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Abstract

Present and Potential Future Contributions of Ship Emissions to Air Quality and Human Health in
the Pearl River Delta (PRD) region, China

By Chen Chen

Ship emissions have been found to contribute to air pollution, potentially increasing the
adverse health impacts of people living in coastal cities. I estimated the impacts caused by ship
emissions, both on air quality and human health, in the present (2015) and future (2030) within
the Pearl River Delta (PRD) region, China. In addition, I assessed the potential health benefits
from implementing the Emission Control Area (ECA) policy in the region by predicting the
avoided mortality, compared to the Business As Usual (BAU) scenario.

The PRD is a highly populated area with over 85 million people in 2015. Also, as one of the
biggest port clusters in the wotld, 11.3, 89.5 and 141.9 kt/yt of PMzs, SO, and NO;,
respectively, are emitted within the 200 nautical mile (nm) coastline region. I found that these
emissions increased PMz ;s concentrations and O3 mixing ratios by 1.1 pg/m’ and 1.62 ppb,
respectively, within the PRD. The health impacts from the ship emissions should not be
neglected as about 155 and 115 excess acute mortality incidences are expected due to ship-
related PM,5 and Os increase, respectively. Chronic mortality was more significant with 2,349
and 994 mortality incidences due to ship-related PM,s and Os, respectively.

In 2030, I projected the future ship emissions under the BAU and ECA scenarios. I predicted
84% reductions for SO, and 13% for NO, emissions if ECA was implemented and found that
this could avoid 1,044 and 143 deaths compared to the BAU scenario. The ship-induced
mortality for PMas and O3 would be reduced by 68% and 14% respectively if ECA was
implemented, with a net reduction of 47% for the two pollutants combined. The health
impacts due to ship emissions are non-negligible and an ECA implementation in the PRD
region could notably prevent significant mortality.
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1. Introduction

Exposure to particulate matter (PM), especially fine PM with an aerodynamic diameter less than
or equal to 2.5 um (PMa5), causes significant adverse health effects (EPA, 2009; WHO, 2013).
Exposure to tropospheric ozone (O3) also poses an increased risk of death (Jerrett et al., 2009).
Ship emissions are a major source of primary PM, s, including specific aerosols such as black
carbon (BC), organic carbon (OC), as well as O3 precursors, including volatile organic
compounds (VOC), and other gaseous pollutants such as sulfur oxides (SO,= SO and SO.) and
nitrogen oxides (NO,= NO and NO;). The VOC and NO can react in the atmosphere in the

presence of sunlight and form O3 (Eyring et al. 2010).

Shipping is an efficient and low-cost means of transportation. Shipping contributes to economic
growth in foreign trade, especially in port cities (Frankel, 1989). Shipping transport has seen a
steady increase (except 2009, the last financial crisis), owing to globalization and an increasing
size of global-scale trade (UNCTAD, 2017). In 2015, over ten billion tons of goods (80% of

global freights) were exchanged through seaborne trade worldwide (UNCTAD, 2017).

As a result of increased shipping, the local air quality in the coastal cities has deteriorated, partly
due to ship emissions. Previous studies have found that ship emissions worsened the near-port
ambient air quality. According to Corbett et al. (2007), nearly 70% of the ship’s exhaust
emissions occur within 400 km from the coastline. Other studies found a 1 - 45% increase of
local PM; 5 concentrations due to ship emissions (Viana et al., 2009; Yau et al., 2013; Liu et al.,
2016; Jeong et al., 2017; Zhang et al., 2017; Tao et al., 2017; Chen, 2018). Studies also revealed
that ship emissions have non-negligible impacts on human health (Corbett et al., 1999; Corbett et

al., 2007; Eyring et al., 2010; Tian et al., 2013; Sofiev et al., 2018). Corbett et al. (2007)



estimated that ship-related PM, s were responsible for 60,000 cardiopulmonary and lung cancer
deaths worldwide in 2002. Campling and Janssen et al. (2013) found that O3 pollution due to
oceangoing ships caused 2.6% of non-accidental premature deaths in the European Union (EU)

Member States in 2005.

According to a recent greenhouse gas study, Smith et al. (2015) expect global trade, by shipping,
will continue to increase in the future. Without effective emission control policies targeting
oceangoing vessels, ship emissions will continue to grow in the future. To minimize both the
adverse air pollution and health effects from ships, a series of local and global emission control
standards have been implemented. The International Convention for the Prevention of Pollution
from Ships (MARPOL) Annex VI by the International Maritime Organization (IMO) was the
first large-scale emission control policy for ships adopted in 1997 and revised in 2008. It limits
major pollutant emissions from ships, such as SO and NO,, VOCs and other stratospheric ozone
depleting substances, including halons and a number of chlorofluorocarbons (CFCs). Emission
Control Areas (ECAs) were also established under MARPOL Annex VI to further limit sulfur
contents of the fuel in the coastal areas, restricting ships to only use fuel with lower than 0.1%
sulfur content after 2015. The current ECAs are located in the Baltic Sea and the North Sea. The
North American ECAs, within 200 nautical miles (nm) of the North American coastline
including Canada, also regulate NOx emission limits for the newly constructed ships.

Local policies have further strengthened the emission limits, especially on coastal regions.
California Air Resources Board (CARB), for example, require container ships to utilize shore
power while at berth starting from 2008 (CARB, 2014). CARB recently also approved the use of
an emission-capturing system as an alternative to shore power at the Port of Los Angeles

(CARB, 2015). In the EU, similar actions are ongoing, including enlarging the current ECA



ranges and establishing a third ECA in the Mediterranean Sea. These policies aim to minimize

ship emissions and provide health benefits to the associated areas.

Several studies have assessed the potential health benefits from the aforementioned ship
emissions reduction policies. Winebrake et al., (2009) estimated that 33,500 premature deaths
could be prevented annually, worldwide, if low-sulfur fuel (< 0.5% sulfur content) was used by
ships in coastal regions instead of high sulfur content fuels (> 2.5%). Sofiev et al. (2018)
predicted that the cleaner marine fuels (< 0.5%) could reduce ship-related premature mortality
and morbidity by 34% and 54%, respectively in 2020, compared to 3.5% sulfur content fuels.
These studies showed that an efficient control policy could render significant health benefits in

the global domain.

China, as the world’s largest product exporter, has substantial air quality and health risks
associated with ship emissions as well. China owns nearly 5,000 ships with a total capacity of
over 160 million tons and handled approximately one quarter of the world throughput in its
container ports in 2015 (MOT, 2016). The three biggest port clusters in China are the Pearl River
Delta (PRD), the Yangtze River Delta (YRD) and the Bohai Sea Rim (BR). The PRD port
cluster, located in southern China (Figure 1), handled roughly 39% of all exports from China in
2015 (China Ports Yearbook, 2016). The PRD port cluster has 11 major ports and three of them,
Shenzhen, Hong Kong and Guangzhou ports, are all ranked among the top ten largest container
ports in the world (WSC, 2014). At the same time, over 58 million residents lived in the central
PRD region in 2015 (GDstats, 2016) and two megacities, Guangzhou and Shenzhen, had over 13
and 11 million residents, respectively. Therefore, the emissions from oceangoing ships would

pollute the local air quality and also risk the health conditions of local residents.



Many studies examined the impact of ship emissions on the local air quality in the coastal cities
of China (Zhang et al., 2017; Chen et al., 2018; Liu et al., 2018; Lv et al., 2018) and a few also
analyzed their potential health impacts. Liu et al. (2016) found that ship emissions in East Asia
resulted in 14,500-37,500 premature deaths per year. In the PRD region, although there is no
existing analysis that has included both acute and chronic mortality due to ship emissions, Lin et
al. (2018) showed that ship emissions were an important factor of increased cardiovascular
mortality in Guangzhou. Hence, efficient ship emission control policies are urgent for China to

curtail the emissions within the coastal regions.

In 2015, the Chinese Ministry of Transports (MOT) implemented the Domestic Emission
Control Area (DECA), which is similar but less stringent than the IMO ECA. DECA limits the
sulfur contents of the fuels to less than 0.5% within the 12 nm offshore. The PRD region, the
YRD and the BR are the three major port clusters under the DECA standard. According to MOT,
SO, and PM emissions from ships in the three DECA regions would be reduced by 65% and
30% by 2020, respectively, compared to 2015 levels. However, due to its less stringent
limitations, compared to the IMO ECA, DECA could be less effective in mitigating air pollution
and thus allowing for higher mortality rates than ECA. To encourage the Chinese government to
also apply the IMO ECA and better control ship emissions in China, it is necessary to assess the
additional benefits that the ECA would bring along with the current DECA policy. To date, a
limited number of studies have thoroughly explored the potential benefits that an IMO standard

ECA could provide to the coastal cities in China.



The objectives of this study are to estimate the impacts caused by ship emissions on both air
quality and human health, at present (2015) and in the future (2030) within the PRD region. With
the 2015 data, I intend to identify the contributions of ship emissions to the ambient pollutant
concentrations based on historical emissions and estimate ship-associated mortality from both
acute and chronic exposures. I will also project the future ship emissions by 2030 under both
Business As Usual (BAU) and Emission Control Area (ECA) scenarios. Lastly, I will assess the
potential health benefits for the PRD region by 2030 with ECA implementation by predicting the
avoided mortality compared to the BAU scenario. Based on the decreased ambient pollutant
concentrations from the ECA scenario, my hypothesis is that the ECA implementation will have

a significant impact on the reduction of ship emissions and associated mortality.

2. Methodology

2.1. Study Flow Chart

The thesis has three parts: Part 1 Emissions, Part 2 Modeling, and Part 3 Health Impact (Figure
1). For Part 1, I acquired and analyzed baseline emissions and estimated current and possible
future ship emissions. For Part 2, I ran the air quality model under four scenarios: baseline and
with ship scenarios in 2015, as well as BAU and ECA scenarios in 2030. Lastly, for Part 3, I
estimated the ship-related mortality in 2015 and predicted the avoided mortality due to ECA in

2030 based on the modeled results.

2.2. Research Area
The research area of this study is the entire PRD region, including the major cities, Guangzhou,
Shenzhen, Dongguan, Foshan, Zhongshan, Zhuhai, Jiangmen, Zhaoqing, Huizhou, Macao and

Hong Kong (Figure 1). These cities share similar geographical and cultural characteristics. The



PRD region is a subtropical-monsoon influenced humid climate, featuring a wet and hot summer
and a dry and warm winter (Huang et al., 2012). The average temperature of spring, summer,
fall, and winter in the PRD is approximately 20 °C, 28 °C, 25 °C and 12 °C, respectively. The
monthly average rainfall is 250-300 mm during the rainy season from April to September. The
monthly average precipitation in the dry season from October to February is approximately 50

mm.

In the PRD, the highest seasonal average PM> s was observed in winter (80 pg/m?) and the season
with the lowest concentration was in summer and spring (30 pg/m?) (Tao et al., 2017). Due to the
accumulating attention from local governments, the annual average PM> 5 concentration has been
reduced from 79 pg/m? in 2007 to 46 pg/m? in 2016 (Guangdong-Hong Kong-Macao Pearl River

Delta Regional Air Quality Monitoring Network, 2017).

On the other hand, the annual average ground-level O3 mixing ratio increased from 24 ppb in
2006 to 29 ppb in 2014 (Guangdong-Hong Kong-Macao Pearl River Delta Regional Air Quality
Monitoring Network, 2014). The concentrations of O3 in downwind rural areas are usually
higher than those in the urban areas. The highest daily maximum 8-hour average concentrations
of Os are found in the summer from June to August and the lowest concentrations are found in
the winter from December to February.

In 2015, over 58 million residents lived in the central PRD region (GDstats, 2016) and two
megacities, Guangzhou and Shenzhen, had over 13 and 11 million residents in 2015,
respectively. There are over 20 ports located in the PRD region and eight of them surpassed 70

million tons of cargo throughput in 2015 (China Ports Year Book, 2016).



2.3. Air Quality Simulations

I used the regional chemical transport model Weather Research and Forecasting coupled with
Chemistry (WRF-Chem) (Grell et al., 2005) version 3.5 for the ambient air quality estimation.
The WRF-Chem simulated air quality within the three domain sizes, all centered at the PRD
region (Figure 1). The largest model domain covers the half of Eastern China and neighboring
South Asian Countries, with a 27 x 27 km horizontal grid spacing. Two nested domains have
finer resolutions of 9 x 9 km and 3 x 3 km, respectively. All three domains have 31 vertical
levels, from the surface to 50 millibar (mb). The time period of the model simulation was July
2015, with five spin-up days from June 27" to June 30*. The model generated hourly
concentrations for every simulation day. Further analyses, including model evaluation and
monthly average concentrations of pollutants were based on the daily average concentrations

from July 1% to July 315,

I used the Regional Acid Deposition Model version 2 (RADM?2) (Stockwell et al., 1990) for the
gas-phase chemical mechanism, to predict the highly nonlinear O3, sulfate, nitric acid and
hydrogen peroxide concentrations under various atmospheric conditions. For PM, I used the
Modal Aerosol Dynamics Model for Europe with the Secondary Organic Aerosol Model
(MADE/SORGAM) (Ackermann et al., 1998; Schell et al., 2001). MADE/SORGAM takes into
account the aerosol dynamics, including formation (i.e. condensation, nucleation, coagulation),
transport, dry deposition and aerosol-cloud interaction. MADE/SORGAM further predicts the
mass of several particulate-phase species, including sulfate, ammonium, nitrate, sea salt, dust,
BC, OC, and secondary organic aerosols (SOAs) in the three log-normal aerosol modes (Aitken,

accumulation, and coarse).



Photolysis rates are obtained from the Fast-J photolysis scheme (Wild et al., 2000). I used the 6-h
temporal resolution National Center for Environmental Prediction (NCEP) Global Forecast
System gridded data as the model meteorological inputs. The simulated horizontal winds,
temperature, and humidity were nudged to the respective meteorological fields. I also used initial
and lateral boundary conditions from the global chemical transport model, the global Model for
Ozone and Related Chemical Tracers (MOZART-4) (Emmons et al., 2010), to account for the

initial and background chemical concentrations.

I used the Multi-resolution Emission Inventory of China (MEIC) (http://www.meicmodel.org)

for the 2015 anthropogenic emissions in China, other than those from ships. For emissions for
the rest of the regions in the domain out of China, I used the Regional Emission Inventory in
ASia version 2 (REAS) (Kurokawa et al., 2013). Both MEIC and REAS inventories provide
emissions of major primary and secondary air pollutant precursors, including NO,, SOz, VOCs,
NH3, CO, and PM. PM in both inventories are classified into OC, BC, PM2s and PM . I used the
Fire INventory from NCAR (FINN) for the year 2015 (Wiedinmyer et al., 2011) for biomass
burning emissions and the Model of Emissions of Gases and Aerosols from Nature (MEGAN)
version 2.1 (Guenther et al., 2012) for biogenic emissions based upon the weather and land use
data. WRF-Chem calculated the dust and sea salt emissions online by using the dust transport
model (Shaw et al., 2008) and sea salt schemes (Gong, 2003). Also added were the aircraft
emissions of BC, CO, OC, PM2 s, NOy, and SO» from the Task Force Hemispheric Transport of

Air Pollution (HTAP) emissions inventory (Janssens-Maenhout et al., 2015).



To evaluate a model’s meteorological performance, I compared the simulated 2-meter
temperature, wind speed, wind direction and relative humidity with the observed, taken from the
National Oceanic and Atmospheric Administration (NOAA) National Climatic Data Center
(NCDC) land-based stations (NCEI, 2017). Only four cities, Guangzhou, Shenzhen, Zhaoqing,
and Hong Kong had data for 2015; thus, I chose the observed data from each city to evaluate the
model results. I also evaluated the model performance of air pollutant concentration at nine
government-controlled monitoring sites in the PRD region; each site represented a major city in
the PRD region. Those cities were Guangzhou, Shenzhen, Zhuhai, Foshan, Zhongshan,
Jiangmen, Dongguan, Huizhou, and Zhaoqing. The locations of both meteorological and air
quality stations are shown in Figure 1. Based on the coordinates of these monitoring sites, I
retrieved their located grids under the smallest domain (3 x 3 km) and compared the modeled

results on the grid to the observed results.

The model performance was determined by statistical metrics including the correlation
coefficient (1), the normalized mean bias (NMB), the normalized mean error (NME), the mean
fractional bias (MFB), the mean fractional error (MFE), and the root mean square error (RMSE)
between the observed measures and modeled outputs (Chang and Hanna, 2004). The metrics are
defined as:

_ =1 MO
VLM EIL 101
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10

?=1|Mi_0i|
NME=2"2"1_"1 x100% [3]
i=1 Oi
1 ?=1(Mi_0i)

MFB =—X
NS (M; +0)/2

X 100% [4]

MFE =+ s 2=tMimOl 00, [5]
N 3L, (M +0)/2 ’
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Where i indicates each day, n indicates the total days during the simulation period, M indicates
the modeled result and O indicates the observed measurement. I evaluated the model
performance of PM s based on the standards developed by Boylan and Russell (2006), which set
the performance goals for PM> s at MFB less than or equal to £30% and MFE less than or equal
to 50%. The performance criteria for PM» s were set at MFB less than or equal to £60% and

MFE less than or equal to 75%. For O3, both MFB and MFE were set at less than or equal to

+15% and 35%, as recommended by Morris et al. (2005).

2.4. Ship Emissions

2.4.1 Ship Emissions for 2015

The 2015 ship emission inventories are derived from the International Council on Clean
Transportation (ICCT) marine team by using their Systematic Assessment of Vessel Emission
(SAVE) model. The ICCT’s 2017 report (Naya et al., 2017) provides detailed methodology. The

model systematically estimates ship emissions using the bottom-up method by coupling the
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Automatic Identification System (AIS) data and the ship characteristic data (made available by
IHS Fairplay). AIS data include the hourly location, speed, and draught for individual ships, and
combined with ship-specific characteristics, the SAVE model estimates a ship’s energy demand

and emissions.

The SAVE model calculated the hourly emissions for each ship and then aggregated all ships

within the domain to find the overall emissions at each hour, using the following equation:

t=n

E ;= Z(PME,- X LF,; X EFypg,,,, * Dag,;, X EFsg,,,, + Dpo,,, X EFBoj,m) [7]
=0

Where E is emissions (g/hour), Pme is main engine power (kW), LF is main engine load factor
(%), EFme indicates main engine emission factor (g/kWh), Dak indicates auxiliary engine power
demand (kW), EFag is auxiliary engine emission factor (g/kWh), Dgo indicates boiler power
demand (kW) and EFgo indicates boiler emission factor (g/kWh). i indicates each ship, j
indicates each pollutant, k indicates engine type (main engines (MEs), auxiliary engines (AEs),
or boilers (BO)), | indicates engine tier (Tier I, Tier II, Tier III), m indicates fuel type (residual
oil, marine distillates oil (MDO), marine gas oil (MGO) or general diesel oil (GDO)), t indicates
operating hour, and p indicates phases (cruise, maneuvering, anchor, or berth). [ used BC, CO,
PM, SO,, NO, and non-methane volatile organic compound (NMVOC) emissions estimates from

the SAVE model as the air quality model input.

2.4.2 Ship Emissions for 2030
The 2030 ship emissions are projected based on the 2015 gridded baseline emissions. I projected
future ship emissions in 2030 under two scenarios: Business-as-usual (referred as 2030 BAU)

and with a PRD 200 nm ECA scenario (2030 ECA) (Figure 1 orange slash area). I decided on the
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200 nm range based on the current North American ECA, which is within the 200 nm along the
US east and west coasts. With this 200 nm range, all ships are required to comply with the ECA
standards, which will be elaborated later in this section, while the BAU scenario does not require

any ships to comply with them.

Two factors were considered to project the future ship emissions in 2030: fuel consumption and
emission factors. The conceptual equation for projection is written as:

Ez030 = (FCq015 X SF;030 ) X (EF3015 X SFa030 £F) (8]
Where E2o30 is the ship emissions in 2030 (g/hour), FCao1s is the fuel consumption in 2015 (g),
SF2030 rc 1s the scale factor used to project the 2030 fuel consumption, EF2015 is the emission
factor in 2015, and SF2030 er is the scale factor used to project the 2030 emission factor. In short,
SF2030 rc 1s based on the expected change of the future shipping demand and SF2030 eF is
estimated due to the change of future emission control policies. The detailed methodology for

both SFs is described next.

2.4.2.1 Scale Factors (SFs) for Fuel Consumption

To estimate the SF for the 2030 fuel consumption (SF2030 rc), I mainly considered three factors:
future fleet turnover, future trade volume, and future Energy Efficiency Design Index (EEDI).
SF2030 rc Was calculated as:

[SFPO er X SFTrade olume X SFEEDI]
SF030 e = - SF - [9]
dwt

Where SFpower is the scale factor for engine power, SFtrade volume 18 the scale factor for trade
volume, SFeep1is the scale factor for EEDI and SFqw: is the scale factor for deadweight tonnage.
A future fleet turnover model designed by ICCT provided SFpower and SFqwi. The model was built

based on the following assumptions:
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e The average lifetime for an oceangoing vessel is about 25 years;

e  The total number of vessels in the world will not change;

e The average ship size will increase by 0.3-6% depending on ship classes;

e The average main engine power will increase by 2-8% depending on ship classes;

o The average deadweight tonnage will increase by 0.5-12% depending on ship classes;
e  The overall fuel efficiency will increase as EEDI improves.

I estimated the future trade volume (SFtrade volume) based on historical data published by the
United Nations Conference on Trade and Development (UNCTAD), which summarizes seaborne
trade volume by region and by major cargo type annually. In this study, interpolating the
historical data from 2006 to 2015 helped project the 2030 trade volume. Projections were based

on the following assumptions:

The world seaborne trade will continue growing because of increasing globalization and decreasing
transportation cost.

e Asia will become the center of international trade.

e Containerized cargo and bulk cargo are still showing good momentum to grow, but likely with a less

aggressive expansion rate.
e Liquified Natural Gas (LNG) transport, however, will catch up in a fast pace, while crude oil trade will

drag in the long term.
With the projected trade volume for 2030, I found the compound annualized growth rate
(CAGR) as well as the overall growth rate over the 15-year period. The trade volume growth
rates specific to cargo type can be uniquely tied to ship classes. For example, a class such as bulk
carriers only carry major dry bulk cargo, like coal, grain, or ores, while oil tankers only carry
crude oil and petroleum products. For ship classes whose corresponding cargo does not have
specific forecast numbers, the overall trade growth rates for Asian developing countries were

used instead.
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The Energy Efficiency Design Index (EEDI), set forth by IMO, mandates that ships built after a
certain date need to gradually become more energy efficient than the baseline fleet in terms of
gCO»/ton-mile (MEPC.203(62), 2011). With the goal being to reduce greenhouse gas emissions
from shipping, EEDI provides incentives for ships to become more efficient either by improving
performance of the ship itself or by adopting optimized operations. In this study, I applied an
average 20% improvement of EEDI in 2030 compared to 2015. Thus, the scale factor for EEDI

(SFEeDi) is 80% in the above equation 9.

2.4.2.2 Scale Factors (SFs) for Emission Factors

The SFer (equation 8) for the future emission factors is determined by the associated policies and
because ECA mainly targets a few pollutants, such as PM, SO, and NO,, the emission factors for
those three pollutants will be primarily affected, while others such as CO and NMVOC will not.
The emission factor for SO, is determined by the sulfur content of fuels (Equation 10).

ollutant
S0, (gp

2 fuel ) = 0.02 X Fuel sulfur content  [10]

Current global average sulfur content for marine fuel is approximately 2.5% (Smith et al, 2015)

and thus indicates that the current fuel sulfur content is 0.05 gSO»/g fuel.

Under the BAU scenario, I considered two policies: the IMO fuel sulfur cap and DECA 2.0. The
IMO fuel sulfur cap starting in 2020 will require all IMO-regulated vessels to use fuel with less
than 0.5% sulfur content globally. This cap would cause an 80% reduction in SO, emission
factor, even under the BAU scenario, compared to current practices. DECA 2.0 refers to the
upgraded DECA starting in 2019. Under the DECA 2.0 region, all ship fuels should be less than
0.5%, according to the current DECA (or DECA 1.0). In addition, all ships berthing in China or

traveling within 12 nm coastline of Hainan Province will be required to use marine fuel with less
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than 0.1% sulfur content. Thus, within the DECA 2.0 region, I will implement a 96% reduction

in the SO, emission factor.

Under the ECA scenario, in addition to the policies that have already been mentioned for the
BAU, a 200 nm ECA will be applied in the PRD coastline region. ECA enforces the 0.1% fuel
sulfur content within the region; thus, a 96% reduction of the SO, emission factor would be
applied to the whole region. The only difference between BAU and ECA scenarios, therefore, is

an additional 200 nm ECA area that will use 0.1% sulfur content fuels.

PM emission factor is also related to the fuel sulfur content based on the Third IMO Greenhouse
Gas Study (Smith et al., 2015). Thus, all aforementioned policies to reduce fuel sulfur content
will have a positive spillover effect on PM as well. PM emission factor is also ship-specific
because it is also due to the specific fuel oil consumption (SFOC) by ship classes and based on
the usage of heavy fuel oil (HFO) or marine diesel oil (MDO) and marine gas oil (MGO), I

applied different equations to calculate the emission factor (Smith et al., 2015):

PMyro (g pollutant) /(g fuel)

=1.35+ SFOC X 7 x 0.02247 X (% Fuel sulfur content - 0.0246) x SFOC
PMupo/mco (g pollutant) /(g fuel)

=0.23 + SFOC x 7 X 0.02247 X (% Fuel sulfur content - 0.0024) x SFOC  [11]
On average, the IMO sulfur cap, which would be implemented globally in 2020, would result in
a 50% reduction in PM emission factor and the ECA 0.1% fuel sulfur content would reduce PM
emission factor by approximately 90%. The type of engine installed on ships determines the NOx
emission factor. The IMO has assigned several tiers for marine diesel engines under MARPOL

Annex VI (Table 2). Thus, the projection of the NO, emission factor considered the fleet’s age
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distribution in 2030. To project the 2030 NO, emission factor, it was assumed that all the new
ships built after 2016 would follow the up-to-date Tier III. For the rest of the ships built before
2016, they would only meet Tier III within the ECA region. The current Tier III compliance
technology is to install an aftertreatment device, such as Selective Catalytic Reduction (SCR),
which could reduce NOy to harmless nitrogen gas (N2) when urea or ammonia is injected in the
exhaust gas. After January 1, 2016, ships entering the North American ECAs must be Tier II1
compliant. The Baltic Sea and North Sea ECAs will also adopt the same Tier III standards for
ships built after 2022. Ships are allowed to shut down their NO; aftertreatment while navigating
in non-ECA regions. Under the BAU scenario, the study region will not require any ships to be
Tier III compliant. Under the ECA scenario, it was assumed that the 200 nm ECA would enter
into effect starting in 2025, meaning that only the Tier III compliant new ships built after 2025

can enter into the ECA region.

BC emission factors depend on the fuel type. ECA fuel sulfur regulations will be mostly
achieved by switching to a cleaner fuel type. BC emission factors associated with different fuel
types were taken from Comer et al. (2017). The emission factors for CO and NMVOC were
unchanged from the 2015 emission factors. The SFs of emission factors for all pollutants are

summarized in Table 3.

2.5. Emission Scenarios

I created four scenarios for ship emissions (Table 1). All scenarios used the exact same land
source emissions from the MEIC and REAS inventories. Each scenario, however, had different
ship emissions. The Baseline Scenario excluded all ship emissions and only contained all other

land source emissions in 2015. The 2015 With Ship Scenario added the 2015 ship emissions to
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the Baseline. The 2030 BAU Scenario added 2030 BAU ship emissions to the Baseline. The 2030
ECA Scenario added the 2030 projected ship emissions with the implementation of ECA to the

Baseline.

To find the upper bound impacts on air quality from ship emissions, I modeled the month of
July, which is the monsoon season and when southeastern winds transport ship emissions from
the sea to the land (Lu et al., 2009). During this season, impacts from ship emissions towards the
PRD cities most likely reach maximum. Some studies have also shown that July has the highest

contributions of ship emissions towards land (Chen et al., 2018; Liu et al., 2018).

2.6. Ship Impacts
I quantified the ambient air quality impacts due to ship emissions in 2015 as the increased
concentrations by adding ship emissions to the Baseline, as follows:

ACsurp-rELATED = Cwits siip — CBaseline [12]
Where ACsuip-reLATED represents the increased concentrations due to the addition of ship
emissions and Cwith ship and Cpaseline indicate the concentrations for the 2015 With Ship Scenario
and for Baseline, respectively. The contributions of ship emissions to the ambient air
concentrations were calculated as,

ACgprp-
Ship Contribution% = SHIPZRELATED

[13]
2015 Wit/ S/ip

To estimate the improved air quality brought by ECA, I compared the pollutant concentrations
from the model results in 2030 BAU Scenario and 2030 ECA Scenario. I calculated the ECA

impacts as the decreased concentrations due to ECA implementation as:
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ACgca = Cz030 BaU — C2030 ECA [14]
Where ACkca is the decreased concentrations due to ECA implementation, C2030 Bau indicates the

concentrations for the 2030 BAU scenario, and Cz030 eca indicates the 2030 ECA scenario.

2.7. Health Impact Estimation

The health impacts due to ship-caused PMz s and O3 increases were estimated for both acute
(short-term) and chronic (long-term) mortalities. For the acute mortality, I calculated the total
number of deaths in all-cause, cardiovascular disease (CVD), and respiratory mortalities for both
PM, 5 and Os. The relative risk (RR) due to pollution for each health endpoints was derived from
the pooled estimate of the increased mortality due to 10 pg/m? increase of PMa s or O3

concentrations from the PRD-specific epidemiological time-series studies by Lin et al (2016) and

Tao et al (2012).

The long-term integrated exposure response (IER) function for each health point is developed by
Burnett et al. (2014), which is widely used to estimate the global burden of disease attributable to
PM, 5 exposure over the entire global exposure range. The IER model is written as:

1, z < Z.f

15
14 a{l — 72y, Z 2 Zf 1]

RR(z) = {

Where z is the exposure to PM> s in pg/m? and zcr is the counterfactual concentration, below
which no additional risk is assumed. The parameters (i.e. a, y and J) for each health endpoint are
decided by fitting a curve to RR data taken from studies on ambient air pollution, secondhand
tobacco smoke, household solid cooking fuel, and active smoking. Since there are only few
cohort studies performed in China, and none of them has been further validated, the IER

functions are currently regarded as the best estimate of the long-term mortality in China. The
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IER functions are developed for causes of mortality including ischemic heart disease (IHD),
cerebrovascular disease (CEV), chronic obstructive pulmonary disease (COPD), and lung cancer
(LC). For the chronic O3 exposures, since there is no comprehensive IER studies like PM> s, |
simply adopted RRs from a cohort study by Jerrett et al. (2009), the RRs for CVD, respiratory,

IHD, etc. However, significant uncertainty might remain in the O3 chronic mortality.

Both acute and chronic mortalities were estimated by a log-linear model [Equation 17] which
links the air pollution concentration difference and health endpoints, using the concentration-

response function (CRF) coefficients derived from the RR from Equation [16],

In (RR)
B= A [16]
Ay = {1 — e P17} x Pop [17]

Where RR is the relative risk, B is the coefficients of exposure-response functions, Ac is the unit
of increased air pollution concentrations (10 pg/m? or 10 ppb in most time-series studies), Ay is
the increased incidence due to ship emissions in 2015 or the decreased incidence due to ECA
implementation in 2030, y, is the base incidence rate, and C;-Cy is the increased air pollutant

concentrations due to ship emissions in 2015 or the decreased concentrations due to ECA

implementation in 2030.

I extracted the monthly average PM>.s and monthly average 8-hour maximum O3 from the
smallest domain in the model (3 x 3 km) as the input air pollutant concentrations (Co and Cy).
The Gridded Population of the World (GPW) fourth version (v4) provides the 2015 population
gridded data (1 x 1 km) (NASA, SEDAC) and the grid cells were aggregated to match with the

air pollution grid cells. I obtained the population projections for 2030 from the United Nations
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Economic and Social Commission for Asia and the Pacific (UN ESCAP) Probabilistic
Population Projections. Based on the estimation from the UN Department of Economic and
Social Affairs (DESA) in their 2017 revision, the median population projection for mainland
China (excluding Macao, Hong Kong, and Taiwan) for 2030 is 1.44 million, compared to 1.40
million in 2015. Since no gridded 2030 population data are available, I used the gridded 2015
population, combined with the ratio of the total population in 2030 to the base year 2015 for each

3 km x 3 km grid.

I obtained the baseline incidence of all-cause, CVD, and respiratory diseases for the six main
cities in PRD from the Guangdong Provincial Center for Disease Control and Prevention (Lin et
al., 2016). Due to a lack of city-specific baseline incidence rates for the rest of the diseases, |
applied the provincial baseline incidence rate in 2015 (Personal communication, Peng Yin and
Health Effects Institute), to all cities in Guangdong Province. All the death incidences were
estimated in each 3 km x 3 km grid and then aggregated within each city or the whole

Guangdong province.

2.8 Technical Support

T used R (R core team, 2013) and Python (Rossum, 1995) for data analysis and figure
preparation, ArcGIS (ESRI, 2012) and QGIS (QGIS Development Team, 2009) for geospatial
analysis and visualization, and Fortran (Ortega, 1994) for WRF-Chem. Lastly, I used IDL
(Research Systems, Inc. 1995) and NCL (The NCAR Command Language, 2017) for the

processing of model input and output.

3. Results



21

3.1 Emissions

Table 5 describes the emissions of PM 5, SO, and NO, for all the four scenarios. In 2015, there
were 9,237 kt/year of PMa 5, 18,353 kt/year of SO, and 25,701 kt/year of NO, emitted in China
from all the major land sources (i.e. power plant, residential, land transportation, agriculture, and
industry), except shipping. In the PRD region for shipping, 158 kt/year of PMz s, 350 kt/year of
SO, and 669 kt/year of NO, were emitted in the same year and they accounted for about 1.7%,

1.9% and 2.6% of total emissions in China.

Ship emissions have varied greatly among the three scenarios. Table 5 also summarizes the
difference between ship emissions within the ECA 200 nm region. In 2015, within the 200 nm
ECA region, I estimated 11.3 kt/year of PMz s, 89.5 kt/year of SO and 141.9 kt/year of NO, by
ships. Ship-emitted PM> s, SO> and NO, accounted for 7%, 20%, and 17% of all emissions in the
entire PRD area (PRD + 200 nm ECA). Figure 2 compares the monthly mean surface emissions
of five major pollutants (PM 5, EC, CO, NOy, and SO>) in July 2015 for the two scenarios:
Baseline and 2015 With Ship emissions. I found that there were more emissions in the central
PRD area, including Guangzhou, Shenzhen, Zhuhai, Dongguan and Hong Kong, compared to the
further inland cities. Ships emitted negligible amount of EC, CO and PM; 5, but significant

amounts of SO, and NOx.

For the 2030 BAU scenario, | estimated 9.9 kt/year of PM> s, 27.0 kt/year of SO> and 197.9
kt/year of NOx emissions from ships within the 200 nm ECA region. Compared to the 2015 ship
emissions, this is a 12% and 70% decrease for PMz s and SO, but a 39% increase in NOx. Under
the 2030 ECA scenario, I estimated that 4.3 kt/year of PM» 5, 6.4 kt/year of SO, and 172.3

kt/year of NOx would be emitted from ships within the 200 nm ECA region, resulting in a 57%,
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76% and 13% decrease of PM> 5, SO», and NO,, respectively, from the 2030 BAU scenario.
Comparing ship emissions between 2030 ECA and 2015 With Ship scenarios, I found that the
PM; 5 and SO; under 2030 ECA would decrease by 62% and 93% respectively, but NO, would
increase by 21%. The cause of these differences will be elaborated in the discussion section.
Figure 3 illustrates the gridded ship emissions of PMas, SO2, and NOx in July for the three
scenarios with ship emissions (2015 With Ship, 2030 BAU, and 2030 ECA). All three pollutants
show that the most heavily trafficked route is along the coast, especially on the eastern side of

the PRD region.

3.2 Model Evaluation

Table 6 summarizes the model performance related to meteorological parameters. The 2-meter
temperature at Guangzhou between the simulated and observed had a correlation of 0.9 and an
NMB of 0.3%. Small NMB values were also found at Shenzhen (0.2%) and at Zhaoqing (-0.3%),
as well as in Hong Kong (-0.03%). The correlation coefficients between the observed and
simulated for the 2-meter temperature in the sites of Shenzhen, Zhaoqing and Hong Kong were
0.8, 0.7, and 0.8, respectively. The model slightly underestimated the relative humidity among all
the four sites, and the correlation between the observed and the simulated were 0.50, 0.60, 0.52,

and 0.65 and NMB of -16%, -12%, -1.6% and -2.6%.

The model also underestimated the wind speed in Guangzhou, Shenzhen and Hong Kong, with a
correlation between the modeled and observed being 0.85, 0.80, and 0.83 and NMB of -15%, -
36%, and -36%. The model, however, overestimated the wind speed at Zhaoqing, with a
correlation of 0.5 and NMB of 32%. Figure 4 shows the comparison between the observed and

modeled wind. The direction of each widget represents wind direction and the color represents
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wind speed: the darker the color, the faster the wind. The length of each widget shows the
number of hours that were observed or modeled within that direction where the wind comes
from. I found that the southerly wind was the most dominant, indicating that wind most often
blew from the ocean to the land. This result reconfirmed that the impact of ship emissions will be

the largest in July due to the dominant wind direction from the ocean to land.

Figure 5 and 6 present the comparison of modeled and observed PM2 s and O3 concentrations and
the comparison of modeled and observed SO, and NO; concentrations, respectively. I evaluated
these four pollutants, since PM> 5 and O are the major pollutants causing health impacts, and
SO, and NO;, are the two major pollutants emitted by ships. Table 7 describes the statistical

results for these four pollutants.

I found that the model overestimated the PM2 s concentrations in some cities, including
Guangzhou and Shenzhen. This might be due to an underestimated wind speed and precipitation.
As I mentioned earlier, I found that the modeled wind speed is smaller than the observed, which
could predict more stagnant air in some cities. Nevertheless, the PM» 5 model performance for all

cities still met the goal (MFB < £30% and MFE < 50%), suggested by Boylan and Russell

(2006).

3.3. Air Quality Impacts

3.3.1 Year 2015

Tables 8 and 9 summarize the comparison of the PM» s and O3 concentrations under the Baseline
and 2015 with ship emissions scenarios, respectively. For the Baseline and 2015 With Ship

scenarios, the monthly mean concentrations of PM» s from model were 31.3 and 32.4 ug/m? over
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Guangdong province, respectively. Shenzhen was the individual city most impacted, with a 4.0
ug/m? increase in PMz s concentrations due to ship emissions. I found that Shanwei, Foshan,
Huizhou, and Guangzhou all had over 2.0 pg/m? increase in PM» s concentrations due to ship
emissions. For O3, the monthly average 8-hour maximum concentrations for the PRD region
were 49.0 and 50.6 ppb, for the baseline and 2015 With Ship scenarios, respectively. The most
impacted city was Shanwei, with a 5.79 ppb increase in O3. Zhuhai, Shenzhen, and Huizhou

were also greatly impacted by more than a 2.0 ppb increase of Os.

Figure 7 presents the monthly average concentrations for the Baseline and 2015 With Ship
scenarios, the increased concentrations due to ships in 2015, and the percentage of ship-related
concentrations to the all-source concentrations for four major pollutants (i.e. O3, PM2 s, SO», and
NOy) within the finest resolution domain. For O3, I found that the most affected area was the
southeast of the PRD and the greatest increase (over 6 ppb increase) occurred above the sea. For
PM2> 5, the greatest impact due to ship emissions also took place in the southeast region which is
primarily ocean. The two short-lived pollutants, SO, and NO,, increased by 10 pg/m? in the
northern and eastern areas of the PRD, where Guangzhou, Shenzhen, and Hong Kong were all

located.

Interestingly, I observed a tiny area where the PM2 s concentrations actually decreased after
adding ship emissions. The reason might be that the addition of ship emissions changed the WRF
meteorological fields slightly, including the wind pattern, cloud formation, precipitation, etc.
Figure 8 shows that the wind pattern and temperature have indeed been altered after adding the

ship emissions. Those areas where I found decreased concentrations also had an increase in wind
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speed that diffused the pollution more rapidly, and thus explaining the decrease in concentrations

after the ship emissions were added.

3.3.2. Year 2030

The pollutant concentration differences between the 2030 BAU and 2030 ECA scenarios are
shown in Figure 9. These differences represent the potential air quality improvement that ECA
could provide to the PRD cities. Figure 9 illustrates four major pollutants, PM> s, O3, SO, and
NO, and their concentrations would be reduced in most of the PRD region under 2030 ECA
scenario, although some areas would not have a significant decrease. The monthly average PMa s
concentrations in the PRD region are 31.5 pg/m? and 30.7 ug/m? for the 2030 BAU and the 2030
ECA scenarios. Hong Kong and Shenzhen would benefit the most if ECA was implemented, as

their monthly average PM: s is projected to decrease by 1.9 and 1.3 pg/m?, respectively.

The monthly average O3 concentration in 2030 BAU for the PRD region was 42.3 ppb and was
fairly similar to that of the ECA scenario (42.0 ppb). I found that Shenzhen and Dongguan would
benefit the most from ECA but the Oz decreases in both cities were only 0.47 and 0.40 ppb,
respectively. NOx and SO» concentrations also decreased the most (over 2 ug/m?) in the Eastern

PRD, where Shenzhen, Dongguan, and Hong Kong are located.

3.4. Health Impacts

3.4.1. Premature mortality associated with acute air pollution exposures in 2015

In 2015, I found that PM> 5 concentrations due to ship emissions caused an estimated 155 (95%
CI: 130, 181) acute premature deaths in six major cities in the Guangdong Province (excluding

Hong Kong), which included Guangzhou, Shenzhen, Jiangmen, Foshan, Dongguan, and Zhuhai.
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Acute premature deaths due to the exposure to O3 concentrations from ship emissions were
predicted to be 115 (95% CI: 89, 142) (Figure 10). Among the PM> s-related deaths, CVD deaths
accounted for 54% of total deaths (84 cases, 95% CI: 69, 99) and respiratory mortality accounted
for about 13% of total deaths (20 cases, 95% CI: 12, 28). On the other hand, the ship-associated
Os increase predicted 64 (95% CI: 45, 83) excess CVD deaths and 24 (95% CI: 16, 31) excess

respiratory deaths. Acute mortality predictions are summarized in Table S1.

Among the six cities, Guangzhou had the largest number of total predicted excess acute deaths
(104 incidences, 95% CI: 76, 112). The biggest reason is that Guangzhou has the largest
population of about 14.7 million people in 2015, compared to the second largest city of
Shenzhen, with population of 12.9 million. Jiangmen had the second most predicted excess
deaths [55 with 95% CI: 45, 66] in 2015 due to its highest baseline incidence rate for each health
endpoint among all six cities. Shenzhen also had 51 (95% CI: 42, 62) predicted excess deaths
which are also due to its second largest population and a substantial concentration increase due
to ship emissions. The other three cities, Dongguan, Zhuhai and Foshan, shared nearly a quarter

of predicted excess deaths among the six cities.

3.4.2. Premature mortality associated with chronic air pollution exposures in 2015
Ship-related chronic exposure to PMz s resulted in a total of 2,349 (95% CI: 989, 3345) predicted
excess premature deaths in the PRD region due to IHD, COPD, LC, CEV, and respiratory
infection combined (Figure 11). I found the largest number of predicted excess premature deaths
in Shenzhen (651 cases, 95% CI: 292, 868) for all-cause mortality, among the twenty cities. The
reason that most predicted excess deaths were found in Shenzhen is due to its dense population

and substantial contribution of ship emissions. There were also large numbers of predicted
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premature deaths in Hong Kong (370, 95% CI: 116, 608) and Guangzhou (346, 95% CI: 155,
462), since both are also highly populated cities. More than a hundred incidences of predicted
excess premature mortality were also found in Foshan, Jiangmen, Dongguan, Huizhou and

Shanwei due to ship emissions in 2015.

Ship-related chronic exposure to O3 concentrations resulted in a total of 994 (95% CI: 223, 1534)
predicted excess premature deaths in the PRD region due to CVD and respiratory deaths
combined (Figure 12). Among CVD death incidences (791 cases, 95% CI: 171, 1292),
approximately 48% (378, 95% CI: 78, 650) died from IHD. The lower-respiratory disease
contributed to fewer predicted deaths than CVD as I predicted 203 (95% CI: 52, 243) excess
deaths from the respiratory disease. Similar to PM; s, the increased O3 also caused three mega
cities, Guangzhou, Shenzhen, and Hong Kong to have the highest predicted chronic mortality
from CVD and respiratory infection. Outside of those three mega cities, I also predicted more
than fifty excess deaths due to ship-induced chronic Oz exposure in Dongguan, Huizhou, and

Shanwei.

3.4.3 Premature mortality associated with chronic air pollution exposures in 2030

For future scenarios, only chronic mortality was predicted due the lack of baseline incidence
data. I predicted 2,545 (95% CI: 1,077, 4,481) ship-related chronic excess deaths under 2030
BAU, where 1,525 (95% CI: 616, 2,377) of these were due to ship-related PM» 5. Compared to
2015, the PM; s-related deaths reduced by 35%. On the contrary, premature deaths due to O3
exposure in 2030 were greater than in 2015. In 2030, Os-related mortality reached 1,020 deaths

compared to 994 in 2015, resulting in a 2.6% increase.
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3.4.4 Avoided mortality due to ECA implementation

The potential health benefits provided by ECA in 2030 were predicted by comparing PM> 5 and
O3 concentrations with and without ECA implementation. I found that by implementing ECA,
1,044 and 143 excess deaths could be avoided by a decreased PM> 5 and O3, respectively. These
values are equivalent to 68% and 14% of all-cause deaths in 2030 BAU scenario, due to PM; 5
and O3 exposure. Combining the total mortality from two pollutants, 47% of deaths could be
avoided by ECA compared to the BAU scenario. The detailed excess death incidence numbers

for each health endpoint are given in Table 10.

4. Discussion

In 2015, ship emissions were a major pollution source in the PRD region, accounting for 7%,
20%, and 17% of PM> 5, SO, and NO, among all emitting sources, respectively. Ship emissions
decreased significantly for both PM> 5 and SO; in 2030 from the 2015 baseline levels, even under
2030 BAU. There are two main reasons for the decrease. First, ships in 2015 were still using the
2.5% sulfur content fuels. However, DECA was implemented in October 2016 in the coastal
PRD region for ships at berth and will apply to all ships entering the area by 2019. In 2030, I
therefore assumed the sulfur content of the fuel would be 0.5% within the DECA area. Second,
starting in 2020, the IMO requested all oceangoing ships comply with 0.5% sulfur content limit
in the global domain, which will further decrease the SO> emissions from ships worldwide.
Therefore, based on these two reasons, I assumed SO, emissions would considerably decrease in
2030 regardless of ECA. The amount of primary PM emissions from ships is a direct result of the
reduced sulfur content in the fuels, since the PM emission factor is well related to the sulfur

content in the fuels, as I discussed in the emission projection methodology for Equation [11]. In
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addition, fewer secondary inorganic aerosols will be formed as SO, emissions decrease, further

lowering the PM concentration in the ambient air.

On the contrary, NO, emissions from ships increased by 50 kt/year from 2015 to the 2030 BAU
scenario because there has been a lack of strong global policy for NO, control. The current
global NO, emission control, MARPOL Annex VI NO; Tier II emission standards, was adopted
in 2011. The NO, Tier III emission standards only target ships built after 2016 and only when
they travel inside the North American ECAs. In China, the current DECA does not require newer
ship engines to be Tier III compliant for new ships. Thus, under the 2030 BAU scenario, |
assumed no further policies, resulting in the 2030 BAU and 2015 With Ship scenarios having the
same NO, emission standards. As tonnage demand is expected to increase annually, the
additional ships in the 2030 BAU scenario led to higher NO, emissions compared to the 2015

With Ship scenario.

Under the 2030 ECA Scenario, I found a significant reduction in ship emissions of 57% and 76%
for PM> s and SO» respectively, and a moderate emission reduction (13%) for NO,, compared to
the 2030 BAU. PM s and SO> emissions reductions are due to the drop in the sulfur content in
fuels from 0.5 to 0.1% inside of the ECA region. NO, emissions showed a 13% decrease
compared to the BAU scenario after adopting the ECA NO; Tier III emission standards for the
newly constructed ships within ECA when I projected the 2030 ECA scenario emissions. In
contrast, I expected all ships to have the Tier II engine standards under the 2030 BAU scenario.
Compared to Tier II, the NO, Tier III emission standards are much more stringent, as mentioned
earlier. Since I assumed that ECA would be established in 2025, all new ships built between

2025 and 2030 followed the NOx Tier III emission standards. Because ships built before 2025
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would be grandfathered to update to Tier III, so the NO, emission reduction benefit was rather
limited. As a result, ECA would then lead to a moderate decrease in NO, in 2030 compared to
the BAU scenario. However, if the ECA could have been implemented earlier than 2025, the
NO. emission control would be more beneficial as more ships would need to follow the more

stringent Tier III emission standards earlier.

I found that ship emissions caused an increase in pollutant concentration in the PRD region and
the most affected area due to ship emissions was the southeast. In 2015, an average increase of
1.1 pg/m? increase for PMz 5 concentrations and 1.62 ppb for O3 concentrations increase were
found in PRD and the southeast region. Cities such as Shenzhen, Dongguan, Huizhou, Shanwei
and Hong Kong observed over a 2 pg/m? increase of PM> s and a 2 ppb increase of Os. The
incremental PM; 5 and O3 caused 155 and 115 death incidences due to acute exposure, and 2,349
and 994 death incidences due to chronic exposure. I found that ship-related mortality accounts
for 1.3% of total cerebrovascular disease (CEV), 0.8% of chronic obstructive pulmonary disease
(COPD), 0.8% of ischemic heart disease (IHD), 0.4% of lower respiratory infections, and 0.2%

of lung cancer (LC) in Guangdong Province.

In 2030, I roughly predicted baseline mortality under the 2030 BAU scenario and then assessed
the potential health benefits due to ECA implementation. Although there is a large uncertainty
associated with the mortality prediction for 2030, my results found that the potential health
benefits from ECA could be substantial as I expect that 68% of deaths due to PM» 5 and 14% of
deaths due to O3 could be avoided. Overall, ECA could prevent 47% of total deaths due to the
exposure to PMa s and Os. These mortality reduction ratios are also surprisingly similar to the

ship emission reduction rates of 76% of SO, 56% of the primary PMz s and 13% of NO,
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reduction from the BAU scenario. Thus, I infer that the percentage of mortality reduction is
equivalent to that of emission reduction. It delivers the key message to the Chinese government

that the strength of ship emission reduction directly determines the health benefit feedbacks.

I compared my results with two previous studies. Liu et al. (2016) have found that 18,000
premature deaths were expected in 2013 in the mainland China. According to the premature
deaths I expected (3,613 deaths from both acute and chronic exposure), the PRD cities accounted
for 20% of deaths in China due to ship emissions in the Chinese coast. Winebrake et al. (2009)
have compared the global shipping mortality in 2012 under global 0.5% and coastal 0.1% sulfur
limit scenarios. Their scenario setup is similar to the 2030 BAU and 2030 ECA scenarios in this
thesis. They expected that approximately 15,000 premature deaths due to lung cancer and CVD
could be avoided by adopting the ECA sulfur standard in every coastal region in the world. I
found that 564 premature deaths could be avoided from those two diseases in the PRD region
under the ECA scenario. This indicates that 3.8% of the avoided mortality from ECA in the

world would be from the PRD region.

The study could be improved in several ways. First, I only simulated air quality for one month
and then applied the monthly results to estimate annual average concentrations in 2015 to
identify health effects due to ship emissions and ECA implementation. The number of deaths
might be overestimated, as our simulation period is chosen to be when the effect from ship
emissions on land are the greatest based on the previous studies (Chen et al., 2018; Liu et al.,
2018). However, the number of deaths might also be underestimated because winter in the PRD
has a higher PM» 5 concentration in general, and the ship increased concentrations could be more

noteworthy when simulating the model. Therefore, the final outcomes remain uncertain when
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only modeled for one month and I might want to model multiple months in the future studies.
Moreover, the choice of the year could also impact the study results. I chose the year of 2015 due
to the data availability of both anthropogenic emissions and ship emissions. The precipitation in
2015 summer is the highest among the year periods from 2011 to 2017 (WorldWeatherOnline,
2018). If I chose a low-precipitation year instead, the PMa2.5 concentrations would have been

higher because of less wet scavenging.

Second, the model has not perfectly forecasted the observed results, as mentioned in the model
evaluation section. It might be due to following reasons. First, on average, the modeled wind had
a smaller wind speed than the observed wind. The modeled PM: s was also overestimated
because a smaller wind speed could cause less aerosols to be transported and therefore the
polluted air being stagnant in the research domain. In addition, due to the uncertainty of the
emission inventory itself, the model might output a higher concentration than the observed due to
the excess emission. As a result, the model has overestimated the PM» s concentration and this

might further link to a higher premature mortality when estimating the health impact.

Third, according to the IER function that I used to estimate the chronic mortality, higher ambient
pollution concentration results in a lower relative risk; As the model overestimated the pollutant
concentrations in some cities, I could have underestimated the mortality in these cities when
modeled concentrations are higher than observed concentrations. Third, due to data availability, I
ran the model using 2015 land emissions for the two 2030 scenarios. That is the reason why I did
not analyze absolute concentrations and focused only on the relative concentrations for our

health benefit prediction for 2030.
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There is also a high level of uncertainty in my estimates due to the following reasons. First, the
population data derived from UN DESA have eight scenarios under different fertility and
mortality patterns. The gridded population in 2030, however, simply escalated the 2015 gridded
population by a scale factor, without considering any future migrations among cities. Similar
uncertainty also exists in the baseline incidence rate in 2030. Furthermore, I used the same
relative risk to estimate the health benefits in 2030, which could also cause an overestimation.
The medical science is advancing rapidly, so the actual relative risk in 2030 might be much

lower than in 2015.

One more source of uncertainty originated from the chronic mortality model IER itself, which
was built based on many strong assumptions. The model has to be further improved to estimate
the mortality more accurately. In fact, the recent studies have been done to develop alternative
models other than the IER model. For example, Burnett et al. (2018) introduced a new model
called the Global Exposure Mortality Model (GEMM), which relaxes the contentious
assumptions in the IER and builds the hazard ratio function based only on cohort studies of
outdoor air pollution. According to that study, they argue that the GEMM model would predict
much larger health benefits by reducing PM; s than the previous IER model. Further research and

the validation of GEMM is required.

Expected health benefits from ECA are obvious, as I quantified a 48% reduction in deaths due to
PM: 5 exposure to the BAU scenario. However, to ultimately determine the net benefits from
ECA, I should also perform a cost-effective analysis to estimate the increasing costs for the

stakeholders when ECA is being implemented. Another ongoing study by ICCT will focus on the
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costs for ship owners and shipping companies to comply with the ECA standard. Based on these
estimates, I can combine both costs and benefits and estimate the net benefits of ECA. In
addition, the ECA application is a long-lasting process, which usually takes more than five years
from the initial application to the final implementation. Thus, it might be difficult to see a
Chinese ECA fully implemented by 2030, when it is only established in 2025, as I assumed in
this study. Moreover, the actual ECA range could be much smaller than 200 nm. I chose this
value because that is the greatest range currently adopted in the world, as found in the North
American ECAs. The current DECAs in China indeed only have a 12 nm range. Undeniably, the
health benefits will be lower if the ECA range was smaller than 200 nm. Further studies are
essential to strengthen the ECA benefits and to facilitate a larger ECA to be implemented at an

earlier period.

5. Conclusion

This study used WRF-Chem to estimate the contribution that ship emissions make to the ambient
air quality in the PRD region and used concentration-response function to estimate impacts on
ship-caused mortality. In 2015, ship emissions resulted in 1.1 ug/m?* PMa s and 1.62 ppb O3
increases within Guangdong Province and over 3,300 excess death in 2015 due to ship-related

PM; 5 and O3 concentration increases.

Based on the potential health benefits for ECA in the PRD region. I predicted that ECA could
decrease PM 5 (0.83 pg/m?®) and O3 (0.37 ppb) from the business as usual (BAU) scenario in
2030. ECA implementation could avoid 1,044 and 143 excess deaths by the reduced
concentrations of PM2 s and O3, compared to the BAU scenario. The premature mortality

reduction ratios for PM;s and O3 are 68% and 14%, with an overall reduction of 47% for both
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pollutants. Although my results contain large uncertainty, the health impacts due to ship
emissions are non-negligible and an ECA establishment in the PRD region could notably reduce

mortality.
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7. Tables

Table 1 Scenarios used for ship emissions.
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Scenario

Name

Description

Emission control
policies for ships

SO

Baseline

All land emissions
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(ECA) implemented ship emissions

S1 2015 With Ship | All land emissions plus 2015 ship emissions PM & SO;: None
NOx: Tier 11 ship
engine

S2 2030 BAU All land emissions plus 2030 business as usual PM & SO»:

(BAU) ship emissions Global: IMO sulfur
cap
China: DECA 2.0
NOx: Tier 11 ship
engine

S3 2030 ECA All land emissions plus 2030 emission control area | PM & SOu:

Global: IMO sulfur
cap

China: ECA

NOx: Tier III ship
engine for ships built
after 2025

Table 2 The IMO NOx Tier emission regulations.

Total weighted cycle emission limit (g/kWh)

= 1 > t
I],l\l/é? Ship construction date on or after n = engine’s rated speed (rpm)
n<130 130<n<1999 n>2000
I 1 January 2000 17.0 Hxnx(-0.2) g9
II 1 January 2011 14.4 44 xn x (-0.23) 7.7
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III

1 January 2016

* Only when operating in the North

American ECA

3.4

9 xnx (-0.2)

2.0

Table 3 Scale factors of emission factors, by pollutant type.

Pollutant | SF in 2030, BAU | SF in 2030, BAU special zones | SF in 2030, ECA
SOx 0.2 0.04 0.04
PM 0.5 on average 0.1 on average 0.1 on average
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NOx 0.9 on average 0.22 on average 0.22 on average
CO, 1 1 1

CcO 1 1 1

BC 1 0.25 0.25

CH4 1 1 1

N20 1 0.94 0.94

NMVOC | 1 1 1

Table 4 Health outcomes and risk functions used to calculate the burden of diseases associated

with the exposure to PMz s and Os.

Outcome and exposure metric

Relative Risks (95%

CID

Reference

All cause (natural) mortality from short-term exposure to PM 5

1.0176 (1.0147, 1.0206)

Linetal., 2016

Cardiovascular (CVD) mortality from short-term exposure to PM, s

1.0219 (1.0180, 1.0259)

Linetal., 2016

Respiratory mortality from short-term exposure to PM, 5

1.0168 (1.010, 1.0237)

Linetal., 2016
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All cause (natural) mortality from short-term exposure to O3

1.0081 (1.0063, 1.010)

Tao et al., 2012

Cardiovascular (CVD) mortality from short-term exposure to O3

1.0101 (1.0071, 1.0132)

Tao et al., 2012

Respiratory mortality from short-term exposure to O3

1.0133 (1.0089, 1.0176)

Tao et al., 2012

Ischemic heart disease (IHD) from long-term exposure to PM 5

Chronic obstructive pulmonary disease (COPD) from long-term exposure to

PMy 5

Cerebrovascular disease (CEV) from long-term exposure to PM, s

Lung cancer (LC) from long-term exposure to PM, s

IER
* Depends on specific
concentrations and

group ages.

2015 GBD

study

Respiratory mortality from long-term exposure to PM 5

1.009 (0.982, 1.04)

Caoetal., 2011

Ischemic heart disease (IHD) from long-term exposure to O3 1.015 (1.003, 1.026) Jerret et al.,
2009

Respiratory mortality from long-term exposure to O3 1.029 (1.010, 1.048) Jerret et al.,
2009

Cardiovascular (CVD) mortality from long-term exposure to O3 1.011 (1.003, 1.023) Jerret et al.,
2009

Table 5 Summary emissions for four scenarios in the model.

Unit: Baseline Ship emissions within 200 nm ECA
(kt/year)
China PRD 2015 2030 BAU 2030 ECA
PMzs 9236.8 158.2 11.3 9.9 4.3
SO 18335.3 350.3 89.5 27.0 6.4
NOx 25701.7 669.3 141.9 197.9 172.3
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Table 6 Summary statistics for the four meteorological variables (temperature, wind speed, wind

direction, relative humidity) between modeled and observed in four cities of the PRD region.

Variable Site NMB(%) | NME(%) MFB(%) | MFE(%) RMSE

2-meter Guangzhou 0.3 0.3 0.1 0.1 0.9 1.2
Temperature Shenzhen 0.2 0.3 0.1 0.1 0.8 1.1
Zhaoqing -0.3 0.4 -0.1 0.1 0.7 1.6

Hong Kong 0.0 0.2 0.0 0.1 0.8 0.9

10-meter Guangzhou -15.0 17.6 -4.4 5.1 0.9 0.6
Wind Speed Shenzhen -36.4 36.4 -11.2 11.2 0.8 2.0
Zhaoqing 31.6 39.9 5.9 8.0 0.5 1.0




Hong Kong -359 359 -11.0 11.0 0.8 1.9

10-meter Guangzhou -9.8 21.0 2.7 5.6 0.5 45.7
Wind Direction Shenzhen -0.8 11.9 -0.7 32 0.8 30.7
Zhaoqing -5.9 21.1 -0.8 5.6 0.5 473

Hong Kong 11.2 17.8 2.2 4.1 0.6 46.4

Surface Guangzhou -15.9 16.4 -4.7 4.9 0.5 17.0
Relative Humidity | Shenzhen -12.3 15.1 -3.8 4.5 0.6 15.9
Zhaoqing -1.6 9.1 -0.6 24 0.5 10.1

Hong Kong -2.6 11.2 -1.1 3.1 0.7 11.2

Table 7 Summary statistics for four major air pollutant concentrations between modeled and

observed in nine major cities of the PRD region.

City NMB(%) | NME(%) | MFB(%) | MFE(%) | r RMSE
Guangzhou 193.3 197.4 20.3 215 0.5 81.6
Shenzhen 2453 2453 243 243 | 0.3 62.6
Zhuhai 86.6 98.4 10.1 145 | 0.6 26.8
Foshan 53.6 71.8 7.9 124 | 0.5 36.2
PM: s
Zhongshan 195.2 195.3 20.8 20.8 | 04 58.2
Jiangmen 209.1 211.8 18.7 195 | 04 54.1
Dongguan 188.2 188.2 223 2231 05 59.7
Huizhou 199.5 199.9 24.5 246 | 0.5 49.1
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Zhaoqing 27.2 41.9 4.5 85| 03 18.3
Guangzhou -29.7 40.1 -6.2 105 | 0.5 69.1
Shenzhen -5.1 26.6 -0.3 6.1 05 37.2
Zhuhai -18.6 26.5 -2.9 571 0.8 434
Foshan -27.8 33.1 -7.0 86| 0.7 53.1
Os Zhongshan -3.8 31.1 1.8 7.7 0.8 343
Jiangmen 1.5 23.9 24 64| 0.8 26.1
Dongguan -39.1 40.5 -10.8 115 0.7 73.3
Huizhou -3.2 19.8 0.0 511 0.8 232
Zhaoqing -26.8 30.5 -7.0 81| 0.7 43.5
Guangzhou 172.1 190.8 16.7 223 ] 0.1 19.2
Shenzhen 41.2 56.6 3.7 911 05 7.7
Zhuhai 14.0 51.1 -4.1 12.7 | 0.7 4.5
Foshan -48.8 49.0 -18.2 183 | 0.7 9.5
SOz | Zhongshan 923 111.9 6.1 144 | 0.6 9.9
Jiangmen -7.4 66.2 -9.9 187 | 0.3 7.6
Dongguan 139.3 147.9 17.0 193] 0.3 13.5
Huizhou 1.0 532 -4.0 139 0.1 6.7
Zhaoqing -74.2 75.4 -31.7 320 04 12.2
Guangzhou -36.7 50.0 -13.1 172 ] 0.2 25.2
Shenzhen -29.1 43.6 -9.0 125 04 10.7
Zhuhai -66.0 67.4 -27.2 27.6 | 0.7 14.8
NO2
Foshan -393 48.9 -10.5 15.1 ] 0.7 9.7
Zhongshan -32.1 46.4 -12.4 149 | 0.6 11.0
Jiangmen -5.2 39.3 -3.6 991 0.6 59
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Dongguan -11.1 32.8 -5.2 951 05 11.0
Huizhou 249 65.4 2.1 13.7] 0.1 12.0
Zhaoqing -73.6 78.2 -29.8 309 | -0.1 15.6

Table 8 Monthly average PM2 5 concentrations for the two scenarios in July 2015: Baseline

48

Scenario and 2015 With Ship Scenario (unit: pg/m?); the third column shows the increased PM, s

concentration due to ships (unit: ug/m?) and the fourth column shows the percentage of the

ambient PM> 5 concentration was caused by ship (unit: %).

City Baseline 2015 With Ship Ship-caused Ship Contribution
PMas PM: s Increase Among All
sources
Jiangmen 31.18 32.25 1.06 3.3%
Shenzhen 91.95 95.96 4.01 4.2%
Guangzhou 72.06 74.21 2.15 2.9%
Foshan 70.02 71.68 1.66 2.3%




Zhuhai 35.86 37.26 1.40 3.8%
Dongguan 73.05 74.11 1.06 1.4%
Zhaoqing 26.54 26.65 0.11 0.4%
Qingyuan 30.21 30.54 0.33 1.1%
Huizhou 29.25 31.55 2.30 7.3%
Heyuan 16.43 17.50 1.07 6.1%
Shaoguan 20.59 21.13 0.54 2.5%
Shanwei 14.87 17.85 2.98 16.7%
Guangdong 31.31 32.41 1.10 3.4%
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Table 9 Monthly average O3z concentrations for the two scenarios in July 2015: Baseline Scenario

and 2015 With Ship Scenario (unit: ppb); the third column shows the increased O3 concentration

due to ships (unit: ppb) and the fourth column shows the percentage of the ambient O3

concentration was caused by ship (unit: %).

City Baseline 2015 With Ship O3 Ship-caused O3 Ship Contribution
Increase Among All
sources
Jiangmen 49.51 51.37 1.86 3.6%
Shenzhen 52.02 55.52 3.50 6.3%
Guangzhou 56.55 58.20 1.65 2.8%




Foshan 57.25 59.01 1.76 3.0%
Zhuhai 49.76 53.98 4.22 7.8%
Dongguan 57.21 58.67 1.46 2.5%
Zhaoqing 47.66 48.38 0.72 1.5%
Qingyuan 51.35 52.04 0.69 1.3%
Huizhou 50.30 53.05 2.75 5.2%
Heyuan 46.47 47.97 1.49 3.1%
Shaoguan 50.92 51.38 0.47 0.9%
Shanwei 39.20 44.98 5.79 12.9%
Guangdong 49.00 50.62 1.62 3.2%

Table 10 The projected 2030 BAU death incidences (unit: cases) and the health benefits (unit:

cases and %) brought by the ECA implementation.

(cases)

PMy s All cause IHD COPD LC CEV Respiratory
2030 BAU 1525 474 220 146 653 32
Incidence

(cases)

ECA 1044 374 162 92 424 20
Benefits

(cases)

% Death 68% 79% 74% 63% 65% 63%
ECA

Reduced

0 All cause CVD Respiratory

2030 BAU 1020 966 212

Incidence
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ECA
Benefits
(cases)

143

125

18

% Death
ECA
Reduced

14%

13%

8%

8. Figures

Figure 1 The flow chart of thesis. The thesis has been finished by three parts: Part 1 Emission,

Part 2 Modeling and Part 3 Health Impact.
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* Baseline emission data
clean and analysis (2015)

* Ship emission estimation
(2015) and projection
(2030)

 Part1:
Emission

Part 2:
Modeling

* Air quality modeling under
four scenarios

« Two under 2015
¢ Two under 2030
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« Ship related mortality
estimation in 2015

» ECA reduced mortality
prediction in 2030

Part 3:
Health Impact

Figure 2 The geographical location of the PRD region (left) and the spatial distribution of ports

(black dots), air quality monitoring stations (red) and meteorological stations (blue) inside of the

domain 3 (right). The three domain sizes are also shown in the left map. The orange slash area

denotes the 200 nm ECA area.
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Figure 3 Monthly mean surface emissions of five pollutants (PMa 5, BC, CO, NOy, and SO>)

from all sources in July 2015 used in WRF-Chem for the two 2015 simulations.
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Figure 4 Spatial distribution of PMz 5, SO2, and NOx emissions from ships under the three ship

scenarios. (unit: tons/100 km?)
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2015 2030 BAU 2030 ECA

PM2.5 Emission
Tons/100km2
= 0-03
* 03-06
= 06-1
1-15
15-3

S02 Emission
Tons/100km2
= 0-23
= 23-48
- 48-88
8.8-17
17-31
31-46
46-74
74 -136
+ 136-280
= 280-527

NOx Emission
Tons/100km2

60 - 90

90 - 150
= 150 - 250
= 250 - 800

Figure 5 The comparison of wind speed and wind direction between the modeled and observed,
the length of each widget shows the number of hours that were observed or modeled within that

direction and the color of the widget shows the wind speed for each hour.



Modeled Wind

Observed Wind

300

count

345-15 345-15
315-345 15-45 315-345 15-45
285-315 45-75 285-315 45-75
255-285 75-105 | 255.285 75-105
225-255 105-135 225-255 105-135
195-225 135-165 195-225 135-165
165-195 165-195

56

Wind Speed (m/s)
)
W
W
W
[
8-10
6-8
4-6
2-4
NA

Figure 6 Daily mean PM> s and O3 concentrations between modelled and observed in nine cities.
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Figure 7 Daily mean NO2 and SO> concentrations between modelled and observed in nine cities.
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Figure 8 Four pollutant (PM2.s, O3, SOz and NOx) concentrations comparing two scenarios in July
2015: Baseline Scenario (first column) and 2015 With Ship Scenario (second column); the
increased concentrations due to ship emissions are shown in the third column and the
contributions of ship emission compared to other pollution sources are shown in the fourth

column.
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b b
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Figure 9 The wind pattern (wind speed [unit: m/s] and wind direction) and temperature (K) under
2015 without ship scenario (left) and 2015 with ship scenario (middle) and the changed wind and

temperature after adding the ship emissions (right).
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Figure 10 Air quality benefits provided by ECA where the green areas indicate the reduced
pollutant concentrations for O3, PM,s, SO, and NOx (units: ppb for O3 and pg/m? for PM s, SO,

and NOxy) after ECA being implemented.

ECA Reduced Concentrations

SO,
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Figure 11 Premature mortality associated with short-term (acute) exposures to ship-related PM: s

and O3 within six major cities in the PRD region; Guangdong, Shenzhen, and Jiangmen were

observed the highest acute mortality incidences.
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Figure 12 Premature mortality associated with long-term (chronic) exposures to ship-related

PM2sin 2015.
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Figure 13 Premature mortality associated with long-term (chronic) exposures to ship-related O3

in 2015.
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Table S1 Premature mortality associated with short-term (acute) exposures to ship-related PM> 5

and Os.
PM2.5 03

City All cause CVD Respiratory All cause CVD Respiratory
Guangzhou 60 |50 |70 |30 (24 |35 |9 6 13 (34 |26 |42 |17 |12 {22 |9 6 12
Shenzhen 33 128 |39 |17 |14 |20 |3 2 4 18 |14 |23 |9 7 12 |3 2 4
Jiangmen 29 |25 |34 |19 |16 [23 |3 2 4 26 120 |32 |17 |12 |22 |4 3 6
Foshan 23 119 |27 (12 |10 [ 14 | 4 2 5 18 |14 |22 |9 7 12 |5 3 6
Dongguan 7 6 8 4 4 5 1 0 1 8 6 10 5 4 7 1 1 2
Zhuhai 3 3 4 2 1 2 0 0 0 11 |8 13 |6 4 8 1 1 2
Six city totals | 155 | 130 | 181 | 84 | 69 | 99 |20 |12 |28 | 115 |89 | 142 | 64 |45 |83 |24 | 16 | 31

Table S2 Premature mortality associated with long-term (chronic) exposures to ship-related

PM245 in 2015.
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City IHD COPD LC CEV Respiratory Total
Mean 95% 95% Mean 95% 95% Mean 95% 95% Mean 95% 95% Mean 95% 95% Mean 95% 95%

CIL: CIL: CIL: CIL: CIL: CIL: CIL: CIL: CIL: CIL: CIL: CIL:

low up low up low up low up low up low up
Guangzhou 122 106 174 57 19 99 26 10 34 137 28 137 4 -8 18 346 155 462
Shenzhen 229 200 326 107 36 185 49 18 64 258 53 260 8 -16 33 651 292 868
Foshan 76 66 109 36 12 62 16 6 21 86 18 86 3 -5 11 217 97 289
Zhuhai 9 8 13 4 1 7 2 1 3 11 2 14 0 -1 1 27 11 37
Jiangmen 35 30 50 16 5 28 8 3 10 44 9 51 1 -2 5 103 46 144
Dongguan 39 34 56 18 6 32 8 3 11 44 9 44 1 -3 6 111 49 148
Zhaoqing 6 6 9 3 1 5 2 1 2 9 2 12 0 0 1 20 9 30
Heyuan 16 14 23 7 3 13 5 1 9 28 7 45 1 -1 2 58 23 91
Huizhou 57 50 82 27 9 47 15 5 21 81 18 106 2 -4 8 182 78 264
Shaaguan 2 2 3 1 0 2 1 0 1 3 1 5 0 0 0 7 3 11
Zhongshan 11 9 15 5 2 9 2 1 3 12 2 12 0 -1 2 30 13 41
Jieyang 2 2 3 1 0 1 1 0 1 3 1 5 0 0 0 7 3 10
Meizhou 4 4 6 2 1 3 2 0 3 8 2 12 0 0 1 15 6 25
Shanwei 31 27 45 15 5 25 11 2 19 56 13 88 1 -2 5 114 46 182
Yunfu 6 5 8 3 1 5 2 0 3 10 2 16 0 0 1 20 9 32
Yangjiang 5 4 7 2 1 4 2 0 2 9 2 13 0 0 1 17 7 28
Qingyuan 8 7 12 4 1 7 2 1 3 11 2 14 0 -1 1 25 11 36
Maoming 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1
Hong Kong 119 104 169 53 18 91 56 18 78 118 27 161 25 =51 109 370 116 608
Macao 10 9 14 5 2 8 2 1 3 11 2 11 0 -1 1 28 12 38
Total 787 687 1123 366 124 634 211 71 290 939 203 1092 46 -96 206 2349 989 3345

Table S3 Premature mortality associated with long-term (chronic) exposures to ship-related O3 in

2015.

City

CVD

RES

IHD

TOTAL
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Mean 95%CIL | 95%CI | Mean 95%CIL | 95%CI | Mean 95%CIL | 95%CI | Mean 95%CIL | 95%CI

:low 1up :low 1up : low 1up : low 1up
Guangzhou | 78 17 128 11 3 13 38 8 65 89 20 142
Shenzhen 145 31 238 21 5 25 70 14 120 166 37 262
Foshan 69 15 113 10 2 12 33 7 57 79 17 125
Zhuhai 34 7 56 5 1 6 17 3 28 39 9 62
Jiangmen 35 7 57 5 1 6 17 3 29 40 9 63
Dongguan 51 11 83 7 2 9 24 5 42 58 13 91
Zhaoqing 14 3 23 2 1 2 7 1 12 16 4 25
Heyuan 21 5 35 3 1 4 10 2 18 24 5 38
Huizhou 61 13 99 9 2 10 29 6 50 70 15 110
Shaoguan 1 0 2 0 0 0 1 0 1 2 0 2
Zhongshan | 31 7 50 4 1 5 15 3 26 35 8 56
Jieyang 4 1 7 1 0 1 2 0 4 5 1 8
Meizhou 9 2 15 1 0 2 4 1 8 11 2 17
Shanwei 64 14 105 9 2 11 31 6 53 73 16 116
Yunfu 4 1 7 1 0 1 2 0 3 5 1 8
Yangjiang 10 2 17 1 0 2 5 1 9 12 3 19
Qingyuan 9 2 15 1 0 2 4 1 8 10 2 16
Maoming 0 0 1 0 0 0 0 0 0 0 0 1
Hong Kong | 129 28 211 110 28 131 60 12 103 239 56 342
Macao 18 4 30 3 1 3 9 4 15 21 5 33
Total 791 171 1292 203 52 243 378 78 650 994 223 1534

Table S4 Projected premature mortality associated with long-term (chronic) exposures to ship-

related PM> 5 in 2030 under BAU scenario.

City

IHD

COPD

LC

CEV

Respiratory

Total
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Mean 95% 95% Mean 95% 95% Mean 95% 95% Mean 95% 95% Mean 95% 95% Mean 95% 95%

CIL: CIL: CIL: CIL: CIL: CIL: CIL: CIL: CIL: CIL: CIL: CIL:

low up low up low up low up low up low up
Guangzhou 25 22 37 12 4 21 5 2 7 28 6 29 1 -2 4 71 32 98
Shenzhen 38 33 56 18 6 32 8 3 11 45 9 49 1 -3 6 110 49 154
Foshan 36 31 53 17 6 30 8 3 10 40 8 41 1 -2 5 101 45 140
Zhuhai 11 10 17 5 2 9 2 1 3 16 4 22 0 -1 2 35 15 53
Jiangmen 53 46 78 25 8 44 13 4 18 73 16 97 2 -4 8 165 71 245
Dongguan 8 7 11 4 1 6 2 1 2 9 2 9 0 -1 1 22 10 30
Zhaoqing 17 14 25 8 3 14 5 1 9 28 7 44 1 -1 3 58 24 94
Heyuan 24 21 35 11 4 20 8 2 14 43 10 70 1 -2 4 87 35 143
Huizhou 74 65 109 35 12 62 19 6 28 108 25 151 2 -5 11 238 102 361
Shaoguan 4 4 6 2 1 3 1 0 2 7 2 12 0 0 1 15 6 24
Zhongshan 2 2 4 1 0 2 1 0 1 3 1 3 0 0 0 7 3 10
Jieyang 1 1 1 0 0 1 0 0 0 1 0 2 0 0 0 3 1 4
Meizhou 5 5 8 2 1 4 2 0 3 9 2 15 0 0 1 19 8 32
Shanwei 38 33 56 18 6 32 14 3 23 68 16 110 1 -3 6 139 56 227
Yunfu 16 14 23 7 2 13 6 1 10 28 7 46 1 -1 2 57 23 94
Yangjiang 8 7 11 4 1 6 3 1 4 14 3 22 0 -1 1 28 11 45
Qingyuan 20 17 29 9 3 17 5 2 7 32 8 50 1 -1 3 67 28 106
Maoming 1 0 1 0 0 0 0 0 0 1 0 2 0 0 0 2 1 3
Hong Kong 90 79 132 40 14 71 44 14 64 96 23 145 19 -39 85 289 90 498
Macao 4 3 6 2 1 3 1 0 1 4 1 5 0 0 1 11 5 15
Total 474 413 698 220 74 393 146 44 220 653 150 923 32 -65 143 1525 616 2377

Table S5 Projected premature mortality associated with long-term (chronic) exposures to ship-

related O3 in 2030 under BAU scenario.

City

CVD

RES

IHD

TOTAL

Mean

95%C

I: low

95%C

I:up

Mean

95%C

I: low

95%C

I:up

Mean

95%C

I: low

95%C

I:up

Mean

95%C

I: low

95%C

I:up
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Guangzhou 101 22 166 14 4 17 49 10 84 105 39 214
Shenzhen 164 35 268 23 6 28 79 16 136 170 63 347
Foshan 71 15 116 10 3 12 34 7 59 74 27 151
Zhuhai 38 8 61 5 1 6 18 4 31 39 14 80
Jiangmen 46 10 74 6 2 8 22 4 38 47 18 96
Dongguan 73 16 119 10 3 12 35 7 60 75 28 154
Zhaoqing 33 7 55 5 1 6 16 3 28 35 13 71
Heyuan 40 9 66 6 1 7 19 4 33 42 15 85
Huizhou 85 18 138 12 3 14 41 8 70 88 33 179
Shaoguan 5 1 8 1 0 1 2 0 4 5 2 10
Zhongshan 37 8 60 5 1 6 18 4 31 38 14 78
Jieyang 6 1 10 1 0 1 3 1 5 6 2 13
Meizhou 24 5 39 3 1 4 11 2 20 25 9 50
Shanwei 65 14 105 9 2 11 31 6 53 67 25 136
Yunfu 14 3 24 2 1 2 7 1 12 15 6 31
Yangjiang 16 3 26 2 1 3 8 2 13 16 6 33
Qingyuan 24 5 38 3 1 4 11 2 19 24 9 50
Maoming 1 0 1 0 0 0 0 0 0 1 0 1
Hong Kong 106 23 173 90 23 108 49 10 84 129 130 222
Macao 19 4 31 3 1 3 9 4 16 20 7 40
Total 966 208 1578 | 212 54 253 463 95 796 1020 | 461 2041

Table S6 Avoided premature mortality associated with long-term (chronic) exposures to ship-

related PM2 5 due to implementing the ECA.

City

IHD

COPD

LC

CEV

Respiratory

Total

Mean

95%

CL:

low

95%

CL:

up

Mean

95%

CL:

95%

CL:

up

Mean

95%

CL:

95%

CL:

up

Mean

95%

CL:

95%

CL:

up

Mean

95%

CL:

95%

CL:

up

Mea

95%

CI:

95%
CI:

up

Guangzhou

35

31

52

30

10

40

41

100

45

138

Shenzhen

107

93

158

90

23

31

121

125

16

305

136

420

Foshan

23

20

34

26

27

65

29

90

Zhuhai

5

27
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Jiangmen 31 27 45 14 5 26 7 2 11 44 10 60 1 -2 5 97 42 146
Dongguan 25 22 38 12 4 21 5 2 7 29 6 30 1 -2 4 72 32 100
Zhaoqing 4 4 6 2 1 4 1 0 2 6 1 9 0 0 1 14 6 22
Heyuan 9 8 14 4 1 8 3 1 5 17 4 28 0 -1 1 34 14 56
Huizhou 29 25 42 13 5 24 7 2 9 37 8 47 1 -2 4 87 38 127
Shaoguan 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 0 2
Zhongshan 2 1 2 1 0 1 0 0 0 2 0 2 0 0 0 4 2 6
Jieyang 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Meizhou 1 1 1 0 0 1 0 0 0 1 0 2 0 0 0 2 1 4
Shanwei 4 4 6 2 1 4 2 0 3 8 2 13 0 0 1 16 6 26
Yunfu 8 7 11 4 1 7 3 1 5 14 3 23 0 -1 1 28 11 46
Yangjiang 10 8 14 4 2 8 3 1 4 17 4 27 0 -1 1 34 14 55
Qingyuan 6 5 8 3 1 5 1 0 2 7 2 9 0 0 1 17 7 25
Maoming 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1
Hong Kong 47 41 69 21 7 37 22 7 32 46 10 64 10 -20 44 146 46 248
Macao 1 1 1 0 0 1 0 0 0 1 0 1 0 0 0 2 1 3
Total 347 303 511 162 54 289 92 31 131 424 92 519 20 -41 90 1044 439 1540
Table S7 Avoided premature mortality associated with long-term (chronic) exposures to ship-
related O3 due to implementing the ECA.
City CVD RES IHD TOTAL
Mean 95%CI: 95%Cl: Mean 95%CI: 95%CI: Mean 95%CI: 95%CI: Mean 95%CI: 95%CI:

low up low up low up low up
Guangzhou 22 5 37 3 1 4 11 2 19 26 6 40
Shenzhen 29 6 47 4 1 5 14 3 24 33 7 52
Foshan 4 1 7 1 0 1 2 0 4 5 1 8
Zhuhai 1 0 2 0 0 0 1 0 1 2 0 3
Jiangmen 2 1 4 0 0 0 1 0 2 3 1 4
Dongguan 19 4 31 3 1 3 9 2 16 22 5 35
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Zhaoqing 10 2 17 1 2 5 1 9 12 3 19
Heyuan 6 1 9 1 1 3 1 5 6 1 10
Huizhou 2 1 4 0 0 1 0 2 3 1 5
Shaoguan 1 0 2 0 0 1 0 1 1 0 2
Zhongshan 1 0 1 0 0 0 0 1 1 0 1
Jieyang 0 0 1 0 0 0 0 0 0 0 1
Meizhou 3 1 5 0 1 1 0 2 3 1 5
Shanwei 2 0 4 0 0 1 0 2 3 1 4
Yunfu 6 1 10 1 1 3 1 5 7 2 11
Yangjiang 5 1 8 1 1 2 0 4 6 1 9
Qingyuan 7 2 12 1 1 3 1 6 8 2 13
Maoming 0 0 0 0 0 0 0 0 0 0 0
Hong Kong 1 0 2 1 1 1 0 1 2 0 3
Macao 0 0 1 0 0 0 0 0 0 0 1
Total 125 27 204 18 22 60 12 103 143 32 226




