to assess total
non-accidental mortality as well as all the health outcomes
included in the Global Burden of Disease project as of 2015
(Cohen et al. 2017). For long-term exposures, these
included: total non-accidental mortality, and mortality
from cerebrovascular disease (stroke), COPD, ischemic
heart disease (IHD), and lung cancer as identified and classified by International Classification of Diseases codes,
10th version. For short-term (i.e., daily) exposures, the
workshop attendees recommended evaluation of total

nonaccidental mortality, mortality from cardiovascular
diseases and respiratory diseases, and morbidity as indicated by total hospital admissions.
Table 4-3 summarizes the studies used to characterize
the concentration–response functions for the effects of
long- and short-term exposure in this analysis. Although
China has recently started to publish the findings from
major cohort studies of long-term exposures to PM2.5 in
Chinese populations, few were available at the time of the
workshop. The recommendation was to rely on the 2015
IER functions developed for the Global Burden of Disease
project for the mortality outcomes listed above (Cohen et
al. 2017). Although the GBD also includes mortality from
respiratory infections, they were not included in this study
due to lack of available Chinese mortality rate data for the
analysis. The following age-specific IER functions were
used for the specific causes of death: 25–44 years, 45–64
years, 65–99 years for stroke and IHD; and 30–99 years for
COPD and lung cancer.
As concentration–response functions are an important
source of uncertainty in health impact analysis, additional
sensitivity analyses were conducted using the Global
Exposure Mortality Model (GEMM) functions that were
published subsequent to the workshop (Burnett et al.
2018). The IERs were developed at a time when epidemiological evidence from regions like China with high levels
of PM2.5 were unavailable, so the authors combined evidence from studies of other PM exposures — environmental tobacco smoke, household air pollution, and active
smoking — along with studies of outdoor air pollution to

Table 4-3. Concentration–Response Functions Used to Characterize Relationships Between PM2.5 and Health

Sources of Concentration–Response Functions
PM2.5 Exposure:
Outcome

Specific Outcomes

Main Analyses

Sensitivity Analyses

Long-term:
mortality

All natural cause (GEMM only)
Cerebrovascular disease (stroke)
IHD
Lung cancer
COPD

Integrated exposure
response functions from
the Global Burden of
Disease project
(Cohen et al. 2017)

GEMM functions (Burnett et
al. 2018)

Short-term:
mortality

Total non-accidental causes
Cardiovascular
Respiratory

Chinese 272 cities study
(Chen et al. 2017b)

None

Short-term:
morbidity

Total hospital admissions

Chinese 200 cities study
(Tian et al. 2019)

None

Abbreviations: COPD = chronic obstructive pulmonary disease; GEMM = Global Exposure Mortality Model; IHD = ischemic heart disease.

28

Y. Zhang et al.

characterize risks across the global range of air pollution
exposures. With the publication of more air pollution
studies with a wider range of exposures, the GEMM functions were developed by pooling results from 15 cohort
studies of ambient air pollution (Burnett et al. 2018),
including a cohort of men from China (Yin et al. 2017). The
GEMM analysis also includes a response function for allnatural-cause (nonaccidental) mortality to address the criticism that the IERs are limited to specific causes and may
underestimate the full effects of air pollution that are
reflected in many studies of all-natural-cause mortality.
Therefore, we conducted sensitivity analyses using the
new GEMM functions as one indication of the uncertainty
in the mortality results based on the IERs.

4.7.2.3 Exposed Population The population density of
the YRD region in the year 2015 was obtained from Landscan at 1-km resolution (Bright et al. 2016). Population
data were used at the 1-km resolution in Shanghai and
were aggregated to 9-km grid cells for analyses in the YRD
region (Figure 4-3). Figure 4-3 shows the geographical area
and population density for the YRD and Shanghai, the
location of 16 core cities* of the YRD region, and
16 administrative districts** within Shanghai. The coastal
cities in the YRD are Nantong, Shanghai, Jiaxing, Ningbo,
Taichou, and Zhoushan. The population density was
highest in central Shanghai (35,802/km2 in a 9-km grid cell
or 68,000/km2 in a 1-km grid cell) and was lower in the
suburban districts of Shanghai.

For assessment of the effect of short-term exposures, concentration–response functions from the time-series study of
272 Chinese cities were used to estimate daily mortality
from total, cardiovascular, and respiratory endpoints (Chen
et al. 2017b). The study of total hospital admissions in 200
Chinese cities was used to quantify the morbidity health
burden (Tian et al. 2019). In the absence of daily mortality
rate data for China we applied a scalar (1/365) to the annual
average mortality rates to convert them to daily rates in
BenMAP (N. Fann, personal communication, June 2018).
The daily average PM2.5 concentrations were assumed to be
the same as annual average PM2.5 concentrations.

For use with the age-specific IER functions, population
data were further categorized into the same age groups relevant to the IERs by the proportions of the population in
each age group in 2015 according to China CDC data (personal communication, July 2018). As we did not simulate
changes in population and baseline mortality rates in the
future scenario, the 2015 data were also used for analyses
of scenarios in 2030.

Values for all of the health impact functions used in this
study are provided in Appendix A, Table A-6.
4.7.2.2 Baseline Mortality and Morbidity Rates Baseline
annual mortality and morbidity rates in the YRD and
Shanghai are summarized in Appendix A, Table A-7 for
each of the health endpoints included in our study. The
cause-specific baseline mortality and morbidity rates were
provided by China Center for Disease Control (CDC) across
multiple age groups (China CDC, personal communication, July 2018). The total mortality rates were estimated to
be 7.61 per 1,000 people and 6.01 per 1,000 people for YRD
and Shanghai, respectively, in 2015, derived from the age
and cause-specific mortality data provided by the China
CDC (see Table A-7 for details). Analysis of morbidity
related to PM2.5 was limited to total hospital admissions
(from all causes) for Shanghai, Zhejiang, and Jiangsu
provinces because cause-specific hospitalization data
were not available and may therefore overstate the number
of hospitalizations attributable to PM2.5 (National Bureau
of Statistics of China 2019). In 2005–2007, 30% of hospital
admissions in Shanghai were for cardiovascular or respiratory diseases, which have been more strongly associated
with air pollution exposures (Chen et al. 2010).The baseline morbidity rates in 2015 were 17.87 admissions/1,000
people for YRD, and 22.11 admissions/1,000 people for
Shanghai, comparable to rates observed in Hong Kong.

5.0 RESULTS
5.1 BASELINE (2015) EMISSIONS
5.1.1 Ships in the YRD Region

Emissions from all ships in the YRD region (modeling
Domain 3) included in the AIS dataset were 2.2 × 105 metric
tons SO2 (7.4% of SO2 emissions from all sources in the
YRD), 4.8 × 105 metric tons NOx (11.7% of NOx emissions
from all sources in the YRD), and 2.7 × 104 metric tons PM2.5
(1.3% of PM2.5 emissions from all sources in the YRD) in
2015. Comparison of the emissions estimates to those from
similar studies suggests that the estimates in this study are
reasonable, though some differences exist related to different
time periods and spatial coverage among the studies. The
estimates of SO2 and NOx emissions were close to estimates
from 2013 (Fu et al. 2017). However, estimates of SO2, NOx,
and PM2.5 emissions were 22%–45% lower than the estimates of Chen and colleagues for 2014 due to different temporal or spatial scope (Chen et al. 2019) (see also Appendix
B, Table B-1; available on the HEI website). The proportion
of total China SO 2 emissions from shipping occurring
*The core cities of the YRD are Changzhou, Hangzhou, Huzhou, Jiaxing,
Nanjing, Nantong, Ningbo, Shanghai, Shaoxing, Suzhou, Taichou, Taizhou,
Wuxi, Zhenjiang, and Zhoushan (see Figure 4-3).
** The administrative districts of Shanghai are Baoshan, Changning, Chongming, Fengxian, Hongkou, Huangpu, Jiading, Jinshan, Jing’an, Minhang,
Pudong, Qingpu, Songjiang, and Xuhui (see Figure 4-3).
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Figure 4-3. Population density (person/km2) in 2015 within China (Domain 2, left), the YRD (Domain 3, top right), and Shanghai (Domain 4, bottom right).
A total of 16 core cities in the YRD and 16 administrative districts in Shanghai are noted. (Reproduced from Feng et al. 2019; distributed under Creative
Commons Attribution 4.0 License.)

Table 5-1. Primary Emissions, Percent of all Emissions from Ships, and Emission Density from Ships at Different
Distances up to 200 NM from Shore in the YRD Region in 2015 (Data from Feng et al. 2019.)

Emissions within Distances (NM) from Shore
Pollutants

24–48

48–96

96–200

Ship Emissions (thousands of metric tons/yr)
SO2
130
14
360
20
NOx
PM2.5
13
2.4
VOCs
7.9
0.8

25
35
4.5
1.3

32
45
5.4
1.5

13
18
1.5
0.3

214
478
27
11.8

Emission Density (metric tons/yr/km2)
SO2
0.66
1.74
NOx
0.08
PM2.5
VOCs
0.05

0.54
0.86
0.06
0.02

0.49
0.77
0.06
0.01

0.33
0.51
0.04
0.01

0.06
0.08
0.01
0.001

0.41
0.89
0.05
0.02

Percentage of All Ship Emissions (%)
SO2
61
NOx
75
48
PM2.5
VOCs
67

6.5
4.1
9.0
7.0

12
7.4
17
11

15
9.6
20
13

6.1
3.9
5.5
2.6

100
100
100
100

30

<12

12–24

Total
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within the YRD in this study was 31%, consistent with the
33% to 37% range reported in the other studies (Chen et al.
2017, 2019; Liu et al. 2018; Lv et al. 2018).
Spatial analyses of ship emissions in the YRD reinforce
the importance of shipping within 12 NM, including
inland waterways. Between 48% and 75% of air pollutant
emissions occur within 12 NM of shore (Table 5-1),
depending on the pollutant, with over 90% of air pollutants accounted for within 96 NM. Geographical patterns of
SO2 emissions from coastal and inland-water ships are
illustrated in Figure 5-1. These results are different from
those reported by Johansson and colleagues (2017), who
found similar SO 2 /PM 2.5 emissions ratios in different
water areas near the Chinese coast. We suspect several possible reasons for these differences, including that we
accounted for higher proportions of domestic ships using
lower-sulfur fuel closer to the coast whereas the study by
Johansson and colleagues assumed the same fuel sulfur
content for all ships.
When analyzed by months representative of each season,
emissions of all pollutants from ships were the greatest in
summer (June). The fraction of emissions of different pollutants that occurred during summer months ranged from
more than 28% of annual SO2 to about 32% of annual VOC
ship emissions, about 1.09 to 1.54 times higher than other
seasons (Appendix B, Figure B-1). Lv and colleagues (2018)
reported that the seasonal differences in ship emissions in
2013 in China were similar in magnitude.
The spatial distribution of ship emissions also varied seasonally (see Appendix B, Figure B-2 for SO2), with larger

numbers of ships traveling in the international lanes in
spring and summer and more ships traveling between Chinese ports (e.g., between Shanghai port and NingboZhoushan port) in winter. These patterns were consistent
with those of other studies (Fan 2016; Lv et al. 2018). The
spatial and seasonal distributions of ship emissions,
together with seasonal variations in meteorology, contribute
to seasonal differences in air quality across the YRD region.
5.1.2 Individual Ship-Related Sources in Shanghai

In 2015, shipping-related sources in Shanghai (modeling
Domain 4) emitted 4.9 × 104 metric tons of primary SO2, 1.4
× 105 metric tons of NOx, 6.5 × 103 metric tons of PM2.5, and
0.47 × 104 metric tons of VOCs in 2015 (Table 5-2). They
accounted for an estimated 17% of SO2, 29% of NOx, and
5.9% of PM 2.5 emissions from all sources in modeling
Domain 4. Estimates of emissions from ships in Shanghai
from this study can be compared with those from other
studies in the same area (Appendix B, Table B-2). On the
basis of shipping visa data, Fu and colleagues (2012) estimated that annual emissions in the vicinity of Shanghai
port in 2010 were 3.5 × 104 metric tons/year SO2, 4.7 × 104
metric tons/year NO x , and 3.7 × 10 3 metric tons/year
PM2.5, substantially lower than estimates in this study.
However, when they used AIS data from 2013, Fu and colleagues (2017) reported 5 × 104 metric tons of SO2 and 7 ×
104 metric tons of NOx from shipping in the same area as for
the Shanghai city study area (Domain 4), closer to the
results in this study. The results of the more recent study by
Fu and colleagues may be more similar to those from this

Figure 5-1. Spatial pattern of SO2 emissions (metric tons/yr/km2) in 2015 from ships in offshore coastal areas and inland rivers in the YRD region.
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Table 5-2. Primary Emissions and Percentage of All Pollution Sources for Individual Ship-Related Sources in Shanghai
in 2015 (Data from Feng et al. 2019.)

Percentage Contributions from Pollutants
Shipping-Related Source

SO2

NOx

Coastal/international ships

33
16

Container-cargo trucks

0.00

Emissions (thousands of metric tons/yr)
Inland-water shipsa

PM2.5

VOCs

92
29

4.0
1.8

2.7
0.67

18

0.64

1.1

Port terminal equipmentb

0.021

1.8

0.057

0.22

Sum of shipping-related sources

49

141

6.5

4.7

62
28

57
14

Percent (%) Contribution to Emissions from Shipping-Related Sources in Shanghai
Inland-water shipsa
67
66
33
21
Coastal/international ships

Container-cargo trucks

0.00

13

9.8

23

Port terminal equipmentb

0.04

1.3

0.8

4.7

3.6
1.6

0.50
0.10

0.60

0.20

Percent (%) Contribution to Emissions from All Air Pollutant Sources in Shanghai
Inland-water shipsa
11.8
18.7
5.6
5.8
Coastal/international ships

Container-cargo trucks

0.00

3.7

Port terminal equipmentb

0.01

0.36

0.05

0.04

Sum of shipping-related sources

17

29

5.90

0.84

a

Defined as ships operating in both the outer port and in the inner river region of Shanghai Port, which include Yangtze River, Huangpu River and other
river ways in Shanghai (see Figure 4-1).

b

Includes cranes and forklifts used for internal transport.

study because they more completely assessed emissions
from the activity of the larger ships inside and outside of the
port areas as captured by AIS or because they also reflected
an increase in shipping between 2010 and 2015.
Within Shanghai, inland-water ships were the most
important ship-related source of emissions, accounting for
67% of SO2, 66% of NOx, 62% of PM2.5, and 57% of VOC
emissions from all ship-related sources (Table 5-2). They
comprised 11.8% of SO2, 18.7% of NOx, 3.6% of PM2.5, and
0.5% of VOC emissions from all air pollution sources in
Shanghai. Contributions of cargo trucks and port terminal
equipment to primary emissions were small relative to other
shipping-related sources in Shanghai (only 4.1% of NOx
and <1% of SO2, PM2.5, and VOC primary emissions from
both sources together); therefore, they were combined into
one category for air quality model simulations.
The spatial patterns of annual emissions from ship-related
sources in Shanghai are shown in Figure 5-2 for SO2. SO2
emissions from coastal and international ships were more
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prominent on the east–west shipping lanes and in the vicinity of Yangshan port, whereas SO2 emissions from inlandwater ships were concentrated along the Yangtze and Huangpu rivers, which run through the center of Shanghai. SO2
emissions from cargo trucks and terminal equipment were
distributed across the city, with their highest emission density around the Shanghai port cluster (e.g., Yangshan port).
5.2 CONTRIBUTION OF SHIPPING SOURCES TO
AMBIENT AIR QUALITY
5.2.1 YRD Region

Ships contributed on average 0.53 µg/m3 of PM2.5 over
the YRD region (Table 5-3). Within individual grid cells,
annual average contributions of ships ranged from 0.4 to
1.3 µg/m3, or 0.5% to 2.5% of all PM2.5 (Appendix C, Table
C-1, available on the HEI website). Our results are similar
to those of Lv and colleagues (2018) and Chen and colleagues (2019), who also reported small contributions of
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Figure 5-2. Spatial patterns of annual SO2 emissions (metric tons/yr/km2) at 1-km spatial resolution: (A) from inland-water ships and coastal ships in
Shanghai; and (B) from container-cargo trucks and port terminal equipment in Shanghai. The black line in (A) refers to the division line between the
inland water and coastal water for Shanghai (Domain 4 in this study).

Table 5-3. Summary of Annual Average Ambient PM2.5 (µg/m3) Concentrations in 2015

YRD a

Shanghaib

Scenarios

All
Ships

Inland
Ships

Coastal
Ships

Trucks and Port
Machinery

All sources
No ships
Ship contribution

37.98
37.45
0.53

49.45
49.21
0.24

49.45
49.28
0.17

49.45
49.37
0.08

a

PM2.5 estimates from Domain 3 emissions inventory.

b

PM2.5 estimates from Domain 4 emissions inventory. Note that the Shanghai domain did not include emissions from ships outside of the domain, which
contributed a large proportion of Shanghai exposure.

ships to the annual average PM2.5 over the YRD region.
Based on our evaluation of air quality modeling results
from all sources of PM2.5 and SO2 with monitoring data,
these results appear reasonable but are more likely to
underestimate the actual contributions than to overestimate them (Appendix E, Section 2).

Appendix C, Figure C-4). In winter, due to the winter monsoon (prevailing winds flow from land to sea), the impact of
shipping on PM2.5 concentrations in coastal areas was the
lowest, in the range of 0.4 to 2 µg/m3 (1% to 4% of PM2.5
from all pollution sources).

Shipping-related PM2.5 concentrations were higher at
greater distances from the sources than would be expected
based on primary emissions of PM2.5 from ships because of
secondary PM2.5 formed during long-distance transport. In
summer, the prevailing strong monsoon (from sea to the
land) also tends to spread ship-emitted PM 2.5 further
inland. Ship-related PM 2.5 concentrations were in the
range of 1.0 to 4.5 µg/m3 (2% to 17% of PM2.5 from all pollution sources) in highly influenced areas near the Yangtze
River and Shanghai Port during the summer (also see

5.2.1.1 Spatial and Seasonal Trends Although the primary focus of the study was on PM2.5, for the purposes of
completeness we also evaluated the contributions of SO2,
NOx, and O3 from shipping-related sources as well as their
spatial and temporal trends. As for PM2.5, the modeled
contributions of shipping to ambient SO2 and NOx concentrations in 2015 were highest in the vicinity of rivers and
ports where primary emissions from shipping were also
high (Figure 5-3). The impacts of emissions from ships on
SO2 and NOx concentrations in geographical areas farther
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Figure 5-3. Average contribution of ships to ambient SO2 (A and B), PM2.5 (C and D), NOx (E and F), and O3 (G and H) in the YRD in June, July, and August
(summer, A, C, E, and G) and December, January, and February (winter, B, D, F, and H) 2015. Results for all four seasons are shown in Appendix C for SO2
(Figure C-1), PM2.5 (Figure C-4), NOx (Figure C-2), and O3 (Figure C-3). Provinces are outlined in purple.
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from the high-intensity shipping areas were very small
(e.g., contribution of less than 0.1 µ g/m 3 SO2 ). Spatial
trends in O3 were the inverse of the trends in these other
pollutants, with levels lowest near the emissions sources,
likely because of titration by NOx.
Variation in meteorological conditions resulted in seasonal differences in the impacts of ship emissions on air
pollutant concentrations in the YRD region (Figure 5-3).
For example, ships contributed 2–6 µg/m3 SO2 (20%–50%
of all ambient SO 2 ) near Shanghai Port and NingboZhoushan Port in summer, but only around 1–2 µg/m3 SO2
(5% to 20% of all ambient SO2) in winter (Figure 5-3 and
Appendix C Figure C-1). Seasonal trends in contributions
of ships to NOx concentrations in the YRD were similar
(Appendix C Figure C-2). Although ships increased O3 at
some locations in the northern and southern YRD areas in
summer 2015 (0.1 to 3 ppb), shipping decreased average
O3 concentrations across the YRD region in winter 2015
(range from −3 to −0.1 ppb in individual 9-km grid cells)
(see also Appendix C Figure C-3).
The impacts of these spatial and temporal trends can be
viewed in more detail by comparison of the impacts of
ship emissions on seasonal average concentrations of shiprelated air pollutants in 16 government-designated core
YRD cities (Appendix C Figures C-5 to C-8). For example,
the average contribution of ship-related SO2 in core YRD
cities was higher in summer (0.1 to 2.7 µg/m3) and spring
(0.2 to 2.6 µg/m3), followed by autumn (0.2 to 1.8 µg/m3),
and lowest in winter (0.1 to 1.2 µg/m3) (Appendix C Figure
C-5). Ship contributions to SO2 were highest in the two
biggest ports in the YRD, Zhoushan and Shanghai. In
Zhoushan, which is located close to the sea and to NingboZhoushan port, ship contributions to SO2 were elevated in
all four seasons, ranging from 1.2 µ g/m 3 in winter to
2.6 µ g/m 3 in summer. For Shanghai, located close to
Shanghai port and the Yangtze River, ship contributions to
seasonal average SO2 were similar, ranging from 1.0 µg/m3
in winter to 2.5 µg/m3 in summer. In most cities, the influence of shipping on ambient SO 2 concentrations was
highest in spring or summer. However, several cities south
of the Yangtze River were impacted more strongly in
autumn (e.g., Jiaxing [0.7 µg/m3], Shaoxing [0.5 µg/m3],
and Huzhou [0.4 µg/m3]) than in other seasons, possibly
due to the prevailing northeastern wind in autumn that
could transport more ship-emitted SO2.
5.2.1.2 Impacts of Emissions at Different Distances from
Shore on Air Quality January and June were chosen to
study the impact on ambient air pollutant concentrations
of emissions from ships at different distances offshore
because these two months were expected to reflect the

lowest (January) and highest (June) impacts. We focused
this part of the analysis on PM 2.5 given its impact on
health and on SO2 as a marker of primary ship emissions.
In both months, the ships closest to shore had the largest
impacts on ambient SO2 and PM2.5 concentrations in the
YRD (Appendix C Figure C-9). Ships within 12 NM of
shore (including inland waters) contributed on average
0.24 µg/m3 to the ambient PM2.5 concentrations in January
2015 and 0.56 µg/m3 to ambient PM2.5 concentrations in
June 2015 (Appendix C Table C-2). Peak contributions
from these ships were 1.62 µg/m3 PM2.5 in January 2015
and 4.02 µg/m3 PM2.5 in June 2015. Relative to all ships
within 200 NM of shore in the YRD, they accounted for
30% of ambient SO2 and PM2.5 in January 2015 and 85%
of ambient SO 2 and PM 2.5 in June 2015 (Appendix C
Figure C-10). Ships beyond 12 NM had smaller impacts,
but could be important (e.g., ships from 24–48 NM from
shore contributed a maximum of 0.11 µg/m3 PM2.5 in January 2015 and 0.34 µ g/m 3 PM 2.5 in June 2015). These
results are similar to those of Lv and colleagues (2018) who
reported that emissions from ships within 12 NM of shore
contributed 30% to 90% of the PM2.5 related to ship emissions within 200 NM of shore.
As expected, trends in ship contributions to SO2 were
similar to trends in ship contributions to PM2.5; however,
emissions of SO2 from ships beyond 12 NM had a smaller
relative impact on ambient SO2 than emissions had on
PM2.5 (Appendix C Table C-2 and Figure C-5). We previously published a detailed analysis of the ship emissions
at different distances offshore in the YRD region and their
associated contributions to SO2 and PM2.5 in January and
June 2015 (Feng et al. 2019).
5.2.2 Shanghai

Shipping-related sources contributed annual average
PM 2.5 concentrations in Shanghai of 0.24 µ g/m 3 from
inland-water shipping, 0.17 µg/m3 PM2.5 from coastal and
international shipping, and 0.08 µg/m3 PM2.5 from trucks
and port machinery (Table 5-3). Maximum contributions of
shipping-related sources to ambient PM2.5 at individual
1 km × 1 km grid cells in Shanghai were 2.20 µg/m3 for
inland-water ships, 1.05 µ g/m 3 for coastal ships, and
1.75 µ g/m3 for trucks and port machinery. Within individual 1 × 1 km grid cells, annual average contributions of
ships ranged from 1.0–2.5 µg/m3 PM2.5 (Appendix C Table
C-1). These contributions are slightly smaller than those
reported by Lv and colleagues (2018), who used larger grid
cells for the Shanghai modeling domain.
Contributions to ambient air pollutant concentrations
varied in space and time for different shipping-related
sources. The impact of coastal ships on PM2.5 (Figure 5-4),
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Figure 5-4. Contributions to PM2.5 concentrations (µg/m3) from inland-water ships (A–D), coastal ships (E–H), and container-cargo trucks and port terminal equipment (I–L) in spring (A, E, I), summer (B, F, J), autumn (C, G, K), and winter (D, H, L) in Shanghai in 2015.

SO2 (Appendix C, Figure C-11), NOx (Appendix C, Figure
C-12), and O3 (Appendix C, Figure C-13) concentrations
were highest in the east of Shanghai, close to the East
China Sea, whereas inland-water ships most strongly
impacted concentrations of these pollutants in the vicinity
of Yangtze River and Huangpu River. Container-cargo
trucks running primarily on China V motor diesel fuel (50
ppm sulfur) emitted almost no SO 2 and SO2 emissions
from port terminal equipment were much lower than from
the other two shipping-related sources. Therefore, container-cargo trucks and port terminal equipment had little
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impact on SO2 concentrations, with seasonal average contributions less than 0.01 µg/m3 and peak contributions less
than 0.6 µg/m3. The impact of container-cargo trucks and
port terminal equipment on PM 2.5 concentrations was
higher in the vicinity of Shanghai port and transportation
routes (e.g., the inner-, middle-, and outer-ring highways)
than in other parts of the city.
The average contribution of inland-water ships to
ambient PM2.5 concentrations in individual grid cells was
higher in June (average: 0.4 µg/m3, maximum: 3.0 µg/m3)
than in January (average: 0.2 µg/m3, maximum: 1.8 µg/m3)

Y. Zhang et al.

(Figure 5-4). Similarly, the average contribution of coastal
ships to ambient PM2.5 concentrations was also higher in
June (average: 0.3 µg/m3, maximum: 0.9 µg/m3) than in
January (average: 0.02 µg/m3, maximum: 0.1 µg/m3). Due
to shifting wind directions, the location of the greatest
impact from coastal ships shifted seasonally from eastern
Shanghai in summer towards the south of Shanghai in
autumn. In winter, the impact was the lowest because the
direction of the prevailing winds from the winter monsoon
is from land to sea. Unlike for ships, the impact of containercargo trucks and port terminal equipment on PM2.5 concentrations were higher in January (average: 0.15 µg/m3, maximum: 2.2 µ g/m 3 ) than in June (average: 0.11 µ g/m 3 ,
maximum: 1.4 µg/m3) because the lower wind speed in
winter hindered dispersion and the strong summer wind
quickly dispersed pollutants emitted within the city.

5.3 POPULATION-WEIGHTED PM2.5
CONCENTRATIONS
5.3.1 YRD Region

Over the entire YRD region, shipping contributed 0.93
µg/m3 of population-weighted PM2.5, which accounted for
1.9% of all ambient PM2.5 (Table 5-4). Exposures to emissions from ships were highest in the coastal cities and in
Shanghai in particular.
Annual population-weighted PM2.5 concentrations from
shipping sources in individual core cities of the YRD
region were on average 0.93 µg/m3 (range: 0.5 µg/m3 to
2.5 µg/m3) (Figure 5-5), accounting for 1% to 6% of population-weighted PM2.5 concentrations from all pollution
sources. Annual average population-weighted PM 2.5

Table 5-4. Summary of Population-Weighted Exposures to PM2.5 (µg/m3) in 2015

YRDa
Scenarios

All
Ships

Shanghaib
Inland
Ships

Coastal
Ships

Trucks and Port
Machinery

All sources

48.52

62.33

62.33

62.33

No ships

47.59

61.85

62.15

62.18

Ship contribution

0.93

0.48

0.18

0.15

Ship contribution relative to
all sources (%)

1.9

0.77

0.29

0.24

a

PM2.5 estimates from Domain 3 emission inventory.

b

PM2.5 estimates from Domain 4 emission inventory. Note that the Shanghai domain did not include emissions from ship emissions from outside of the
domain, which contributed a large proportion of Shanghai exposure.

Figure 5-5. Annual population-weighted PM2.5 concentrations (µg/m3) in core YRD cities: (A) from all air pollution sources and (B) from ships.
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concentrations from all pollution sources in the core YRD
cities ranged from 21.3 µg/m3 to 67.0 µg/m3 (Figure 5-5). Of
the 16 core YRD cities, the highest population-weighted
annual average PM2.5 concentrations contributed by ships
were found for Shanghai (2.5 µg/m3), 1.3 times higher than
the second-highest city Taichou (1.9 µg/m3). The four cities
in the YRD with the largest contributions of populationweighted PM2.5 from shipping sources were all coastal
cities, which suggests that people living in coastal regions
have higher exposures to air pollution from shippingrelated sources than people living in farther inland.
Among the 16 core YRD cities, ships within 12 NM of
shore (including on inland waters) contributed from about
53% to 83% of the population-weighted PM2.5 concentrations from all ships within 200 NM of shore (Appendix C,
Figure C-14). The population-weighted PM2.5 concentrations resulting from more distant ships were lower than
those from ships within 12 NM from shore (including
inland-water ships). Ships 12–24 NM from shore
accounted for 2.5% to 6.6% of population-weighted PM2.5,
ships 24–48 NM from shore accounted for 6.8% to 11.5%,
and ships 48–96 NM from shore accounted for 6.3% to
31.6%. The contributions of ships 24–48 NM and 48–96
NM from shore were greater than the contributions from
ships 12–24 NM from shore because they contained the
busier shipping lanes. Therefore, although ships within
12 NM of shore were the dominant contributor to potential
population exposure to PM2.5, emissions from ships as far
as 24–96 NM from shore cannot be ignored.
5.3.2 Shanghai

Population-weighted PM2.5 concentrations from shiprelated sources in Shanghai were generally larger than the
average PM2.5 concentrations because the population was
denser in the areas with the highest shipping and container-cargo truck activity. The relative contributions were
similar for ambient and population-weighted PM2.5 concentrations; inland-water ships were also the largest shipping-related contributors to population-weighted PM2.5
(Figure 5-6). The annual average contributions of shippingrelated sources to population-weighted PM2.5 exposures
(as estimated from the average of four representative
months) were 0.48 µg/m3 for inland-water ships, 0.18 µg/m3
for coastal ships, and 0.15 µ g/m 3 for trucks and port
machinery (Table 5-4). In seasonal analyses, population–
weighted PM2.5 from shipping-related sources was lower in
January than in June, while population-weighted PM2.5
from container-cargo trucks and port terminal equipment
was slightly higher in January. (Appendix C, Figure C-15).
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Figure 5-6. Contribution of (A) inland shipping, (B) coastal shipping, and
(C) diesel cargo trucks and port machinery to population-weighted PM2.5
in Shanghai in the baseline year 2015.

Y. Zhang et al.

Population-weighted PM2.5 concentrations were not
evenly distributed across Shanghai (Appendix C, Figure C16). Areas in the Shanghai city center had higher populationweighted PM2.5 from inland-water ships because of the
combination of dense population and location close to
Huangpu River. Among city-center administrative districts,
Baoshan and Yangpu had the highest population-weighted
PM2.5 concentrations from inland-water ships (both around
1.31 µg/m3) in June. Similarly, the coastal district (Fengxian) had the highest population-weighted PM 2.5 from
coastal ships (0.17 µg/m3 to 0.40 µg/m3). As for populationweighted PM2.5 from container-cargo trucks and port terminal equipment, the administrative region next to Shanghai
Port (Baoshan) had the highest population-weighted PM2.5
in both January (0.4 µg/m3) and June (0.45 µg/m3) due to its
high population and location close to the source.
5.4 BASELINE (2015) HEALTH IMPACTS OF PM2.5
FROM SHIPPING-RELATED SOURCES
5.4.1 YRD Region
5.4.1.1 Impacts of Long-Term Exposure Using the IERs
from the Global Burden of Disease project, we estimated
that ship emissions contributed to a total of about 3,640

premature deaths attributable to long-term exposure to
PM2.5 in the YRD region in 2015. This reflects the sum of
deaths from stroke (750), COPD (1,450), IHD (550), and
lung cancer (840) (Table 5-5).
The spatial patterns in these impacts reflect the patterns
in population-weighted PM 2.5 concentrations. Health
impacts associated with PM2.5 from ships were the largest
in coastal cities, with the highest number of deaths in
Shanghai (Appendix D, Figure D-11 and Table D-2, available on the HEI website). The highest mortalities associated with PM2.5 from ship emissions in a single 9-km grid
cell were estimated to be 21 deaths from stroke, 42 from
COPD, 17 from IHD, and 30 from lung cancer (Appendix D
Figure D-1).
These estimated health impacts of PM2.5 from ships in
the YRD in 2015 are consistent with previous reports from
similar studies of ship emissions. For instance, a global
analysis of ship emissions estimated a sum of 20,300
avoided deaths from cardiopulmonary diseases and 2,200
from lung cancer in East Asia in 2012 (Winebrake et al.
2009). Another global assessment of mortality from ship
emissions estimated 3,860 deaths from all causes, 3,490
deaths from cardiopulmonary causes, and 370 deaths from
lung cancer to be associated with ship-driven PM in East
Asia in 2012 (Corbett et al. 2007). Differences among the

Table 5-5. Mortality and Hospital Admissions Associated with Long-Term and Short-Term Exposure to PM2.5
from Ship Emissions in the YRD Region in 2015

Endpoint

Mean (95% CI)

Long-Term Exposure: Mortality
Sum of cause-specific mortality a

3,600 (2,400–6,900)

Stroke
COPD

750 (230–1,300)
1,450 (670–220)

IHD

550 (140–960)

Lung cancer

840 (630–1,100)

Short-Term Exposure: Mortality
All-natural cause

1,100 (750–1,400)

Cardiovascular

73 (49–97)

Respiratory

42 (23–59)

Short-Term Exposure: Hospital Admissions (total)

270,000 (107,000–440,000)

Abbreviations: CI = confidence interval; COPD = chronic obstructive pulmonary disease; IHD = ischemic heart disease; stroke =
cerebrovascular disease.
a

The sum of cause-specific mortality from long-term exposures to PM2.5 is the sum of mortality from stroke, COPD, IHD, and lung cancer. In
the absence of a reliable concentration–response function for all-natural-cause mortality associated with PM2.5, this estimate is provided for
comparison with the estimates of mortality from short-term exposure to PM2.5.
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studies can be attributed to variation in time period, emissions data and methods, as well as assumptions about the
exposure–response relationships used to estimate health
impacts.
Our analyses of the mortality impacts using the alternative GEMM functions proposed by Burnett and colleagues
(2018) found that the estimates were highly sensitive to
this choice (Appendix E, Table E-2). The first analysis used
the GEMM function that incorporates data from a major
Chinese cohort study; it projected over 20,000 excess
deaths from all causes attributable to ship-related PM2.5
exposures in the YRD region. This estimate is nearly six
times larger than the estimate for the four causes of death
in the main analysis using the GBD IERs, reflecting a
number of factors, among them that the GEMM estimate of
total mortality captures a broader set of PM2.5 effects on
health. Estimates for individual causes of death using the
GEMM functions ranged from 1.5 times (COPD) to about 7
times (IHD) the estimates for the main analysis. Additional
sensitivity analyses using GEMM functions that exclude the
Chinese cohort study led to somewhat smaller health impact
estimates, but they were still substantially greater than those
in the main analysis with the IERs (Appendix E, Table E-2).
Although the estimates using the GEMM concentration–
response functions were much higher than the estimates
using the IERs, it is important to note that these functions
apply to PM2.5 from all sources. So, although the estimates of
mortality associated with long-term exposure to PM2.5 are
larger for the GEMMs, this does not impact the relative
ranking of PM2.5 sources and the percentage contributions of
ships and other shipping-related sources to health impacts.
5.4.1.2 Impacts of Short-Term Exposure We estimated
that short-term exposure to PM2.5 from ship emissions in
the YRD region in 2015 was associated with about 1,100
deaths from all natural causes, 73 deaths from cardiovascular disease, and 42 deaths from respiratory causes (Table
5-5). In addition, we estimated that short-term exposures
to shipping-related PM 2.5 contributed to an additional
270,000 hospital admissions in 2015 from all causes. Most
of those deaths and hospital admissions were in highly
populated coastal areas (Appendix D, Figures D-3 and
D-12). Numbers of hospital admissions generally greatly
exceeded numbers of deaths in a given year, so the numbers of hospital admissions attributed to PM2.5 were also
higher (Tian et al. 2019).
5.4.2 Shanghai
5.4.2.1 Impacts of Long-Term Exposure We estimated
that in Shanghai long-term exposure to PM2.5 from inland
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shipping contributed about 21 deaths from stroke, 57 from
COPD, 25 from IHD, and 35 from lung cancer in 2015
(Table 5-6). These impacts were higher than those estimated for mortality associated with long-term exposures to
PM2.5 from coastal and international shipping as well as
from container-cargo trucks and port machinery.
In Shanghai, the health impacts attributed to long-term
exposures to shipping-related PM2.5 were mainly focused in
central Shanghai, which has the highest population density
(Appendix D, Figures D-4, D-5, and D-6). For example, the
impacts of inland shipping were larger nearer the Huangpu
River and the Yangtze River (Appendix D, Figure D-4),
whereas the impacts of coastal and international ships were
larger along the shore of the Pudong District (Appendix D,
Figure D-5). Impacts from container-cargo trucks occurred
close to population centers and the ring roads (Appendix
D, Figure D-6). As for the YRD sensitivity analysis, the estimated mortality associated with long-term exposures to
ship-related PM2.5 in Shanghai was also higher when applying the GEMM response functions (Appendix E, Table E-3).
Note that the source-specific analyses in Shanghai only
include local shipping-related sources (i.e., those within
modeling Domain 4 and reported in Table 5-6) and do not
represent the impact of all shipping on Shanghai. The total
impact of ships on Shanghai is better represented by
extracting results from the YRD results in modeling
Domain 3 (i.e., those presented in Table 5-5). When doing
so, we estimate that 1,100 deaths associated with
long-term exposure to PM2.5 from ships within the YRD
region (Domain 3) — about one-third of all mortality —
would have occurred within the Shanghai modeling
domain (Domain 4) (Appendix D, Table D-1), as would be
expected given that Shanghai accounts for a large proportion of the region’s population.
5.4.2.2 Impacts of Short-Term Exposure I n S h a n g h a i,
the total numbers of deaths attributable to short-term exposures to PM2.5 from shipping-related sources were about
46 deaths for inland-water ships, 17 for coastal ships, and
10 from diesel cargo trucks and port machinery within the
city boundaries in 2015 (Table 5-6). The corresponding
estimates of numbers of hospital admissions were about
160,000 (95% CI; 6,300, 26,000) for inland shipping; 6,000
(95% CI; 2,400, 9,600) for coastal shipping; and 5,100
(95% CI; 2,000, 8,200) for trucks and port machinery
(Table 5-6). Note that these estimates are based on impacts
of shipping-related PM2.5 within Shanghai (Domain 4) and
thus do not reflect emissions from the broader YRD region
(Appendix D, Figure D-9).

56 (26–85)

46 (21–70)

Coastal and
international
ships

Diesel cargo
trucks and
port
machinery
6.9 (1.8–12)

8.6 (2.4–15)

21 (5.5–36)

Stroke

10 (2.7–17)

23 (7.0–39)

IHD

19 (8.2–30) 7.8 (2.3–13)

23 (10–36)

57 (24–89)

COPD

12 (9.1–15)

14 (11–17)

35 (27–42)

Lung
Cancer
Respiratory

0.8 (0.5–1.1) 0.6 (0.3–0.9)

2.1 (1.4–2.9) 1.6 (0.9–2.3)

Cardiovascular

10 (7.2–13) 0.6 (0.4–0.7) 0.4 (0.2–0.6)

17 (12–22)

46 (32–59)

All-Natural
Cause

Short-Term Exposure Mortality
Mean (95% CI)

a

5,100 (2,000–8,200)

6,000 (2,400–9,600)

16,000 (6,300–26,000)

Short-term
Exposure
Hospital
Admissions

The sum of cause-specific mortality is the sum of mortality from stroke, COPD, IHD, and lung cancer associated with long-term exposure to PM2.5. In the absence of a reliable integrated exposure
response function for all-natural-cause mortality associated with PM2.5, this estimate is provided for comparison with mortality from short-term exposure to PM2.5.

Abbreviations: CI = confidence interval; COPD = chronic obstructive pulmonary disease; IHD = ischemic heart disease; stroke = cerebrovascular disease.

136 (64–210)

Sum of CauseSpecific
Mortalitya

Inland ships

ShipRelated
Source

Long-Term Exposure Mortality
Mean (95% CI)

Table 5-6. Summary of Cause-Specific Mortality and Total Hospital Admissions Associated with Long-Term and Short-Term PM2.5 Exposure Due to
Ship-Related Emissions in Shanghai in 2015

Y. Zhang et al.
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5.5 FUTURE (2030) EMISSIONS IN THE YRD REGION
5.5.1 Projection of Ship Traffic Activities to 2030

Regional GDP growth was highly influenced by import
and export trade and therefore annual ship traffic activities
and GDP in the YRD region had similar annual trends in
the years 2013–2017 (Pearson’s r = 0.96; Figure 5-7). Over
this period, the regional GDP increased from 10,198.9 billion yuan to 16,517.1 billion yuan and total ship traffic
activity in the YRD increased from 5.1 × 1010 kWh to 1.4 ×
1011 kWh (National Bureau of Statistics of China 2019).
Assuming the economy of China continues to develop as
expected, the YRD region GDP is projected to increase to
20,000 billion yuan and the total ship traffic activity in
this region is projected to increase to 1.9 × 1011 kWh.

Figure 5-7. Ship traffic activities and GDP trends in YRD region from
2013 to 2017. Actual values are shown for 2013–2017 (solid lines) and
projected values are shown for 2030 (dashed lines). See Appendix F, Table
F-1 for values in this figure.

Increases in annual ship traffic activities in the YRD region
from 2013 to 2017 occurred mainly in the highest-traffic
areas on the Yangtze River and in the coastal areas of the
East China Sea (Appendix F, Figure F-1). At present, more
than 90% of China's import and export trade is completed
by maritime transport, and inland rivers are important
channels for collecting and distributing cargo. Projections
assumed that existing trends will increase so that ship
traffic activities in 2030 will also be high at the mouth of
the Yangtze River and in the East China Sea.
5.5.2 Ship Emissions Under Three Future Policy
Scenarios

Ship traffic activities were combined with emission
factor assumptions to obtain a shipping emissions inventory
for the YRD region under the current, stricter, and aspirational policies described in Table 4-1. Compared with
2015, SO2 emissions in 2030 were expected to decrease by
73.1% in the current policy scenario, 77.9% in the stricter
policy scenario, and 90.8% in the aspirational policy scenario, respectively (Figure 5-8). PM2.5 emissions would be
expected to decrease by similar proportions: 72.8% in the
current policy scenario, 77.8% in the stricter policy scenario, and 90.3% in the aspirational policy scenario. These
proportional relationships between PM2.5 emission factors
and fuel sulfur content are consistent with the results presented in the Third IMO Greenhouse Gas Study (see Figure
74 of IMO Marine Environment Protection Committee
2014). In the same period in the YRD, NOx emissions were
projected to decrease by 13.4% in the current policy scenario, 37.3% in the stricter policy scenario, and 67.9% in
the aspirational policy scenario, less than the decreases in
SO2 and PM2.5. NOx emissions are not expected to decline
as rapidly as SO2 and PM2.5 emissions because the NOx
adjustment factor depends on the engine and technology
standards in place at the time of manufacture and applies
only to new vessels, while the fuel sulfur requirements

Figure 5-8. Ship emissions estimated in the YRD region in 2015 and projected under three policy scenarios in 2030. See Appendix F, Table F-2 for values
in this figure.
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apply to all vessels. Due to the long service life of oceangoing ships (25 years on average), the full impact of the NOx
requirement will take decades to realize as new vessels are
introduced and old ones are retired.
The effectiveness of policies in reducing emissions of the
different pollutants is expected to vary spatially and by pollutant. The current policy scenario covers the same spatial extent of controls as was covered in the baseline 2015 scenarios,
so the spatial distribution emissions mainly reflects changes
in global fuel sulfur content and improved controls of emissions in inland waters (Figure 5-9). Controls under the stricter
policies also will only extend out to 12 NM from shore, but
the emissions of SO2, NOx, and PM2.5 would all decrease near
the coast relative to the current policy scenario. The projected
emissions reductions for the aspirational policy scenario
were larger than those for the current policy scenario and the
stricter policy scenario because only the aspirational policies
extend the control areas out to 100 NM from shore.

5.5.3 Projected PM2.5 Concentrations in 2030

Ambient PM2.5 concentrations contributed by all sources
in 2030 were estimated to be 26.24 µg/m3 to 26.38 µg/m3 for
the future policy scenarios (Table 5-7). The ambient concentrations of PM2.5 for future scenarios were similar with and
without shipping sources because shipping contributed a
small fraction of the total concentrations. The projected
contributions of ship emissions to annual average ambient
PM2.5 were 0.25 µg/m3 (0.95% of all sources) in the current
policy scenario, 0.18 µg/m3 (0.68% of all sources) in the
stricter policy scenario, and 0.11 µ g/m 3 (0.42% of all
sources and almost one-half of the ship impact under the
current policy scenario) in the aspirational policy scenario
(Table 5-7). The corresponding contributions of ship
emissions to annual average ambient SO2 concentrations
were 0.37 µg/m3 (2.3% of all sources) for the current policy
scenario, 0.33 µg/m3 (2.1% of all sources) for the stricter
policy scenario, and 0.23 µg/m3 (1.8% of all sources) for
the aspirational policy scenario.

Figure 5-9. Spatial distribution of SO2 (a–c), NOx (d–f), and PM2.5 (g–i) emissions from ships in 2030 under current policy (S1), stricter policy (S2), and
aspirational policy (S3) scenarios. The units are metric tons per 9-km2 grid cell.
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All three future scenarios projected lower PM2.5, NOx,
and SO2 concentrations from ship emissions in 2030 than
in 2015 (Figure 5-10). Between 2015 and 2030, ambient
PM2.5 concentrations were projected to decrease by 62%
in the current policy scenario, 68% in the stricter policy
scenario, and 83% in the aspirational policy scenario.
Compared to 2015, the contribution of ships to ambient
SO2 concentrations was projected to decrease by 48% in
the current policy scenario, 54% in the stricter policy scenario, and 68% in the aspirational policy scenario, mainly
because of reductions in SO 2 emissions. The relative

reductions in PM2.5 concentrations were much higher than
those for SO2 concentrations and NOx concentrations in
the three scenarios because the emissions of both
precursor gases (SO 2 and NO x ) and primary particles
decreased significantly.
The contributions of ships to both ambient air pollutant
concentrations and reductions in air pollutant contributions
from ships were highest in the areas with the greatest ship
impacts, with similar relative contributions to those in
2015. The largest reduction in ambient PM2.5 concentrations in a single grid cell was more than 3.3 µg/m3 PM2.5

Table 5-7. Summary of Ambient Concentrations of PM2.5 and Population-Weighted Exposure to PM2.5 (µg/m3) in the
YRD Region in 2030 Under Future Policy Scenarios

Policy Scenario
Category /
Scenarios

Current

Stricter

Aspirational

Ambient PM2.5 Concentration
All sources
No ships
Ship contribution
Ship contribution relative to all sources (%)

26.38
26.13
0.25
0.95

26.31
26.13
0.18
0.68

26.24
26.13
0.11
0.42

Population-Weighted PM2.5 Exposure
All sources
No ships
Ship contribution
Ship contribution relative to all sources (%)

32.33
31.98
0.36
1.10

32.23
31.98
0.26
0.81

32.13
31.98
0.16
0.50

Figure 5-10. Ship contributions to ambient SO2, NOx, and PM2.5 concentrations in 2015 and in 2030 under current, stricter, and aspirational future policy
scenarios.
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near Shanghai Port in the aspirational policy scenario
(Figure 5-11). The decreases in ambient PM2.5 concentrations related to ship emissions were generally consistent
with PM2.5 source apportionment and its sensitivity to
different emission controls on PM2.5 reduction in the YRD
region (Li et al. 2018b). As for 2015, PM2.5 was transported

more regionally than SO2 (Appendix F, Figure F-2) and
NOx (Appendix F, Figure F-3), which closely followed the
spatial distribution of ship traffic activity.
The spatial patterns of ship contributions to PM2.5 concentrations in 16 core YRD cities in the three 2030
scenarios were similar to that in 2015 (Appendix F, Figure

Figure 5-11. Comparisons of the impact of the three future policy scenarios on reductions in ship emissions contributions to PM2.5 concentrations (µg/m3)
in the YRD region between 2015 and 2030 (top row), to the annual mean PM2.5 concentrations in the YRD region in 2030 (middle row), and as a percentage
(%) contributions total emissions in the YRD region in 2030 (bottom row).
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F-6). For example, of the 16 core YRD cities, Shanghai had
the highest ship contribution to ambient PM2.5 concentrations (0.31 µg/m3 in the aspirational policy scenario to
0.57 µ g/m3 in the current policy scenario) because it is
close to the Yangtze River and East China Sea. The greatest
impacts were predicted near the Shanghai Port, where
ships contributed up to 1.1 µ g/m 3 (3.2% of the total)
ambient PM2.5 in the grid cell with the highest ship contribution to PM2.5 under the current policy scenario (compared with 3.6 µ g/m3 PM2.5 [8.0%] in the same area in
2015). The cities with the second-highest ship contributions to PM2.5 were not the same for all scenarios because
the spatial extent and control policies were different. The
lowest contributions of ship emissions to ambient PM2.5
concentrations were predicted in Shaoxing for the current
policy scenario and the stricter policy scenario and in
Hangzhou for the aspirational policy scenario.
Similar to the results for 2015, the core YRD city with the
highest contributions of ship emissions to ambient SO2 and
NO x concentrations in all three 2030 scenarios was
Zhoushan (e.g., 0.89 µg/m3 SO2 in the current policy scenario to 0.48 µg/m3 SO2 in the aspirational policy scenario)
which is located close to shipping lanes. Shanghai had the
second-highest shipping contributions to SO 2 and NOx
concentrations (e.g., 0.65 µg/m3 SO2 in the current policy
scenario to 0.42 µg/m3 SO2 in the aspirational policy scenario) (Appendix F, Figure F-4 and Figure F-5). This
finding differs from the 2015 simulations where Shanghai

had higher NOx and lower SO2 than Zhoushan. Differences
in the projected reductions in pollutant concentrations in
different cities could be attributed to uneven spatial distribution of the reduction of air pollutant emissions.
5.5.4 Population-Weighted PM2.5 Concentrations in 2030

The projected population-weighted PM2.5 contributions
from shipping ranged from 0.16 µg/m3 to 0.36 µg/m3 in the
YRD region (Table 5-7). These contributions were only
0.5% to 1.1% of the population-weighted exposure levels
of PM2.5 from all sources under the three future policy scenarios. The fraction of ambient PM2.5 contributed by ships
is projected to decrease between 2015 and 2030; these projections of the fraction of PM2.5 from ships relative to all
sources are only one-quarter to one-half of the populationweighted PM2.5 concentrations in 2015 (Table 5-4).
5.5.5 Projected (2030) Health Impacts

We projected that in 2030 long-term exposure to PM2.5
from ships would contribute around 830 (aspirational
policy scenario) to 1,800 (current policy scenario) deaths
in the YRD region from the combination of stroke, COPD,
IHD, and lung cancer (Table 5-8). These projected impacts
on mortality are less than half as large as the impacts in
2015 (Table 5-6) and reflect the combination of cleaner
fuels and better control technologies in the future scenarios. Similarly, short-term exposure to PM2.5 from ship
emissions would contribute to a total of 190 to 430 deaths

Table 5-8. Health Impacts of Long-Term and Short-Term Exposure to PM2.5 from Ships in the YRD Region in 2030
Under Alternative Control Scenarios

Policy Scenario
Type of Exposure and Health
Outcome /Health Endpoint

Current

Long-Term Exposure — Mortality: Mean (95% CI)
Sum of individual causesa
1,800 (1,200–3,400)
Stroke
370 (210–760)
COPD
750 (480–1,400)
IHD
280 (190–730)
Lung cancer
410 (280–540)
Short-Term Exposure — Mortality: Mean (95% CI)
All-cause
420 (300–550)
Cardiovascular
29 (19–39)
Respiratory
17 (9.4–24)

Stricter

Aspirational

1,400 (880–2,600)
290 (160–580)
570 (360–1,000)
220 (150–560)
310 (210–410)

830 (530–1,500)
170 (98–350)
340 (220–610)
130 (90–340)
180 (120–250)

320 (220–410)
20 (14–29)
12 (7–18)

190 (130–240)
13 (8.5–17)
7.3 (4.1–10.3)

Abbreviations: CI = confidence interval; COPD = chronic obstructive pulmonary disease; IHD = ischemic heart disease; stroke = cerebrovascular disease.
a

The sum of cause-specific mortality is the sum of mortality from stroke, COPD, IHD, and lung cancer associated with long-term exposure to PM2.5. In
the absence of a reliable integrated exposure–response function for all-natural-cause mortality associated with PM2.5, this estimate is provided for
comparison with mortality from short-term exposure to PM2.5.
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from all causes. The spatial distributions of these health
impacts are similar to those of population-weighted concentrations and maps of the impacts of long-term (Figure
F-7 to Figure F-9) and short-term (Figure F-10 to Figure F12) exposures to PM2.5 from ships in the YRD region are
shown in Appendix F.

6.0 DISCUSSION
Over the last 20 to 30 years, scientists have become
increasingly interested in the potential contributions of
the global shipping industry to changes in climate, air
quality, and health. From early studies of broad global
emissions (e.g., Corbett and Fischbeck 1997), there has
been steady growth in the number of studies around the
world that examine emissions, air quality, and health
impacts of shipping at more regional and local scales. A
number of these studies are in the region of East Asia and,
more particularly, in China, which is home to 10 of the
largest ports in the world and where air pollution levels
have been among the highest in the world. To date, most of
these studies have focused on emissions and impacts on
air quality, and to a lesser extent on health. Few have estimated impacts at a finer local scale within cities.
This study aimed to build on previous work, providing a
more detailed analysis of the impacts of shipping and
related activities on air quality and health in both the
broader YRD region and, more specifically within
Shanghai, by using both existing and newly developed
emissions inventories. The study evaluated these impacts
for a baseline year set at 2015, which was prior to the
implementation of China’s first domestic emissions control areas, and for a future year, 2030, under three alternative scenarios with increasingly strict future emissions
control policies.
6.1 HEALTH IMPACTS OF SHIPPING AND RELATED
EMISSIONS
6.1.1 Baseline (2015) Health Impacts in the YRD Region

Our study finds that emissions from shipping contribute
meaningfully to the burden of disease from exposure to
PM2.5 in the YRD and in Shanghai. We estimated that in
2015 there were about 3,640 premature deaths from stroke,
COPD, IHD, and lung cancer attributable to long-term
exposures to air pollution from ship emissions in the YRD
region (Table 5-5). Short-term daily exposures were also
estimated to contribute to about 1,000 additional deaths
but also to over 270,000 additional hospital admissions
(Table 5-5). When considering shipping-related emissions

within the YRD modeling domain, the contribution of
short-term exposures to PM2.5 inside of the Shanghai city
domain was about 1,100 premature deaths of which about
240 are attributable to air pollution from ships, cargo transport, and in-port machinery from within the smaller port
domain. Approximately 73 additional deaths and 16,000
hospital admissions were attributable to short-term exposures to PM 2.5 from all shipping sources within the
Shanghai port domain. The largest impacts were from
international ships traveling on inland waterways, with
additional contributions from coastal ships, containercargo trucks, and in-port machinery.
In providing detailed results for the YRD and Shanghai,
this study adds to the global, regional, and more local Chinese evidence on the impacts of shipping on population
health from long-term exposures to air pollution (Figure 6-1).
As the figure indicates, the results are broadly consistent
with and in proportion to the results presented for other
regions and ports, despite differences in underlying data
and methods. However, direct comparison of the various
studies is challenging because they differed in how the
emissions inventories were developed in the geographical
domains of analysis and in the concentration–response
functions used to assess health impacts.
In addition, this study is one of few that have examined
the impacts of short-term (e.g., daily) exposures on mortality and hospital admissions attributable to ship-related
PM2.5 in China, in particular for the YRD and at high resolution in Shanghai. Our study estimated that 1,100 premature deaths from all causes could be attributed to daily
exposures to ship emissions across the YRD, with 70 from
cardiovascular causes and 40 from respiratory causes specifically. Over 270,000 hospital admissions from all causes
were also attributed to PM2.5 exposures. Although these
estimates of hospital admissions are based on concentration–response functions drawn from a recent study in
China, the study lacked data that would allow for differentiation of health outcomes that have been most strongly
associated with exposures to PM2.5, for example cardiovascular and respiratory effects. Additional research on
the effects of short-term exposure to air pollution on causespecific hospital admissions in China is needed to
improve estimates of health impacts.
6.1.2 Relative Importance of Shipping-Related Sources in
Shanghai

The analysis within the Shanghai port domain was a first
step toward understanding the relative importance of ships
compared with other port-related activities, specifically,
land-based cargo or goods transport and in-port activities
(e.g., cranes, forklifts, and trucks). Although these latter
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Figure 6-1. Mean estimated mortality attributable to exposure to air pollution from ships and all sources, including the results from this study.a,b,c
a

Sources of mortality attributable to air pollution from ships: Global: PM2.5 in 2012 (Corbett et al. 2007; Winebrake et al. 2009), and PM2.5 and O3 in 2010
(Partanen et al. 2013); East Asia: PM2.5 in 2005 (Corbett et al. 2007) and 2008 (Liu et al. 2016); China: PM2.5 and O3 in 2008 (Liu et al. 2016); Pearl River
Delta: combination of SO2, NO2, PM10, and O3 in 2008 (Lai et al. 2013); Hong Kong: combination of SO2, NO2, PM10, and O3 in 2008 (Lai et al. 2013);
Yangtze River Delta and Shanghai: PM2.5 in 2015 (current study). The reported values contain the full range of uncertainty reported across the studies in
each category.
b Sources of mortality attributable to ambient PM
2.5 in 2013: Global, East Asia, and China (Health Effects Institute 2019); Pearl River Delta (Wu et al.
2019); and Hong Kong and Shanghai (GBD MAPS Working Group 2016). Sources of mortality attributable to ambient PM2.5 in 2015: Yangtze River Delta
(Maji et al. 2018).
c Sources of population data in 2013: East Asia (World Bank 2019); China, Pearl River Delta, and Hong Kong (National Bureau of Statistics of China 2014).
Sources of population data in 2015: Yangtze River Delta and Shanghai (Bright et al. 2016).

sources have been the subject of intensive examination in
other studies, particularly near the port of Los Angeles in
California, United States, they have not been studied carefully in China. In assessing the role of ship emissions, our
analysis further distinguished between emissions from
ocean-going and coastal vessels that enter inland waterways and operate at different distances from shore. The
analysis points to the greater contributions of ships to
emissions, air quality, and health relative to cargo transport or in-port machinery (Table 5-6). More specifically,
the analysis identifies a larger contribution to health
burden when ships enter inland waters, in closer proximity to population centers. We acknowledge that our definition of inland-water ships differs from other regulatory
classification schemes or jurisdictional boundaries, so our
results need to be interpreted in that context. We defined
inland-water ships and their emissions geographically;
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that is, to include emissions from any ships traveling to the
west of a line at the mouth of the Yangtze and Huangpo
rivers (Figure 4-1). Consequently, we were capturing emissions from ships that travel between the rivers and the
ocean, so the same ship might be classified as coastal when
traveling between ports and inland water when it enters
the inner harbor. Large international ships may therefore
contribute to the emissions that we classify as inlandwater ships. Also, although we did assign emissions to
individual ships based on their operating mode (i.e.,
hoteling at berth, maneuvering in-port, or cruising) we did
not separately analyze at-berth versus moving ships,
although this may be an important distinction when estimating contributions to emissions (Zhang et al. 2019b).
Therefore, it is important to interpret our results as
indicating the relative importance of the proximity of the
emissions to population centers, rather than strictly to the
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class or operating mode of a vessel along with its associated fuel and emissions regulations.
Our estimates of the contributions of container-cargo
trucks were lower than those estimated previously for several reasons. First, our emissions inventory of trucks provided by the Shanghai Urban-Rural Construction and
Transportation Development Research Institute only
included container-cargo trucks that were associated with
the Shanghai ports; therefore, our estimates of emissions
and impacts from cargo transport by road only include
about 28% of cargo transport in Shanghai. Second, the
institute assumed zero sulfur in the fuel used by trucks
because diesel fuel has minimal sulfur content when compared with marine fuel.
Our findings for Shanghai echo our analysis of the relative contributions of ship emissions to total emissions at
varying distances from shore for the YRD. We found that
between about 48% and 75% of pollutant emissions from
ships occurred within 12 NM of shore, depending on the
pollutant, with over 90% within 96 NM. In June 2015, ship
emissions within 12 NM contributed about 0.56 µg/m3 to
average ambient PM2.5 concentrations, representing about
75% of total contribution of ships out to 200 NM
(Appendix C, Table C-2, available on the HEI website). The
emission results are similar to those of Lv and colleagues
(2018) who reported that ship emissions within 12 NM of
shore contributed 30% to 90% of the PM 2.5 from ship
emissions within 200 NM. The relative importance of
these contributions is further reflected in their impacts on
average PM2.5 concentrations in the YRD region.
6.1.3 Comparison with Other Sources and ECA Analyses

Compared with other major sources of air pollution in
China generally, and in the YRD and Shanghai particularly,
the percentage contributions of shipping to populationweighted PM2.5 concentrations are relatively small. We
estimated about 1.9% on average in the YRD domain and
about 1.3% on average in Shanghai from ships, cargo
transport, and port machinery (see Table 5-4). Percentages
varied for the 16 core cities of the YRD depending on the
particular mix of sources in the surrounding areas (Figure
5-6). Although we did not estimate percentage attributable
mortality in this study, it tends to closely track the population-weighted exposures from which it is calculated.
These relative contributions of shipping to ambient and
population-weighted PM2.5 are not surprising given the
importance of much larger emissions sources in the region
(Figure 5-6). For example, a 2013 study of the major
sources of air pollution in China estimated coal burning
(industrial, power, and domestic) to be the largest contributor (34%) to annual average PM 2.5 concentrations in

Shanghai province; all transport (which did not include
ship emissions at the time) contributed about 13% of the
annual average PM2.5 concentrations in Shanghai province
(GBD MAPS Working Group 2016, Appendix Table V.1).
The estimated contributions of shipping to ambient
PM2.5 in the YRD were somewhat lower than those estimated by other studies. The 2009 application for the
United States and Canada IMO ECA for SO2, NO2, and PM
estimated that shipping contributed 5%–15% of national
annual average PM2.5 concentrations in 2002, which in the
United States ranged between 5 and 12 µg/m3, or as little
as 0.25 µg/m3 to 1.8 µg/m3 on average. As with this study,
their analysis found strong geographical variability in
shipping’s contributions to PM2.5 levels with the highest
concentrations in major ports along the coasts. For
example, they estimated that shipping contributed to
greater than 3 µg/m3 in highly populated areas of Southern
California and 1.5 µg/m3 in Louisiana and Florida. Their
analyses projected that ship emissions off the U.S. and
Canadian coasts, if unaddressed, would contribute up to
12,000 premature deaths, 4,300 cases of chronic bronchitis, 8,900 non-fatal heart attacks, 5,600 hospital admissions and emergency room visits in the year 2020, among
other non-fatal impacts, in the United States alone (IMO
Marine Environment Protection Committee 2009).
6.1.4 Future (2030) Health Impact of Emissions from Ships

We examined potential air quality and health benefits of
controlling ship emissions for the YRD in 2030 under three
alternative policy scenarios (Table 4-1). The scenario for
current policies under business as usual was intended to
examine the benefits of China’s second DECA policies
(DECA 2.0) as they were first proposed in July 2018 with
fuel sulfur content limits of 0.1% sulfur during berthing
and 0.5% sulfur while cruising. The 0.5% sulfur fuel
requirement for cruising ships under this scenario is the
same as the global IMO sulfur fuel content limit set to be
implemented in 2020. However, to estimate the benefits of
the China policy alone relative to the base year, we
assumed that the sulfur fuel content outside of the 12 NM
would remain the same as it was in 2015. Therefore, our
current policy scenario may overestimate the independent
impacts of current Chinese policies. The second policy
scenario assumed stricter fuel sulfur content and NOx controls than the current policy, but still extending only
12 NM from shore. The third policy scenario extended
these stricter policies to 100 NM from shore; this policy
scenario was more aspirational because implementation
would require agreement of the IMO. Although our future
policy scenarios only included changes in ship emissions,
truck and port-machinery emissions are also expected to
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decrease in the future because of upcoming low-sulfur fuel
and electrification requirements.

important uncertainties that might affect interpretation of
the final results.

We estimated that each of these policies could contribute to important reductions in the numbers of premature deaths attributable to shipping and related emissions
in 2030. Relative to 2015, the current policies were projected to reduce the health burden by about half, for
example to about 1,900 deaths from stroke, COPD, IHD,
and lung cancer. The stricter and aspirational policies
were projected to reduce mortality burden further to 1,400
and 830 deaths, respectively. Ships close to shore contributed more to PM2.5 concentrations than those farther from
shore, so most of the marginal benefit to air quality and
health was obtained by stricter regulations close to shore.
However, the aspirational scenario of 0.1% sulfur fuel
within a 100 NM DECA would be even more effective in
reducing PM2.5 pollution and associated health impacts
than maintaining the 12 NM DECA area.

This analysis was grounded in detailed bottom-up emissions inventories at the local, regional, and national level.
The inventories for the shipping and related sources were
developed by, and in consultation with, local government
agencies to ensure the relevance of baseline and future scenario assumptions for policy. To build these emissions
inventories, we used the best available tracking data for
large ships (i.e., AIS data). For the analysis of local sources
in Shanghai, we supplemented the AIS data with local visa
data for ships calling at river ports because smaller ships
and those that travel solely on inland waterways are not
required to have AIS installed, and even if those ships are
equipped with AIS, the system is not always turned on.

The results of these future policy scenarios were
intended to reflect the impacts of changing ship emissions
control policies assuming constant population and age
structure, relationship of ship activity to GDP, and meteorology. Therefore, we kept these parameters the same for
each of the baseline and future policy scenario simulations. However, we do recognize that each of these
assumptions may cause the simulations to be less representative of actual conditions in 2030 than they might otherwise be. For example, population growth (through both
births and migration) and aging can contribute to increases
in air pollution–attributable deaths, even as air pollution
declines (Cohen et al. 2017). Similarly, the average age of
the Chinese population is projected to increase over the
next decade, increasing the number of people susceptible
to air pollution related disease, so our estimates of the
absolute numbers of deaths in the baseline and future
years may be underestimated. In addition, the assumption
that current trends in the relationships between ship
activity and its relationship with regional GDP would
remain the same could not be validated and was based on
the best available data. Although these assumptions may
be overly simplistic, they did allow for each scenario to
only reflect the impacts of different policies related to ship
emissions, a primary purpose of the study.
6.2 STRENGTHS AND LIMITATIONS

Our overall approach to assess the impacts of ship emissions on air quality and health was to use the best available
data and methods at each stage so that the results would be
as accurate as possible. At each step, we evaluated the
robustness of the findings to key assumptions to characterize
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However, we likely underestimated the impacts of military ships, which are not included, and fishing vessels,
which are incompletely captured in the AIS dataset. For
example, based on VECC’s data, there are about 150,000
inland-water vessels and 4.6 million fishing vessels in
China and few of these vessels have AIS installed or
always turned on (Ministry of Ecology and Environment of
China 2018). Inclusion of those ships would increase the
total emissions, but we were unable to quantify the magnitude of their contributions because of the lack of data. Ultimately, our emissions inventories were broadly consistent
with other ship emissions inventories developed for the
YRD (Appendix B, Table B-1, available on the HEI website)
and Shanghai (Appendix B, Table B-2) using similar
methods (Chen et al. 2019; Liu et al. 2017; Lv et al. 2018).
However, our study was not designed to estimate the
impact of ships missing from our inventory. It is well
known that ships traveling outside of the major international shipping lanes, in particular those that are small
enough not to require installation of AIS technology, may
be substantially underestimated in shipping emissions
inventories (e.g., Coello et al. 2015). Even when included,
the emissions from smaller vessels (e.g., other than large
cargo or passenger ships) are more uncertain as the emission rates for these vessels are less well studied and their
operation modes and locations are less well tracked
(Coello et al. 2015; Jafarzadeh et al. 2017; Zhang et al.
2018). There are indications that their contributions to
exposure and health may also be important (Coello et al.
2015; McKuin and Campbell 2016).
For non-shipping emissions we relied on high resolution anthropogenic multiple-pollutant (SO2, NOx, PM2.5,
VOC, NH 3 ) emissions inventories for mainland China
developed and refined by investigators at Tsinghua
University for the period of 2005–2017 (Cai et al. 2017).
These inventories were developed to quantify emissions
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reductions associated with the Chinese government’s air
pollution control regulations during the 11th (2006–2010)
and 12th (2011–2015) five-year plans, the Air Pollution
Prevention and Control Action Plan (2013–2017), and the
ongoing three-year Action Plan (2018–2020). The inventories have been extensively evaluated and compared with
other inventories through comparison of their predictive
performance in models against observations (Zhao et al.
2018; Zheng et al. 2019). More detailed regional inventories developed by the Shanghai Academy of Environmental Sciences were used for the YRD and Shanghai city
domains.
We recognize that our predictions of future emissions in
2030, which used projected changes in ship traffic activities between 2013 and 2016 to extrapolate from 2015, did
not include the IMO’s policy requiring a maximum of
0.5% sulfur content for all ships starting in 2020. However,
we estimate that had we taken the IMO’s policy into consideration, future SO2 and PM2.5 emissions from shipping
would be further reduced by 6%–18% and 2%–17%,
respectively, and the annual average contributions of ship
emissions to ambient SO2 and PM 2.5 would be further
reduced by 5%–8% and 2%–11% in 2030, respectively.
Another source of uncertainty in our emissions inventories is the rate of compliance with regulations. Although
our analysis assumed 100% compliance with regulations,
this assumption is almost certainly overly optimistic. For
example, airborne monitoring campaigns conducted in
Europe showed that about 7% of ships in the Danish
waters were suspected of using non-compliant fuel in 2018
(Explicit ApS 2019), and the non-compliance rate was
~6% from 2015–2017 in Belgian waters (Van Roy 2018).
Air pollutant concentrations were modeled using the
state-of-the-science WRF-CMAQ air quality modeling
system. Our predicted ambient PM2.5, SO2, NO2, and O3
concentrations compared well with measurements made
in the baseline year (Appendix E, Section 3). Although
computer resource limitations prevented analysis of fullyear data for some of the simulations and scenarios, we
showed that the representative months we chose characterized the annual averages well.
Our estimated contributions of shipping to ambient
PM2.5 concentrations in the YRD region and Shanghai city
in 2015 compared well with those of other studies (Figure
6-1). They fell within the range of the findings reported by
Liu and colleagues (2017), but were a bit lower than Lv and
colleagues (2018) and Chen and colleagues (2019), probably due to the differences in shipping emissions inventory and modeling uncertainties (see Appendix C, Tables
C-1 and C-2). The relative contributions of ships to PM2.5
concentrations in different seasons were consistent with

previous results (Lv et al. 2018). The fraction of ambient
PM2.5 concentrations attributable to ships ranged from
1%–6% across seasons, which fell into the range of 1%–
15% reported by other studies (Contini et al. 2011; Kim and
Hopke 2008; IMO Marine Environment Protection Committee 2009; Minguillón et al. 2008).
Finally, we worked with Chinese epidemiologists and
atmospheric scientists from both academia and government to select studies and concentration–response functions that they considered to be most relevant for China. In
the absence of sufficient evidence from Chinese cohort
studies, the group recommended that the primary analysis
rely on the GBD IERs for 2015 to estimate cause-specific
mortality from long-term exposures to PM2.5 (Cohen et al.
2017). However, the group also recommended that data
from a recent Chinese study of air pollution be used as a
sensitivity analysis (Yin et al. 2017); we ultimately used
the GEMM functions, which include the Chinese study
among others for this purpose (Burnett et al. 2018). For
analysis of the impact of short-term exposures, we relied
solely on Chinese studies for mortality (Chen et al. 2017b)
and hospital admissions (Tian et al. 2019). The necessary
Chinese mortality and hospitalization rates were obtained
from the China CDC and local government sources.
The results of sensitivity analyses reflect ongoing scientific uncertainty about the true quantitative relationship
between exposures to PM2.5 and the risk of premature mortality, particularly at the higher levels of exposure
observed in China and elsewhere. Use of the GEMM functions suggests that the estimates of mortality could be
underestimated. These functions have the advantages that
(1) unlike the GBD IERs, they are based solely on air pollution and health studies, and (2) they provide an estimate of
all-cause mortality, which in many epidemiological
studies is greater than the sum of cause-specific mortality.
Nonetheless, GEMM functions continue to be debated in
the scientific community.
We also note that because our study relied as much as
possible on Chinese studies and health data our study does
not include some of the cause-specific data on mortality
and morbidity related to short-term exposures to air pollution that have been reported in other studies of shippingrelated health impacts. For example, the North American
ECA application projected impacts on chronic bronchitis,
non-fatal heart attacks, days of work lost, and days with
restricted activity related to both PM2.5 and O3 exposures.
A study of the goods movement related to the Port of Long
Beach in southern California estimated potential impacts
of goods movement on childhood asthma (Perez et al.
2009). Sofiev and colleagues (2018) more recently
included asthma in a global impact study of shipping,
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using data from international studies. Both kinds of
studies reflect a growing concern about the global contribution of PM2.5 and NO2 to increased emergency department visits and hospital admissions for asthma (Anenberg
et al. 2018), a concern that should be considered for future
studies in China.
6.3 OVERALL UNCERTAINTY

This discussion has identified a number of sources of
uncertainty that may exist in the data, assumptions, and
models used to characterize both air quality and health
impacts in this study, uncertainties that are only partially
reflected in the final results. The confidence intervals in
the final health impacts, for example only reflect uncertainties in the concentration–response functions (an
assumption of the BenMAP-CE model) and do not reflect
uncertainties in the emissions inventories or PM2.5 concentrations. We recognize that the contributions of ships and
related sources to ambient and population-weighted PM2.5
over the entire modeling domains were small, similar to
the findings of other studies of this kind, and that they may
be small relative to the uncertainties in emissions inventories and CMAQ models. For example, although we used
the best available emissions inventories in China for nonshipping sources, we are aware that in evaluations, the
normalized mean error in modeled PM2.5 using the inventory relative to PM2.5 measurements was 49%–64% and
the Pearson’s correlation coefficient was 0.50–0.68 in various cities in the Beijing–Tianjin–Hebei region (Zheng et
al. 2019). In our own comparison of simulations with the
measured concentrations of SO2 and PM2.5, we found normalized mean errors of 27.8%–49.15% for PM 2.5 and
26.5%–61.53% for SO2 and Pearson’s correlation coefficients of 0.47–0.78 for PM2.5 and 0.61–8.87 for SO2 in the
16 core cities of the YRD region (Appendix E and Feng et
al. 2019).
Nonetheless, our fine-resolution simulations lead us to
conclude that the impacts of shipping-related air pollution
are not likely to be evenly distributed across the study
domains. Our estimates of the contributions of shippingrelated sources to ambient PM2.5 were consistently higher
closer to ports, shipping lanes, and rivers — often in more
highly populated areas — than they were farther away. The
simulated highly spatially resolved distributions of shipping-related air pollutant concentrations therefore
increase our confidence in the overall results attributing
increased exposures and health impacts to air pollution
from shipping and its associated activities.
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7.0 CONCLUSIONS AND RECOMMENDATIONS
This study provides a comprehensive and detailed spatial analysis of the impacts of shipping and related activities on air quality and the health of the populations of the
city of Shanghai and the YRD region in a pre-DECA baseline year (2015) and under three future scenarios designed
to inform decisions about the efficacy of alternative emissions control policies by 2030. It both corroborates other
studies and provides additional scientific evidence relevant to several policy discussions for controlling future
ship emissions and for improving air quality in China.
Both the baseline and future analyses showed the
importance of controlling emissions from shipping and
related activities close to population centers. The baseline
analysis indicated that 60% of ship emissions in the YRD
region occur within 12 NM of shore, the current demarcation for the DECA in China, but that 78% of SO2 emissions
from ships traveling within 200 NM are released within 96
NM of shore. Due to long distance transport and transformation of primary emissions to PM2.5, the influence of
these emissions on air quality and health extends far
inland from the coastal cities. Further detailed evaluation
of the relative contributions to air quality and health
burden of inland ships, ships travelling into the inland
waterways of Shanghai, reinforce the importance of controlling emissions that occur in close proximity to highdensity population centers like Shanghai.
Consistent with these results, although our analysis of
the full implementation of the currently proposed DECA
requirements for 2030 did suggest substantial air quality
and health benefits of compliance within 12 NM, the more
aspirational policy scenario, which assumed more stringent fuel sulfur requirements out to 100 NM, found even
greater potential health benefits. Assessment of the feasibility and costs of implementation of the different policy
scenarios was beyond the scope of our analysis but such
assessments would also be important factors in decisions
about the most effective approaches to improving air
quality and health in Shanghai and the YRD.
Limitations of our analysis could cause some of our estimates to be either over- or underestimated. Our analysis of
the contributions of cargo-transport trucks and in-port
activities (including ships at berth) to air quality was limited in a number of ways and may have underestimated the
impacts both for the city of Shanghai and for the YRD.
More data are needed to more completely identify and
characterize these source contributions not only within
Shanghai but throughout the YRD. At the same time, we
assumed 100% compliance with existing and proposed
regulations; given evidence that compliance can be poor,
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the air quality and health benefits may be generally overstated. Consequently, regional and local compliance monitoring and enforcement are a critical component of any
ongoing and future policies.
Confidence in the benefits of implementing and
enforcing strong regulations will come from demonstrable
improvements in air quality. See, for example, studies that
have evaluated the effectiveness of ship emissions regulations measuring PM2.5 concentrations at nearby air quality
monitoring stations (e.g., Mason et al. 2019; Zhang et al.
2019a). As the estimated contributions of ships to PM2.5
exposures are small in absolute and relative terms compared with other major sources of PM2.5, it would be advisable to ensure ongoing monitoring of air pollution
components that are more reliable indicators of ship emissions, such as V and Ni, in order to detect and evaluate the
impact of any regulations. We recommend that such
studies be done in Shanghai and the YRD to evaluate the
effectiveness of the regulations at reducing air pollution
over time.
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