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Abstract

Abstract

China is facing severe challenges of air pollution and greenhouse gas (GHG)
emissions with rapid economic development, industrialization and urbanization.
Continued reductions in air pollutants and GHG emissions are critical, as they
pose serious threats to human health and the environment. Air pollution and
climate change are largely affected by similar sources and may interact with each
other through atmospheric chemical reactions.

This study developed a methodology to analyse the integrated impacts of
atmospheric environmental policies on human health and climate change in
China. Emission estimation, air quality modelling, health impact assessment, and
economic evaluation are synthesized following the full-chain impact pathway from
sources of emissions via environmental quality changes to physical and
economic impacts. A quantitative assessment of the economic health and
climatic benefits from emission reduction of air pollutants and GHG under
different present and future scenarios in China is presented. Sensitivity and
uncertainty analyses are conducted to provide information on the robustness of
the results.

The modelling results show that the years of life lost (YOLL) attributable to PMy s
exposure are 8.2 and 13.4 million in 2010 and 2030 considering current
legislation in China. The corresponding damage costs amount to about 3.9 and
5.2% of China’s gross domestic product (GDP) in 2010 and 2030, respectively.
Aggressive control policies will lead to significant benefits in the aspects of health
and climate change mitigation. The integrated benefits of the three investigated
policy scenarios are estimated to be 239.9 (95% CI: 41.5, 1387.8), 353.1 (32.9,
3789.4), and 619.5 (87.2, 4403.5) billion EUR2p10 in 2030, respectively. Clear
provincial disparities on emissions, concentration levels, and attainable benefits
from policy measures exist in China. Higher per capita benefits from policy
measures are estimated for provinces with high population density and energy
intensity.

The integrated assessment methodology developed in this study enables
simultaneous consideration of air pollution induced health effects and GHG
related climatic effects in the process of environmental policy development in
China. The reduction potential and integrated benefits from policy measures
estimated in this study provide valuable policy insights for China and other
developing countries.

X1V



Kurzfassung

Kurzfassung

China sieht sich mit enormen Herausforderungen in den Bereichen der
Luftverschmutzung und der Treibhausgas-Emissionen (THG) im Zusammenhang
mit rasanter dkonomischer Entwicklung, Industrialisierung und Urbanisierung
konfrontiert. Eine fortschreitende Reduktion von Luftschadstoffen und THG-
Emissionen ist entscheidend, da diese eine ernsthafte Bedrohung sowohl fur die
menschliche Gesundheit als auch fir die Umwelt darstellen. Die
Luftverschmutzung und der Klimawandel sind eng miteinander verbunden, da sie
grofdtenteils von denselben Schadstoff-Quellen beeinflusst werden und sich in
der Atmosphare tUber chemische Reaktionen gegenseitig beeinflussen kénnen.

In dieser Studie wurde eine Methode zur Beurteilung der ganzheitlichen
Auswirkungen der atmospharischen Umweltgesetzgebung auf die menschliche
Gesundheit und den Klimawandel in China entwickelt. Ein Modell der
Emissionsabschatzung, Luftqualitatsmodelle, Modelle der Wirkungen auf die
menschliche Gesundheit und ein 6konomische Bewertungsmodell wurden durch
die ganzheitliche Betrachtung des Ubertragungsweges von den Quellen der
Emissionen Uber die Anderung der Qualitat der Umwelt zu den physischen und
Okonomischen Auswirkungen verbunden. Eine quantitative Auswertung der
o0konomischen, gesundheitlichen und klimatischen Vorteile durch die Reduktion
von Luftschadstoffen und THG flr verschiedene Szenarien in der Gegenwart und
Zukunft in China wird vorgestellt. Um Informationen bezlglich der Robustheit der
Ergebnisse zu erhalten, wurden Sensitivitats- und Unsicherheitsanalysen erstellt.

Die modellierten Ergebnisse zeigen, dass die der Langzeitexposition mit PM;5
zuzuschreibenden verlorenen Lebensjahre (Years of life lost YOLL) unter
Bericksichtigung der momentanen Gesetzgebung in China 8,2 und 13,4
Millionen in den Jahren 2010 und 2030 betragen. Die zugehdrigen
Schadenskosten betragen in etwa 3,9% und 52% von Chinas
Bruttoinlandsprodukts (BIP) in den Jahren 2010 und 2030. Strenge
Kontrollgesetzgebungen kénnen zu signifikanten  Verbesserungen der
beschriebenen Folgen in den Bereichen der Gesundheit und des Klimawandels
fuhren. Die ganzheitlichen Gewinne der drei untersuchten politischen Szenarien
betragen 239,9 (95 % CI: 41,5; 1387,8), 353,1 (32,9; 3789,4) und 619,5 (87,2;
4403,5) Mrd. EUR2010 im Jahr 2030. Es existieren klare Unterschiede bei den
Emissionen, der HOhe der Konzentrationen und den erreichbaren
Verbesserungen durch politische Malinhahmen zwischen den verschiedenen
Provinzen Chinas. Die pro-Kopf-Verbesserungen durch politische Maflinahmen
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werden fur Provinzen mit hoher Populationsdichte und Energieintensitat hoher
eingeschatzt.

Die in dieser Studie entwickelte Methode =zur ganzheitlichen Bewertung
ermoglicht die gleichzeitige Betrachtung von durch Luftverschmutzung
verursachten gesundheitlichen Auswirkungen und mit THG
zusammenhéangenden klimatischen Auswirkungen bei der umweltpolitischen
Entscheidungsfindung in China. Die in dieser Studie abgeschéatzten
Reduktionspotenziale und ganzheitlichen Verbesserungen durch politische
Malinahmen ermdglichen wertvolle Erkenntnisse im Bereich der Gesetzgebung
fur China und andere Schwellenlander.
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1 Introduction

1 Introduction

1.1 Background and context

Air quality in China has attracted worldwide attention, especially after the severe
haze pollution events in 2013. Rapid economic development, industrialization,
and urbanization in developing countries have led to increased air pollution and
greenhouse gas (GHG) emissions. In recent decades, China has achieved an
unprecedented economic growth with an annual growth rate of gross domestic
product (GDP) recorded at over 8%. At the same time, the total energy
consumption in China has increased by a factor of five from 1980s to 2010s
(NBSC, 2016). China has become the largest contributor to the emissions of
multiple air pollutants, e.g. sulfur dioxide (SO), nitrogen oxides (NOy), particulate
matter (PM), volatile organic compounds (VOCs), ammonia (NH3), and GHG in
the world (Gregg et al., 2008; Klimont et al., 2009; Xing et al., 2011; Zhao et al.,
2013a).

There has been an increasing concern that China’s strong economic
ascendance, which undoubtedly improves peoples’ living quality and technology
development, has come at a substantial cost to the environment and public
health. Air pollution is now a major challenge for China. In 2013 the notorious
heavy smog events during the months of January, October, and November
blanketed over 70 major cities in North China, covering 15% of national territory
(Guan et al., 2014). As a major component of smog, fine particulate matter with
less than 2.5 micrometres in diameter (PM;5) is most of the time the primary
pollutant among non-attainment pollutants.

In heavily polluted cities like Beijing, the record of PM, s concentration reached
over 800 upg/m?® far beyond the highest limit (500 pg/m®) indicated in the
Technical Regulation on Ambient Air Quality Index (MEP, 2012b). Among the 74
Chinese cities which reported monitored air quality data in 2013, over 93% of
which have annual average PM 5 concentrations above the national standard (35
ug/m3), with the highest at 155 pg/m? in Xingtai, Hebei. Many cities are facing
regular episodes of serious haze events, being stamped as “uninhabitable for
human beings” (Li et al., 2015). There is evidence that anthropogenic emissions
of air pollutants in China have influences on the local, regional, and even global
atmospheric environment (Dickerson et al., 2007; Liang et al., 2004; Rohde and
Muller, 2015).



1 Introduction

Negative health effects of air pollution have been widely proven from the aspects
of toxicology, clinic and epidemiology (Chen et al., 2013; Cohen et al., 2006;
Zhang et al., 2012). Ambient PM pollution is found to be the fourth leading risk
factor for health in China in 2010 (Yang et al., 2013a). Air pollution impairs the
functions of respiratory and cardiovascular systems, which can increase the risks
of acute health symptoms (e.g. cough, asthma, bronchitis) and chronic diseases
(e.g. chronic obstructive pulmonary disease, heart disease, lung cancer) (Chen et
al., 2004; Lim et al., 2012; Pan et al., 2007; Pope et al., 2002; Zhou et al., 2016).

Air pollution was found to have contributed to 0.3 to 2 million annual premature
deaths in China (Ma et al., 2016; Matus et al., 2012; Yang et al., 2013a). Several
studies (Chen et al., 2013; Kan et al., 2004; Wang et al., 2013a) attempted to
guantify the loss of life expectancy (LLE) related to air pollution in China and
reported up to 5 years loss. Zhang et al. (2008) estimated that the total economic
cost caused by PM pollution was approximately 29 billion U.S. dollar in 2004.
Hou et al. (2012) suggested that the health related economic losses caused by
PM exposure account for 2.1% of China’s GDP for the year 2009.

In addition to the aforementioned air pollutants, extensive emissions of GHG are
released during the process of energy consumption. China’s energy consumption
is overwhelmingly dominated by fossil fuels with coal contributing to over 70% of
primary energy consumption (NBSC, 2016). The carbon dioxide (CO,) emissions
in China reached 7.7 billion tons in 2009 (Du et al., 2015). The proportion of
Chinese CO, emissions increased from 13% of global emissions in 2000 to 23%
in 2010 (He et al., 2010).

It is evident that human activities, especially the rising GHG emissions, are
changing the climate across the planet (IPCC, 2014). Characterized by global
warming, climate change can lead to changes in the likelihood of the occurrence
and the strength of extreme weather and climate events or both, e.g. glacial
melting, changes in natural ecosystems (Hoegh-Guldberg and Bruno, 2010;
Mendelsohn et al., 2012; Rosenzweig et al., 2008). In addition, climate variability
is estimated to have negative impacts on human health (Patz et al., 2005).

As a focus for global GHG abatement, China has been a target of carbon tariff
policies implemented by developed countries with strict climate change policies. It
is estimated that China would suffer a GDP loss of 4% as a result of carbon tariffs
imposed in Organization for Economic Cooperation and Development (OECD)
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countries penalizing carbon-intensive exporters (Bohringer et al., 2011). It can be
concluded that China is facing severe challenges of both air pollution control and
GHG mitigation.

Air pollution and climate change influence each other through complex
atmospheric interactions. Increasing emissions of air pollutants and GHG can
each change the energy balance between the atmosphere and the earth’s
surface which influences the temperature and the chemical composition of the
atmosphere (Cifuentes et al., 2001). Classic air pollutants and GHG are largely
derived from the same sources, such as fossil fuel combustion and agriculture
(Bollen et al., 2009; Swart et al., 2004). Air pollution control measures can help to
reduce GHG emissions, and climate change mitigation actions can bring positive
impacts on air quality improvement (Chae and Park, 2011; Gielen and Chen,
2001).

Ancillary benefits of GHG reduction policies, such as reduction of air pollutants
and air pollution control costs, may offset all or part of the policy implementation
costs and provide supportive information for the government to formulate
aggressive policies. Understanding the impact of air pollution reduction on
climate change helps to achieve a win-win situation and maximize the benefits.
Hence, investigating the integrated impacts of air pollution and climate change
management strategies is essential for optimal policy-making.

1.2 State and trends of atmospheric environmental management in China

The Chinese government released the Ambient Air Quality Standards (GB3095-
1982) in 1982 for the first time. The target air pollutants were total suspended
particles (TSP), SO,, and NO,. Along with economic development, increasing
energy demand supplied by a coal-dominated energy structure brought a series
of environmental pressures. In 1996 respirable particulate matter with less than
10 micrometres in diameter (PMj) was added to the Ambient Air Quality
Standards’ target air pollutant list. 46 environmental protection key cities were
required to release weekly air quality records since 1997.

PMj;o and nitrogen dioxide (NO,) replaced TSP and NOy as indicative air
pollutants since 2000, and 46 cities started to report daily air quality. In the 21st
century, air pollution problem in China became increasingly more complicated as
a result of the sky-rocketing economic growth of China, characterised by large

3
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amount of coal consumption and a dramatic increase in the number of urban
motor vehicles. The main sources of air pollutants shifted from primarily coal
burning to a combination of coal burning and vehicle usage (Wang and Hao,
2012).

From 2000 to 2005 emissions of SO in China increased over 27%, even though
the Chinese government set a target for a 10% reduction (MEP, 2006). The
implemented emission reduction measures failed to offset the impact of the
massive increase in fossil-fuel consumption. During the 11" Five-Year Plan
(FYP) period (2006-2010), stricter regulations were enforced for SO, reduction,
e.g. all new and most existing thermal power plants were required to install flue
gas desulfurization (FGD) systems, and small units with low energy efficiency
were gradually shut down. The control measures significantly reduced SO,
emissions by 14% from 2005 to 2010 (MEP, 2011).

30

25

15

million tons

10
——502

== NOx
TSP

0 T T T T T T T T T T T T T T T 1
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Year

Figure 1.1. Emissions of SO,, NOx and TSP in China 2000-2014.
Source: based on NBSC (2015).

However, the less regulated NO, and VOCs have continued to increase. Figure
1.1 shows the emissions trends of SO,, NOy, and TSP reported by Ministry of
Environmental Protection of China (MEP). Many studies reported even higher
NOx emissions (Liu et al., 2017; Zhang et al., 2007). As a result of large NOy and
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VOC emissions, photochemical smog and high ozone (Os) concentration were
observed across China. TSP emissions in China decreased continuously during
the 11™ FYP; however this trend slowed down during the 12" FYP (2011-2015).
Due to the growing concerns on PM pollution and technology development, the
scope of environmental statistics was expanded to include more emission
sources, as reflected by the increase of reported TSP emissions from 2013 to
2014.

Rapid urbanization in China has formed several metropolitan regions, mega-
cities, and medium and small-sized cities connected by highways. The scope of
air pollution evolved from local primary pollution to regional secondary pollution
(Huang et al., 2014). The principle pollutants in most pollution days of key cities
are PMys and PMy, (Yang et al., 2011). Simulation results indicate that large
areas of China are covered with high PM, s concentrations (Wang et al., 2013c;
Xing et al., 2015). The number of haze days increased significantly in most parts
of central-eastern China during the last decades (Song et al., 2014).

With the increasing public concern about the health impacts of PM,s pollution,
the Ambient Air Quality Standards (GB 3095-2012) issued in February 2012
added limits on PM;s and Oz concentration. Table 1.1 presents the current
ambient air quality standards in China compared with the interim targets and air
quality guidelines (AQG) set by World Health Organization (WHO). It can be seen
that the setting of Chinese standards has gradually become in line with the world
standards. The annual mean PM_s limits of Class | (15 pg/m®) and Class Il (35
ug/m®) standards in China correspond to the WHO’s interim target 3 (IT-3) and
interim target 1 (IT-1), respectively.

From January 2013, 113 cities in China have been required to monitor and
publish PM, s concentration. As a response to the severe haze pollution in China,
the Chinese government issued the Air Pollution Prevention and Control Action
Plan in September 2013. The Action Plan set a target of reducing urban PMjg
concentration by 10% from 2012 to 2017, and more ambitious PM, s reduction
targets for key regions (SCPRC, 2013). This was the first time that quantitative
concentration control goals with specific time limits were set by the Chinese
government (Jin et al., 2016).
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Table 1.1. Comparison of ambient air quality standards of China and WHO.

Pollutant  Averaging period

China? (ug/m?®)

WHOP (ug/m?)

Class| Classll IT-1 IT-2 IT-3 AQG
Annual mean 15 35 35 25 15 10

PM, 5
24-hour mean 35 75 75 50 375 25
Annual mean 40 70 70 50 30 20

PM1g
24-hour mean 50 150 150 100 75 50
8-hour mean 100 160 160 - - 100

O3

Hourly mean 160 200 - - - -
Annual mean 40 40 - - - 40

NO,
Hourly mean 200 200 - - - 200
Annual mean 20 60 - - - -
SO, 24-hour mean 50 150 125 50 20
Hourly mean 150 500 - - - -

Source: ®MEP (2012a); "WHO (2005). Note: IT (Interim Target); AQG (Air Quality

Guideline).

Besides classic air pollutants, GHG emissions have also increased sharply with
the growth of energy consumption. China surpassed the United States as the
country emitting the most CO, in 2007 (IEA, 2016). With an increasing attention
paid to climate change, the Chinese government made a commitment to achieve
a 40-45% reduction in carbon intensity (carbon emissions per unit of GDP) by
2020, as compared to the 2005 levels, in the climate conference in Copenhagen

in 20009.
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Energy caps have only recently been more widely discussed as a mechanism for
limiting energy use (Luo et al., 2016). The government has been setting up plans
to reduce energy intensity (energy consumption per unit of GDP) in the overall
context of national sustainable development strategy. Policies relating to energy
sectors, such as replacing coal with natural gas and renewable energy, and
improving energy efficiency through promoting advanced technologies, are
implemented with the aim of mitigation and adaptation to climate change.

In China, the central government has been releasing a series of economic and
social development initiatives in the form of FYP, which outlines the directions,
targets and methods of future developments. The national environmental
planning within the FYP framework dominates the environmental governance in
China. Energy saving and emission reduction have been mentioned in China’s
annual reports since the 6 FYP (1981-1986). The national total emission control
policies were initiated in the 9™ FYP (1996-2000), and further specified in the 10"
FYP (2001-2005). However, only until the 11"™ FYP (2006-2010), a binding
energy intensity target was introduced, stringent measures were implemented
and the control targets were achieved.

In the 12™ FYP, a binding carbon intensity target was included for the first time.
Table 1.2 summarizes the main national energy and mandatory emission
reduction targets in the 12" (2011-2015) and the most recent 13" (2016-2020)
FYP. Based on the Copenhagen commitment, 17% and 18% reduction targets of
carbon intensity during the corresponding FYP period were set consecutively in
the 12" and 13" FYP. Although the energy intensity of China was reduced by
18.2% from 2010 to 2015, which exceeded the target of the 12" FYP (16%), the
Chinese government set a more conservative reduction target regarding energy
intensity in the 13" FYP (15%).

After the 12" FYP, the share of non-fossil fuel to overall energy consumption was
increased to 12% by 2015, and was expected to reach at least 15% by 2020. It
can be seen from Table 1.2 that the actual reduction rates of SO,, NOy and NH3
emissions all exceeded the targets during the 12" FYP. With the reduction target
for NH; remaining at 10%, the targets for SO, and NOy reduction were almost
doubled in the 13™ FYP compared to those in the 12" FYP. It is worth noting that
owing to the decreasing baseline levels (2010 level for 12 FYP and 2015 level
for 13" FYP), the absolute reduction amount would be lower given the same
reduction percentage.
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Table 1.2. Main energy and emission reduction targets in the 12th and 13th Five-
Year Plan of China.

12th FYP
12th FYP targets 13th FYP targets

achievements

Variable
(Compared to 2010) (Compared to 2015)
Energy intensity -16% -18.2% -15%
Carbon intensity -17% -20% -18%
Non-fossil fuel
11.4% 12% 15%
percentage
Sulfur dioxide -8% -18% -15%
Nitrogen oxides -8% -18.6% -15%
Ammonia
, -10% -13% -10%
nitrogen

Source: SCPRC (2011b, 2016).

Additionally, the 13™ FYP for the first time included reduction of VOCs (10%
reduction nationwide by 2020 compared to 2015) as an expected target. VOCs
are a critical component and precursor of both PM, 5 and Og, which are emitted
from not only fossil fuel consumption, but also solvent use and industrial
processes. The addition of VOC control target indicates that the focus of pollution
control in China will expand from energy sector to multiple sources.

Previous experience in atmospheric environmental management provides
directions for the design and assessment of environmental policies. Post-pollution
treatment is a common problem of environmental protection in developing
countries. China’s air pollution control in the last decades has emphasized the
end-of-pipe control. However, experience from developed countries has proven
the cost efficiency of energy conservation and energy structure improvements.
Such measures can result not only in less air pollutants in the short-term, but also
yield considerable co-benefits of GHG reduction in the long-term.
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Regional air pollution in metropolitan clusters, such as the Beijing-Tianjin-Hebei
(BTH) region, Pearl River Delta (PRD) and Yangtze River Delta (YRD), has been
one of the most challenging issues in pollution control of China. It is estimated
that regional transport contributes around 50% of the PM concentrations in urban
and rural areas in China (Chen et al., 2017; Sun et al., 2017). Policy development
and evaluation should support joint prevention and control of regional air
pollution.

It has only been recently that concretized concentration control targets were
specified in some environmental plans. Total emission control has been a
prominent feature of China’s air pollution management for a long period of time.
This is to some extent owing to the fact that emission control is easier to
implement and holds higher degree of certainty as compared to air quality
control. However, the 11™ FYP experience has proven that achieving certain
emission reduction target of a single pollutant does not necessarily bring air
quality improvement (Jin et al., 2016).

Previous policies were mostly problem-oriented, i.e. they address one issue at a
time with little consideration on the interacting impacts of reducing one pollutant
on the other pollutants. It is evident that reducing a single type of pollutant can
hardly be effective or efficient to improve air quality and achieve sustainable
development (Reis et al., 2005). Synchronous reduction of classic air pollutants
and GHG is critical for addressing health and environmental problems in China.
Climate friendly air pollution control strategies call for the development of
comprehensive environmental policies which integrates various atmospheric
environmental problems.

It should be emphasized that the objectives of policy measures are to improve air
quality, protect public health, and minimize welfare loss (Sabel et al., 2016). To
ensure the achievement of these objectives, policy-making must be supported by
an integrated assessment of the impacts of potential control options on
concentration, public health and climate change.

1.3 Concepts of integrated assessment and research review

Atmospheric environmental management and its evaluation are multidisciplinary
in nature, and demand a variety of expertise and methodology. To support
decision-making, an integrated assessment should be made to coordinate all or

9
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at least the most important information, i.e. damages, benefits, and costs. Thus
integrated assessment is defined as a multidisciplinary process of synthesizing
knowledge across scientific disciplines with the purpose of providing all relevant
information to decision makers (Friedrich, 2016).

An integrated assessment should comprehensively explore possible future
trajectories of human and natural system, develop insights into key questions of
policy formation, prioritize research needs in order to enhance the ability to
identify robust policy options (Bruce et al., 1996). From an air pollution control
standpoint, if the primary aim is to reduce health impacts caused by PM,s in an
efficient way, the following information should be integrated:

1) the effects of considered measures on energy consumption and structure; 2)
the impacts of control measures on primary and precursors of secondary PM
emissions from all sources, i.e. natural and anthropogenic; 3) the co-benefits or
trade-off of the measures on the reduction of emissions of other species such as
GHG; 4) the effects of control measures on PM,s concentration and the
associated health impacts; and 5) the integrated impacts of the measures in a
common unit, preferable conceivable monetary unit (e.g. euro), which makes the
various impacts comparable and supports a cost-benefit analysis.

A growing number of studies have attempted to provide scientific advice on the
integrated health and GHG reduction benefits of atmospheric environmental
strategies in different geographic domain. On a global scale, many studies
focused on the co-benefits of global climate change policies (Rafaj et al., 2013;
Rao et al., 2016; West et al., 2013). In regional and country level, studies were
mostly conducted for developed countries, especially Europe and the United
States (Dudek et al., 2003; Friedrich et al., 2011; Matus et al., 2008; Preiss et al.,
2013; Tollefsen et al., 2009).

In the case of China, few studies have been conducted on national level. He et al.
(2010) showed that significant co-benefits can be achieved by implementing two
sets of energy policies in China. Dong et al. (2015) analysed the emission
reduction potentials of carbon mitigation policy and air pollutant abatement
technologies on the provincial level in China. Most studies have focused on
energy intense provinces (Aunan et al., 2004, 2006; Vennemo et al., 2009),
metropolitan areas, and big cities (Chen et al., 2007; Liu et al., 2013). From a
sectoral point of view, specific interests have been placed on the energy (Wang
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and Smith, 1999; Zhao et al., 2016), industry (Hasanbeigi et al., 2013; Yang et
al., 2013b), and transport sector (Geng et al., 2013; Mao et al., 2012).

Existing integrated assessment studies of atmospheric environmental
management in China are quite limited in terms of geographic and sectoral
coverage and methodological development as compared with those of developed
countries. A large proportion of previous studies only considered emission
reduction benefits without addressing the impacts of policy measures on
environmental quality and human health (Xu and Masui, 2009; Zhang and Wang,
2011).

Analyses have highlighted the potential GHG reduction effects of short-term
pollution control measures (Gielen and Chen, 2001; Nielsen and Ho, 2013).
There is a lack of attention to the long-term benefits of climate change mitigation
policies. Furthermore, very few studies addressed the underlying uncertainties of
the assessment (Rabl et al., 2014), which are however essential information for
rational decision-making.

Hence, there is a pressing need for an integrated assessment framework that
covers the full impact pathway of atmospheric environmental management, which
synthesizes advanced models and appropriate parameters from various
contributing disciplines, and allows for estimation and monetization of integrated
impacts resulting from national, regional, and local policy measures in China,
along with careful consideration of uncertainty.

1.4 Scope and objectives

Based on the context discussed above, this study aims to 1) establish an
integrated assessment modeling framework to analyse the impacts of
atmospheric environmental policies on human health and climate change in
China; 2) improve the methodology for conducting integrated assessment of
atmospheric environmental policies in China and other developing countries; 3)
address the magnitude, in physical and economic terms, of the national and
regional benefits of air pollution control and climate change mitigation measures;
4) enable the consideration of integrated impacts in the process of environmental
policy development; 5) provide insights for the formulation and implementation of
China’s atmospheric environmental policies.
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For the application of integrated assessment, five scenarios, i.e. a baseline
scenario for the year 2010, a business as usual (BAU) scenario, and three policy
scenarios for the year 2030 are developed. Emissions of air pollutants and GHG
from all relevant sources are estimated for 32 regions in China (not including
Taiwan) under all the scenarios. Mitigation potentials of air pollution control and
climate change mitigation measures are identified.

Atmospheric models are applied to simulate ambient concentration levels of
PM,5, which is selected as the indicative pollutant to estimate air pollution
induced health effects. To adjust the bias of concentration modelling, simulated
results are compared with monitoring data. Health impacts of PM;,s pollution
under different scenarios, in terms of years of life lost (YOLL), are analysed
through synthesizing concentration data, population and health data, and
concentration-response functions (CRFs). The achievable health benefits from
policy measures are compared on provincial level.

The impacts of policy measures on human health and climate change are
aggregated by transferring physical impacts to monetary values. The integrated
benefits of policy scenarios are investigated on national and provincial level.
Finally, sensitivity and uncertainty analyses are conducted to help to draw reliable
conclusions from policy assessment.

1.5 Thesis organization

This thesis is composed of 5 chapters with Chapter 1 setting the background and
context, stating the state and trends of atmospheric environmental management
in China, describing the concepts of integrated assessment and limits of previous
studies, and defining the scope and objectives of this work. The rest of the thesis
is structured as follows. Firstly the overall methodology of this study is illustrated
in Chapter 2. The general framework of integrated assessment is introduced
followed by detailed description of the models, methods, and data sources used
in the analysis.

The main results and findings from the scenario study, regarding emissions
estimation, air quality simulation, air pollution induced health effects, and
monetized and aggregated health and GHG reduction benefits from policy
measures, are presented in Chapter 3. Based on an overall discussion of the
results, implications for China’s air pollution control and climate change mitigation
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policies are addressed. In Chapter 4, sensitivity analyses of the assessment
results in regards to certain parameters and an overall uncertainty analysis are
discussed.

Lastly, conclusions of the overall thesis along with recommendations for future
research are summarized in Chapter 5.

13
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2 Overall methodology

This study aims to develop a methodology to conduct an integrated assessment
of environmental policies in China. Integrated assessment is a multidisciplinary
process of synthesizing knowledge across scientific disciplines with the purpose
of providing all relevant information for environmental policy-making (Friedrich,
2016). This chapter describes firstly the framework of the methodology, and then
specifies the data and methods used in each module.

2.1 Framework of integrated assessment

The framework of integrated assessment of environmental policies is presented
in Figure 2.1. The principal approach for estimating and monetizing policy
impacts is named the impact pathway approach (Bickel and Friedrich, 2005). It is
a bottom-up-approach, which can be used to estimate and monetize socio-
environmental damages to support the internalization of external costs.

Previous studies are mostly limited to the GHG reduction co-benefits of air
pollution control policies or the air quality co-benefits of carbon policies in China
(Dong et al., 2015; He et al., 2010; Peng et al., 2017). The integrated assessment
framework of this study, however, supports simultaneous assessment of the
effects of air quality management and climate change mitigation policies in terms
of changes in emissions, concentration and exposure levels, and physical and
economic impacts. The main steps of the methodology are as follows:

e Scoping: the exact question to be answered is decided. The elements that
should be included in the assessment are defined, which involves
specifying as precisely as possible all the main factors of the issue, and
the connections between each other.

e Scenario development: a baseline scenario for a recent past year, a BAU
scenario, and policy scenarios for a future year are defined and generated.
Emissions of air pollutants as well as GHG are analysed for all the
scenarios based on activity data and emission factors.

e Concentration modelling: the emission data of the developed scenarios
and meteorological data are used as inputs for atmospheric models which
simulate the transport and chemical transformation of air pollutants in the
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troposphere, and output concentration maps of the targeted air pollutant
for the study area.

e Health impact assessment: based on the modelled concentration and
population data (e.g. gridded population, health data), impacts on human
health caused by air pollution are estimated using CRFs derived from
epidemiological studies, which relate a change in the concentration of a
pollutant with a change in the incidence of a health endpoint.

e Economic evaluation: in order to aggregate endpoints and present an
intuitive comparison of different scenarios, monetary valuation of air
pollution and GHG emission induced impacts on human health and climate
change effects is conducted. Health benefits resulting from reduction of air
pollutants emissions and GHG reduction benefits are transformed into a
monetary unit using results from contingent valuation studies and the costs
of climate change analysis. The effectiveness of the designed policy
scenarios is then compared and analysed.

Develop Emission Scenarios

Activity data Emission factors

Concentration Modelling

|¢

EMEP model Parameterized TM5 model

Health impact assessment

|¢

Population and health data Concentration response functions

Economic evaluation

|¢

Health and climatic impacts Monetary valuation

Figure 2.1. The framework of integrated assessment.
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2.2 Data and methods

2.2.1 Selection of air pollution indicator

Air pollution is the result of diverse pollutants. Normally air pollution control
strategies aim to reduce multiple air pollutants. Many air pollutants are emitted
from similar sources (e.g. coal combustion), and therefore their concentrations
are significantly correlated (collinearity). Due to the presence of such collinearity,
current epidemiological studies do not have the capacity to attribute the health
effects caused by air pollution to a particular pollutant. Simply adding up the
health effects calculated from different air pollutants can cause “double counting”,
which will result in overestimation (Héroux et al., 2015; Kinzli et al., 2000).

Many toxicological studies and epidemiologic analyses have confirmed that the
toxicity hazard of PM is the most serious among air pollutants (Brunekreef, 1997;
Hart et al., 2011; Puett et al., 2009). PM is a complex mixture of solid particles
and liquid droplets such as black carbon (BC), sulphates, trace metals, and
organics (USEPA, 2016). Typically classified by size according to its nominal
median aerodynamic diameter (measured in micrometres), PM has contributions
from both primary sources (i.e. emitted directly into the atmosphere) and
secondary processes (i.e. formed in the atmosphere from precursor emissions). It
is currently the principle air pollutant affecting China’s urban air quality (Yang et
al., 2011).

PM, s, also known as fine inhalable particles, has a larger specific surface area
than coarser particles, and is more likely to become the carrier and reaction body
of other contaminants. It is able to get deep into lung and even enter the
bloodstream through respiratory system, and cause acute and chronic respiratory
and cardiovascular diseases. There are extensive epidemiological studies that
relate PM, s to negative health impacts (Brunekreef, 2007; Lepeule et al., 2012;
Pope and Dockery, 2006; Puett et al., 2008; Zeger et al., 2008).

Epidemiologic cohort studies of long-term exposure, which form the basis of
CRFs used for health impact assessment, found PM,s to be the most robust
indicator of adverse (mortality) impacts (Chen et al., 2008; Pope et al., 2002), and
demonstrated that analysing PM induced health effects achieve optimum results
(Ma et al., 2016). Hence, PM,5 is selected as the indicative pollutant to estimate
the health effects of air pollution in China in this study. Although CRFs of other air
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pollutants (e.g. NO,, O3) exist, they are not included in this study considering
higher uncertainty and poorer data availability (Heinrich et al., 2013).

2.2.2 Design of emission scenarios

2221 General approach of emission estimation

Estimates of emissions of air pollutants and GHG are the fundamental input for
chemical transport models (CTMs) and impact assessment on human health and
climate change. In this study the Greenhouse gas — Air pollution Interactions and
Synergies (GAINS) model is used to produce emissions scenarios. GAINS
estimates emissions of pollutant based on activity data (consumption of fuel,
industrial processes and production), uncontrolled emission factors, removal
efficiency of emission control measures, and the penetration rate of such
measures as illustrated by Equation 2.1.

Emi,j(t) — Z act; (t) xef; idem * X; Jem Equation 2.1

km

Where,

Em, ;(t) = emission of pollutant i in region j in year t.
act; . (t) = activity level of type k in region j in year t.

efijr,m = emission factor of pollutant i for activity k in region j after application of
control measure m.

X jxm = penetration rate of the abatement measure m for pollutant i for activity k
in region j.

The geographical domain of the emission estimation model covers 32 regions in
China which include 31 provinces and province-level autonomous regions and
municipalities in mainland China, and a combined region of Hong Kong and
Macau. Taiwan was not included. Emissions of SO,, NOy, PM in several size
classes, VOCs, NHz, CO, and other GHG are estimated at provincial level, which
can then be aggregated to get the national total. For calculating total GHG
emissions, the global warming potentials (GWP) defined in the Kyoto protocol are
used (Amann et al., 2011).
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The emission sources are categorized to ten major sectors: (1) power and
heating plants; (2) fuel conversion; (3) residential combustion; (4) industrial
combustion; (5) industrial processes; (6) road vehicles; (7) Non-road machinery;
(8) agriculture; (9) waste; (10) non-energy use of fuels.

2.2.2.2 Scenario design

Five scenarios are analysed in this study: a baseline scenario for a past year
(2010), a BAU scenario, and three policy scenarios for a future year (2030) as
listed in Table 2.1. Emissions of SO,, NOy, PM, VOCs, NH3, and GHG are
estimated for all the scenarios based on assumptions of socio-economic drivers
and effects of various measures. Activity data, emission factors, application rate
of control measures of different scenarios are collected (BL, BAU, and CLMT)
and modified (MTFR and COMB) using the GAINS model based on multiple
studies (Klimont et al., 2013, 2016; Wang et al., 2014; Zhao et al., 2013b).

Table 2.1. List of emission scenarios.

Scenario name Abbr.  Year Description

Baseline BL 2010 Current situation

Business as usual BAU 2030 Future estimation under current
legislation

Maximum technically MTFR 2030 Adoption of best available end-of-pipe

feasible reduction control technologies
Climate change CLMT 2030 2 degree climate change mitigation
mitigation pathway

Combined reduction COMB 2030 Combination of MTFR and CLMT

The baseline scenario for 2010 (BL) serves as an estimation of current situation,
which is the basis for future projection and supports model validation. 2030 is
selected as a representative future year, considering that it is not too close that
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there would not be enough time for policy implementation, or too far away that
the uncertainty of future projection would be too high. The BAU scenario is the
estimation under current legislation, which assumes efficient enforcement of
committed legislation as of the end of 2010 (e.g. China’s Twelfth FYP), but no
future policies.

The GDP of China is projected to increase from 3,472 billion EUR2010 (€Uros in
2010 price) in 2010 to 11,400 billion EUR2p10 in 2030 (Klimont et al., 2016), and
the population is assumed to grow from 1.34 billion in 2010 to 1.42 billion in 2030.
The Chinese government has set a target to reduce CO, emissions per unit GDP
by 40-45% by 2020 compared with 2005 levels (SCPRC, 2009). Based on the
plans for renewable energy of the National Development and Reform
Commission of China (Wang and Hao, 2012), the installed capacities of
hydropower, nuclear power, wind power, solar power, and biomass power are
projected to be 350, 70, 60, 9, and 30 gigawatt (GW) in 2030, respectively.

The proportion of electricity production from coal-fired power plants is expected to
be 73% in 2030 in the BAU scenario, and the total heat supply of 345 Mtce
(million tonnes of coal equivalent). Energy saving and emission reduction plans,
regulations, and standards (NDRC, 2004, 2005, 2007a, 2007b, SCPRC, 2010,
2011a, 2011c, 2012) released by the Chinese government are assumed to be
realized on time. Two types of control measures are considered for the policy
scenarios including end-of-pipe control measures such as installations of FGD
systems, selective catalytic reduction (SCR) modules and static precipitators, and
climate change mitigation measures, e.g. promotion of renewable energy, energy
efficiency improvements, and installation of carbon capture and storage (CCS)
systems.

The maximum technically feasible reduction (MTFR) scenario assumes
implementation of best available end-of-pipe control technologies ignoring
political or economic constraints for the year 2030. The activity levels of the
MTFR scenario are assumed to be the same as in the BAU scenario. Full
penetration of best available abatement measures, which are applied in
developed countries, is projected for various sectors in China by 2030. It can be
considered as a best estimation of end-of-pipe control measures.

The climate change mitigation (CLMT) scenario describes a situation that
emissions of GHG are reduced to an amount that limits average temperature
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increase to 2°C compared to preindustrial times. The activity levels of the CLMT
scenario rely on the International Energy Agency (IEA) 2 degree pathway (IEA,
2012). The emission factors and the penetration rate of the abatement measure
are assumed to be the same as in the BAU scenario.

This scenario simulates the impacts of solely climate change mitigation
measures. The main measures considered in the CLMT scenario are deploying
CCS in power generation and industrial sectors, promoting clean energy (e.qg.
wind, nuclear, solar, biofuels and hydropower), developing and implementing
smart grids and efficient heating and cooling, and vehicle fuel economy
improvements.

The combined reduction (COMB) scenario is a combination of the MTFR and
CLMT scenarios. It adopts the activity levels in the CLMT scenario and the
emission factors as well as application rates of end-of-pipe control measures in
the MTFR scenario. It is the best estimation of fully implementation of both end-
of-pipe and climate change mitigation measures.

2.2.3 Atmospheric modelling and exposure assessment

Results of two atmospheric models are integrated in the study to link changes in
emissions to changes in concentrations of air pollutant (PM.s): the
Meteorological Synthesizing Centre-West (MSC-W) of the European Monitoring
and Evaluation Programme (EMEP) and the parameterized Tracer model 5
(TM5). A population exposure level assessment is then conducted based on
ambient air pollution level and gridded population data.

2.2.3.1 Concentration modelling for BL and BAU scenarios

For concentration levels of PM,s in the BL scenario of 2010 and the BAU
scenario of 2030, simulation results of the regional EMEP MSC-W model are
obtained from the Norwegian Meteorological Institute. EMEP is a 3D Eulerian
model, typically used to tackle problems within the fields of particles, acid
deposition, and tropospheric Oz (Simpson et al., 2012), which takes emissions
and meteorology data as input and simulates ambient concentrations of air
pollutants. The model domain covers 5-55°N and 62-135.2°E with a resolution of
0.1 by 0.1 degree.
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Although CTMs have proven to be capable of producing atmospheric pollution
phenomena, there are many sources of uncertainty in their use for operational
applications (Kukkonen et al., 2012), e.g. uncertainties in meteorological data and
formation processes. PM deficit, a systematic underestimation of total PM, has
been reported in a number of chemical transport modelling studies (Bessagnet et
al., 2016; Fu et al., 2012; Monteiro et al., 2013; Vautard et al., 2007).

Though the underestimation of PM, 5 concentration by large-scale atmospheric
models is generally observed (Prank et al., 2016; Xing et al., 2015), no previous
work has conducted systematic bias adjustment especially for China. In this
study, the developed methodology is extended with a bias adjustment approach
aiming to reduce the bias between observed and simulated annual average PM; s
concentration in China.

Figure 2.2. Locations of selected cities for bias adjustment of concentration
modelling.

The modelled results of PM, s concentration in China for 2010 are compared with
monitoring data to evaluate and adjust modelling bias. PM; s measurement data
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in 2010 for China is quite limited. National monitoring stations began to monitor
and publish PM; s concentration only after 2013. Even though other data sources
exist (e.g. measurements from scientific studies (Wang et al., 2013b; Yu et al.,
2013; Zhang et al., 2013b; Zhao et al., 2013c) and the U.S. embassy in China),
they have a limited geographic coverage (normally only for one or several cities)
and are not consistent in monitoring and reporting methods.

Considering the spatial scale of the study and data availability and reliability, the
air pollution index (API) data based on PM;o, measurements of 86 major cities in
China for the year 2010 reported by the data center of the MEP are used for the
validation. Figure 2.2 displays the locations of the 86 cities, which spread almost
across the whole China.

The API of a certain pollutant is calculated by:

Tnigh — Liow

Ic =Ly + (C = Ciow) Equation 2.2

Chigh — Ciow
Where,
Ic = API of observed concentration level C.

Inigh, low = APl breakpoints corresponding to concentration breakpoints of Chign,
Ciow Closest to the observed concentration C.

Table 2.2. The air pollution index (API) and corresponding PM; concentrations.

API 50 100 200 300 400 500

PMy, concentration (ug/m®) 50 150 350 420 500 600

The breakpoints of APl and PMjp concentration set by MEP are shown in Table
2.2. PM, 5 concentration is calculated based on API derived PM1g concentration
and estimated ratio of PM,5/ PMjo. Taking the results of previous studies in
China (Cao et al., 2011; Liu et al., 2008; Wang et al., 2002), the conversion factor
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of PM,5/ PMyg is set as 0.65 in this study. Annual average PM, 5 concentrations
derived from monitoring records are obtained for 86 cities in China, and are used
as representatives of PM, s observations for bias adjustment.

To increase model skills, different bias-adjustment techniques have been
developed to remove systematic errors (Djalalova et al., 2010; Kang et al., 2010;
McKeen et al., 2005; Silibello et al., 2015). In this study, the effects of three bias
adjustment approaches are examined: (1) an additive correction of the mean bias
(Equation 2.3), (2) a multiplicative ratio correction (Equation 2.4), (3) a linear
regression correction taking the monitored data as a dependent variable, while
modelled data and other supplementary data (meteorology, population density)
as independent variables (Equation 2.5).

. 1
Ciadj — Cimodel + ZZ:(Cimodel _ CiObS) Equation 2.3
n
obs
cadi _ pmodel 2in Ci Equation 2.4
i l Z Cmodel
n*i

Where,

CiY, cmodel, cobs= hias adjusted, original modelled, observed concentrations in
city i of n cities.

O)=c+a - X;()+a, X,(D)+ -+ a, X,0{) Equation 2.5
Where,

0(i) = estimated value of PM, s concentration for city i.
X, (1), X, (1), ..., X, (i) = n number of individual supplementary variables for city i.

c,aq,a,, ..., a, = N+1 parameters of the regression model.

Apart from the modelled value of PM,s, the linear regression model considers
also supplementary data including altitude, population density, temperature, wind
speed and relative humidity, following the methodology developed in Horélek et
al. (2013). The altitude data field (in meters) of the Global 30 Arc-Second
Elevation Data Set (GTOPO30) that covers the same domain as of the
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concentration modelling is extracted through a spatial data access tool (ORNL
DAAC, 2017).

The population density (in inhs.km™) is based on the Gridded Population of the
World (GPW) data set (CIESIN, 2005) and the United Nations’ (UN) World
Population Prospects (WPP) (UN, 2015). Meteorological parameters such as
temperature at 2 meters (in K), wind speed at 10 meters (in m.s™), relative
humidity at 2 meters (in %) are collected from the Meteorological Archival and
Retrieval System (MARS) of the European Centre for Medium-range Weather
Forecasts (ECMWF).

Linear regression models considering different combination of independent
variables are developed and compared. The linear regression is applied for the
logarithmically transformed data of population density, monitored and modelled
PM,s values, as suggested by Horalek et al. (2013). The Akaike information
criterion (AIC) is used for model variables selection. The results of the bias
adjustment are shown in section 3.2.2.

2.2.3.2 Concentration modelling for policy scenarios

Owing to the calculation intensity and long running time of CTMs, usually only a
limited number of scenarios can be calculated. To enable concentration
modelling of massive policy scenarios, a parameterized version of the TM5
model, which is computationally much less intensive than the EMEP model, is
used. The model is composed of linearized source-receptor matrices describing
the spatial response of PM, s concentration to changes in precursor emissions in
a given source region.

The source-receptor matrices are derived through a sample of the TM5 model
runs with systematic perturbations of emissions from each source regions
(Amann et al., 2008). The resulting changes of PM,s concentrations over the
model domain have been related to the assumed perturbation in emissions. The
parameterized TM5 model covers the domain of 10-60°N and 60-144°E with a
resolution of 1 by 1 degree. For each of the 28 source regions, changes of annual
emissions of primary PM; s (primary organic matter, BC) and the precursors (SO,
NOx, NMVOCs) are required as input to estimate the corresponding PM;s
concentration changes.

24



2 Overall methodology

NH3, which is also a precursor of secondary PM, s, is not included in this version
of the model. NH3 emissions mainly come from livestock and fertilizer
applications, which are not the focus of current air pollutant control strategies in
China (Xing et al., 2011). The differences of NH3; emissions among BAU and
policy scenarios are relatively small. Therefore, it has little impacts to the
modelling results.

2.2.3.3 Population data and exposure assessment

The exposed population includes all residents in mainland China. Gridded
population data is obtained by spatially distributing the total population data of
China for the year 2010 and 2030 from the WPP medium fertility estimates (UN,
2015) according to the spatial pattern of the GPW data set (CIESIN, 2005). It is
forecasted that the population in China will increase from 1.34 billion in 2010 to
1.42 billion in 2030 (UN, 2015). The resulting population distribution is shown in
Figure 2.3. It is assumed that population in each grid grows at the same rate with
the national population growth rate from 2010 to 2030; the population age
structure in each grid is identical with the national age structure.

In order to show the residents’ exposure level to PM,s, population-weighted
concentration (PWC) of PM_ s is calculated using the following formula:

Y.(Pi = Ci)

PWC = ——(Y——
2. Pi

Equation 2.6

Where,

PWC = population-weighted PM, 5 concentration,
Pi = population in grid i,

Ci = PM2 5 concentration in grid i.

Exposure depends not only on the ambient concentration of pollutants at any
given time and location, but also on the exposure patterns, intake fractions, risk
factors and sensitivity of the exposed population (Brauer et al., 2012). PWC
represents a rough but commonly used estimate of the potential for human
exposure, and gives intuitive and easy-to-compare quantification about air quality
improvements in different scenarios.
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Figure 2.3. Distribution of the Chinese population in 2010.
Source: based on CIESIN et al. (2005) and UN (2015).

2.2.4 Assessment of health effects caused by air pollution

Air pollution reduction resulting from implementing control measures are
estimated through establishing a relationship between emissions and exposure of
people to concentration of pollutant as illustrated in previous sections. The next
step of an integrated assessment, i.e. estimating the relevant impacts on human
health caused by air pollution, is discussed in this chapter.

2.2.4.1 Selection of health endpoints

As discussed before, PM,s is selected as the surrogate air pollutant for health
impact assessment in this study. All residents in China (excluding Taiwan
province) are included as the exposed population. Exposure to ambient air
pollution is associated with a broad spectrum of acute and chronic health
problems or health endpoints ranging from coughing to death (HEI, 2001; Naess
et al., 2007). Many studies have quantified the damage costs of air pollution and
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found that premature mortality makes by far the largest contribution (Bickel and
Friedrich, 2005; Kunzli et al., 2000; Voorhees et al., 2014; Wang et al., 2013a).

Epidemiological studies suggest that chronic health effects caused by long-term
exposure to air pollution may be 5-10 times larger than acute effects caused by
short-term exposure in terms of overall public health effects (Kunzli et al., 2001;
Pope, 2000). Moreover, YOLL can only be derived from changes of chronic
mortality. Hence, considering the availability and reliability of baseline health data
and the corresponding CRFs for China, and the significance of the health
endpoints, chronic mortality is chosen as the representative health endpoint in
this study, which includes all-cause mortality and mortality caused by ischemic
heart disease (IHD), cerebrovascular disease (stroke), chronic obstructive
pulmonary disease (COPD), lung cancer (LC), and acute lower respiratory
infection (ALRI).

Table 2.3. Baseline incidence rates by age group for 2010 (cases per person per

year).

Age All-cause IHD Stroke COPD LC ALRI

group mortality  mortality mortality mortality  mortality  mortality
0 4.35E-03 0.00E+00 2.34E-05 5.89E-06 0.00E+00 3.47E-04
1-4 1.13E-03 0.00E+00 3.40E-06 8.99E-07 0.00E+00 1.08E-04
5-9 2.17E-04 0.00E+00 2.40E-06 4.00E-O7 0.00E+00 4.85E-06
10-14 1.51E-04 0.00E+00 1.80E-06 7.51E-O7 0.00E+00 1.45E-06
15-19 3.39E-04 7.05E-06 8.00E-06 1.55E-06 2.05E-06 5.10E-06
20-24 456E-04 1.41E-05 1.29E-05 2.55E-06 2.70E-06 4.80E-06
25-29 5.25E-04 2.41E-05 2.21E-05 1.65E-06 8.40E-06 4.10E-06
30-34 7.03E-04 3.64E-05 4.15E-05 7.50E-06 1.86E-05 5.25E-06
35-39 1.07E-03 6.69E-05 8.52E-05 1.08E-05 3.62E-05 8.25E-06
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Age All-cause IHD Stroke COPD LC ALRI

group mortality  mortality mortality mortality mortality  mortality
40-44 1.73E-03 1.36E-04 2.01E-04 2.65E-05 8.77E-05 1.03E-05
45-49 2.81E-03 2.49E-04 3.96E-04 5.22E-05 1.82E-04 2.14E-05
50-54 4.02E-03 3.65E-04 ©6.77E-04 1.19E-04 3.38E-04 2.15E-05
55-59 6.23E-03 5.92E-04 1.16E-03 2.31E-04 6.06E-04 4.18E-05
60-64 1.04E-02 1.08E-03 2.15E-03 5.86E-04 1.05E-03 7.58E-05
65-69 1.64E-02 1.82E-03 3.76E-03 1.22E-03 1.59E-03 1.62E-04
70-74 3.01E-02 3.74E-03 7.39E-03 3.26E-03 2.42E-03 4.11E-04
75-79 5.14E-02 6.93E-03 1.34E-02 6.33E-03 3.51E-03 9.25E-04
80-84 9.35E-02 1.42E-02 2.48E-02 1.36E-02 4.04E-03 2.49E-03
85+ 2.38E-01 4.01E-02 5.67E-02 3.78E-02 5.72E-03 9.36E-03
All ages 6.21E-03 7.78E-04 1.35E-03 5.94E-04 3.96E-04 1.23E-04

Source: derived from China Public Health Statistical Yearbook 2011 (MHPRC,
2011). Note: IHD (ischemic heart disease); stroke (cerebrovascular disease);
COPD (chronic obstructive pulmonary disease); LC (lung cancer); ALRI (acute
lower respiratory infection).

The baseline data of mortality is derived from China Public Health Statistical
Yearbook 2011 (MHPRC, 2011). The incidence rates of considered health
endpoints by age group for the year 2010 are presented in Table 2.3. Though the
incidence rate may differ over different regions of China, this study assumes the
same incidence nationwide, lacking reliable region specific health data. As no
official future projections of incidence are available, and with the purpose to
identify only the impact of air pollution reduction, it is assumed that the baseline
incidence in 2030 is the same as in 2010.
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2.24.2 Quantification of air pollution induced health effects

Epidemiologic studies (e.g. cohort study, time-series study) examine the
relationship between health effects and people’s exposure to air pollution, and
report CRFs, which are crucial for health impact assessment (WHO, 2013). Time-
series studies capture acute health risks attributable to short-term exposure to air
pollution.

Cohort studies provide information about the association of ambient air pollution
with risk of chronic diseases, long-term mortality or morbidity, and LLE (Kunzli et
al., 2001). The HRAPIE (Health Risks of Air Pollution In Europe) report provides
comprehensive recommendations for CRFs to be used in quantifying the health
impacts of PM (WHO, 2013). Following the HRAPIE recommendations, CRFs
indicating changes of mortality induced by long-term exposure to PM,s are
considered in this study.

Many studies report such CRFs with linear or log-linear form (Cao et al., 2011;
Hoek et al., 2013; Kan et al., 2004; Pope et al., 2002). Recent studies (Apte et
al., 2015; Burnett et al., 2014; Xie et al., 2016) argue that the relationship
between ambient PM,s concentration and mortality is nonlinear, especially at
high concentration levels. In order to capture the effects of different CRFs, this
study expands the methodology to employ both linear and nonlinear CRFs as
illustrated by Equation 2.7. A sensitivity analysis is carried out using different
CRFs expressed as the relative risk (RR) of mortality.

for C < CO,
RR(C) =1

for C > CO, Equation 2.7

RR(C)
1+ p(C—CO0), Linear function
={exp[pB (C —CO)], Log — linear function
1+ a { 1-exp [—y (c- CO)5]}, nonlinear function

Where,

RR(C) = relative risk of the endpoint at concentration C,
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CO0 = baseline concentration considered,

B, a, y, & = coefficients of the concentration-response relationships.

The lowest level of exposure to PM, s that does not cause negative health effects
has not been clearly identified. However, zero exposure is impossible to achieve
(Brauer et al.,, 2012), and apparently is not a practical goal for air pollution
control. Therefore, this study adopts the WHO guideline (WHO, 2005) for annual
mean PM,s (10 pg/m?) as the baseline concentration (CO).

The coefficients of the concentration-response relationships are estimated by
epidemiologic studies. For linear and log-linear functions, two values of the
coefficient B for all-cause mortality are considered in this study: 0.004 (95%CI:
0.001, 0.008) from Pope et al. (2002), which is one of the lowest value among
existing U.S. cohort studies of PM, 5 exposure (WHO, 2013); 0.0009 (95%CI: -
0.0003, 0.0018) from a Chinese cohort study of Cao et al. (2011). For the
nonlinear function, the coefficients from Burnett et al. (2014) for mortality caused
by IHD, stroke, COPD, LC, and ALRI are used.

Adopting the baseline incidence rate, exposed population, and CRF expressed
as RR, the increase of mortality due to PM, 5 exposure is estimated by:

E=PxB RR(C) —1 Equation 2.8
= E 3 ¥ — .
RR(C) g

Where,

E = health endpoint attributable to PM, s exposure,
P = exposed population,
B = baseline incidence rate for health endpoint,

RR(C) = relative risk for the endpoint at concentration C.

Most previous studies quantify the health impacts caused by air pollution as
premature deaths (He et al., 2010; Li et al., 2016; Xie et al., 2016). However,
premature deaths do not reveal information on the loss of life years per death. An
increase in mortality induced by air pollution should not be constructed as
‘excess deaths”, as one can and must die only once. PM,s exposure
substantially reduces people’s life expectancy, which can be quantified as LLE
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and YOLL (Leksell and Rabl, 2001). Through incorporating the life table methods
of Miller and Hurley (2003), the differences of life expectancy under the baseline
and impacted hazard rates of the whole population are estimated based on age-
specific population and mortality data.

YOLL, with the definition of years of potential life lost due to premature deaths,
provide a summarized measure of the health impacts caused by air pollution
(Kunzli et al., 2001). The number of YOLL attributable to PM,s exposure is
calculated by summing the product of corresponding LLE when death occurs at
age in age group i and the number of deaths observed in age group i (Equation
2.9). The YOLL attributable to PM, s exposure in 2010 and 2030, as well as the
reduced YOLL from changes in PM,s exposure in the policy scenarios are
estimated and compared.

YOLL = Z LLE, + D, Equation 2.9
i

Where,

YOLL = years of life lost,
LLE; = loss of life expectancy when death occurs at age i,

D; = number of observed deaths per year in the population at age i.

2.2.5 Monetary valuation of integrated impacts

Environmental policies aiming to improve air quality usually affect emissions of
both air pollutants and GHG. In order to evaluate the effects of policy measures
and compare different scenarios, the impacts on human health and climate
change need to be transformed to a common unit to allow aggregation. Monetary
valuations of the impacts on human health and climate change under different
scenarios are conducted as described below.

2.25.1 Monetary valuation of years of life lost

In order to monetize YOLL, the value of a life year lost (VOLY) due to air pollution
needs to be determined. It should be noted that VOLY is not a measure of the
intrinsic value of life, but expresses the society’s collective willingness-to-pay
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(WTP) to avoid a small probability of losing a life year (Desaigues et al., 2004).
Unlike tradable goods, life years do not have a market price. Various approaches
expressing health effects in monetary value have been developed, among which
contingent valuation approach is the most widely used one (World Bank, 2007).

By carrying out surveys or observing people’s behaviour, the WTP of the affected
population to avoid a certain level of risk or damage is evaluated. Few studies
have been conducted about air pollution induced VOLY in China (Hammitt and
Zhou, 2006; Wang and Mullahy, 2006). This study adopts the VOLY from
European studies (Desaigues et al., 2011; Friedrich et al., 2011), and transfers it
to the value for China using the income elasticity method.

The income elasticity method allows transferring of VOLY between high and low
income populations as illustrated by the following formula:

I
VOLY; = VOLY, x (I—B)el Equation 2.10
A

Where,

VOLY = the value of a life year lost due to air pollution in a population,
| = income per capita in a population,

el = the income elasticity of VOLY.

The value of 60,000 (lower: 37,500; upper: 215,000) EUR2010 for a VOLY in
European countries suggested in European studies (Desaigues et al., 2011;
Friedrich et al., 2011) is considered in this study. The purchasing power parity
(PPP) adjusted income per capita for China and European Union (28 countries)
for the year 2010 are obtained from OECD statistics (OECD, 2016). The income
elasticity of the VOLY is considered to be 1 as suggested by Hammitt and
Robinson (2011). Applying Equation 2.10, the VOLY for China in 2010 is 16,600
(lower: 10,400; upper: 59,500) EUR2010.

In order to estimate the Chinese VOLY for 2030, an uplift factor reflecting the
higher WTP for avoiding health risk related to income growth needs to be taken
into account. Based on the projection of World Economic Outlook 2016 (IMF,
2016), the annual growth rate of income per capita in China is predicted to be 5%
from 2010 to 2030. Considering the same elasticity value (1) as used before, the

32



2 Overall methodology

VOLY of China for the year 2030 is 44,000 (lower: 27,500; upper: 157,800)
EUR2010. The damage costs due to an increased exposure to PM,s are then
quantified by multiplying the corresponding VOLY with the YOLL in the different
scenarios.

2.2.5.2 Monetary valuation of climate change effects

A main feature of the integrated assessment methodology developed in this study
is that it aims to analyse simultaneously the health impacts caused by air
pollutants emissions and the impacts on climate change caused by GHG
emissions. For calculating external costs of GHG, one principle methodology is
the damage costs approach, which simulates the physical impacts of climate
change and estimates the related monetary costs. There is a wide variety of
different climatic impacts, e.g. increased water stress, change in energy
consumption for heating and cooling, sea level rise, impacts on ecosystems and
health. The damage costs are estimated by considering for example the value of
coastal properties, loss of crops, and increased mortality caused by heat stress.

Many studies (Anthoff et al., 2009; Hope, 2008; Pearce, 2003; Tol, 2005; Wang
et al.,, 2009) have been conducted to quantify the damage costs of climatic
effects, and give suggestions on marginal damage costs (MDC) per tonne of
equivalent CO; (CO..q) emissions. Estimates of MDC differ significantly as they
are affected by not only the considered climate and socio-economic relations, but
also the time horizon of the marginal emissions and assumptions on the discount
rate and equity weighting.

The discount rate is commonly a combination of the pure time preference rate,
risk aversion, and the consumption growth rate. It reflects the preference across
generations. The equity weighting is adopted to deal with the concern of widely
disparate incomes within a generation. Reflecting the theory of declining marginal
utility of consumption, i.e. the same absolute loss of consumption causes a
higher welfare loss for a poor person than a rich person, the equity weighting
gives damages in low income regions more weight than those in high income
regions.

In the damage cost approach, a full evaluation of the external costs of climatic
effects needs to be considered. However, it is difficult even for the most
advanced models to cover all climate change damage costs, especially
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catastrophic climate change impacts, as there is little information about the
intrinsic relationship. Side effects such as possible social damage (e.g. regional
conflicts) are even more difficult to assess (Maibach et al., 2008).

An alternative approach tries to calculate external costs of GHG on the basis of
abatement costs, which avoids the uncertainties of climatic effects predictions.
The performance and cost of abatement options are estimated. For a chosen
reduction target, the marginal abatement costs (MAC) can be viewed as a WTP
value to avoid damage (Stern, 2006). However, in reality one does not know
where the social optimum is, while information on damage costs is needed by
policy makers to formulate environmental policies.

Climate changes costs have a high level of complexity as they spread across
time and space. Estimates of economic costs of climate change show a wide
range of results (Friedrich, 2016). In this study, both the damages and the
abatement costs approaches are investigated to provide a comprehensive
estimation of the external costs of GHG emissions.

Based on the results of the widely used the Climate Framework for Uncertainty,
Negotiation and Distribution (FUND) model, Wille ( 2013) suggests a MDC value
of 15 EUR010/t CO,.¢q for 2030, which considers a pure time preference rate of
1%, and the global average equity weighting with the aim of limiting average
temperature increase to 2°C by maintaining the concentration of GHG in the
atmosphere to around 450 parts per million (ppm) of CO2.¢q.

The global average equity weighted value can be transferred to consider the
equity weight for China by applying the following equation:

I
EW, = (C;—”Cg)el Equation 2.11

Where,

EW,.= equity weight for China,
I4,4= world average income per capita,
I.= Chinese income per capita,

el = elasticity of the marginal utility of income.
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The PPP-adjusted income per capita is used as a measure of the wealth of a
country. According to the long-term projections made by OECD (2012), the PPP-
adjusted income per capita of China will be almost equal (1.01 times) to that of
world average in 2030. Therefore, the MDC with Chinese equity weighting is
estimated to be 15 EUR2p10/t CO2.¢q for the year 2030.

Based on the meta-analysis of Kuik et al. (2009), the MAC in the EU considering
the 2°C aim and a discount rate of 5% per year amounts 54 to 167 EURzp;0/t
COz.¢q for 2030 (Friedrich, 2016). According to the agreements made in the
United Nations Climate Change Conferences, the carbon reduction commitments
of developing countries are lower than those of developed countries, and the time
frame for peaking GHG emissions will be longer in developing countries.

Calvin et al. (2009) finds that delayed participation in the accession on limiting
climate change shifts the cost burden from late action regions (e.g. China) to
early action regions (e.g. European Union). Results from Okagawa et al. (2012)
show that the MAC would be significantly reduced if CCS and nuclear energy are
deployed as mitigation options, which is the case for China. Therefore, the lower
bound of the estimates based on Kuik et al. (2009) is considered as the MAC for
China (54 EUR2p10/t CO2.¢q for 2030).

If the emission limits imposed by environmental strategies were optimal, the MAC
would be equal to the MDC as abatement costs express the implicit valuation of
damages by the society (Ottinger, 1991). To obtain a politically feasible
estimation of the external cost factor for climate change, the MDC is considered
as the lower bound of the estimate, and the MAC is regarded as the higher
bound. This study adopts the climate change costs of 15 to 54 EUR2p10/t CO2.¢q IN
China for the year 2030.

The benefits of GHG reductions in policy scenarios are then calculated by
multiplying the reduced GHG emissions by the per unit climate change cost.
Adding up the monetary benefits of the policy scenarios related to reduced
emissions of air pollutants and GHG, the integrated impacts of the policy
scenarios are estimated and analysed.

As is especially the case for monetary valuation, integrated assessment
modelling is associated with considerable levels of uncertainties. Few studies
have attempted to quantify the uncertainties of environmental damages
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especially for China. In this study, a systematic assessment of the uncertainties
of each modelling stage is conducted to provide information on the robustness of
the results and conclusions as will be shown in section 4.2.
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3 Benefits to human health and climate change of reduced air
pollution

Applying the integrated assessment methodology described in the previous
chapter, the benefits of reduced air pollution are estimated. This chapter firstly
presents the potential of air pollutants and GHG emissions reduction, the
resulting change of ambient air quality, and then the analyses of the health
impacts of the chosen scenarios, followed by an economic valuation of the
integrated impacts on human health and climate change.

3.1 Emissions reduction of air pollutants and GHG

3.11 Trends of emissions

Table 3.1 shows the emissions of air pollutants and GHG for 2010 and 2030 in
different scenarios. The emissions reduction potentials of future scenarios in
2030 compared with BL in 2010 are presented in Figure 3.1. Current legislation
as reflected by BAU, particularly China’s Twelfth FYP, will reduce the emissions
of SO,, NOy, and PM in 2030 by 20-40% compared with those in 2010. While
VOC emissions will decrease by 4%, and NH3; emissions will increase by 22%
from BL in 2010 to BAU in 2030.

Emissions of SO, and NOx in MTFR will be 49% and 60% lower than those in
BAU, respectively; and SO, and NOy emissions in CLMT will be 22% and 8%
lower than those in BAU, respectively. PM emissions in MTFR will be more than
70% lower than those in BAU. Since CLMT focuses on climate mitigation, its
impacts on PM emission reduction are not so significant (PMz25: 7%, BC: 22%,
PMio: 8%). VOC emissions will be reduced by 65% from those in BAU if
measures in MTFR are implemented. NH3 emissions in policy scenarios are
almost the same as those in BAU as few measures are considered for the
agriculture sector which is the main contributor for NHz emissions. In COMB, all
the considered air pollutants except NH3 will be reduced by over 60% compared
with BAU.

If no additional control policies are implemented, CO, emissions will increase
from 8.7 billion tonnes (Gt) in 2010 to 13.7 Gt in 2030, with an average annual
growth rate of 2.28%. As a higher growth rate of the national GDP is predicted,
CO, emission per GDP in the BAU scenario in 2030 is 52% lower than the level
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in 2010. A similar trend is found for GHG emissions. Emissions of CO, estimated
in the MTFR scenario are almost the same as those in BAU by 2030 as no
additional CO, emission reduction measures are considered in MTFR.

GHG emissions in CLMT are estimated to be 41% lower than those in BAU,
which indicates that deploying CCS in power generation and industrial sectors
will reduce GHG emissions effectively. Combining end-of-pipe air pollutants
control and climate change mitigation measures can further improve the
reduction rate of GHG emissions to 46% comparing COMB with BAU.

Table 3.1. Emissions of air pollutants and GHGs.

BL BAU MTFR CLMT COMB
Pollutant  Unit
2010 2030 2030 2030 2030
SO, kt SO./year 28142.74 19805.23 10040.25 15528.41  7579.63
NOx kt NO,/year 2212497 17918.05 722196 16425.30 5526.30
PMss kt PM/year 15887.93 9849.63 2162.08 9154.17 1893.84
BC kt PM/year 1850.95 1080.91 95.66 839.36 76.92
PMio kt PM/year 21696.41 14764.94  4093.79 13542.04  3712.79
VOCs kt VOClyear  21970.20 21034.03 7389.32 21121.88 6781.70
NH3 kt NHz/year 14235.12 17405.00 17364.45 17235.04 17166.90
COs Mt CO,lyear 8713.00 13671.88 13678.22 7165.43 7042.76
All Mt CO.. 10727.50 16764.36 15909.88 9877.21  8997.14
GHGs eg/year
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Figure 3.1. Reduction potentials of future scenarios in 2030 compared with the
baseline scenario (BL) in 2010.

3.1.2 Mitigation potentials of control measures

After describing the overall trends of air pollutants and GHG emissions in
different scenarios, this section discusses the emission reduction potentials by
sector in MTFR and CLMT compared with those in BAU in order to identify the
most effective air pollution control and climate change mitigation measures.

3.1.2.1 Emission reduction by sector of MTFR

As can be seen from Figure 3.1 and Table 3.1, MTFR reduces SO,, NOy, PM and
VOCs effectively. Figure 3.2 presents the emission reduction of these air
pollutants between MTFR and BAU by sector. For the year 2030, SO, emissions
will be reduced from 19.8 million tonnes (Mt) in BAU to 10 Mt in MTFR. Deploying
maximum technically feasible SO, reduction technologies (e.g. high efficiency
FGD) for industrial combustion contributes to 45% of the reduction, followed by
those for industrial processes (25%) and power and heating plants (17%).
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NOy emissions can be reduced by 60% (10.7 Mt) under MTFR, mainly by
implementing the state-of-the-art emission standards for vehicles in transport
sector and increasing installation of flue gas denitrification, including SCR and
selective non-catalytic reduction (SNCR), in the industrial combustion sector.
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Figure 3.2. Reduced emissions of air pollutants (kt/year) from BAU to MTFR by
sector in 2030.
(Emissions of SO;, NOy, PM,s, BC, PMy, and VOCs in the BAU
scenario in 2030 are 19.8, 17.9, 9.8, 1.1, 14.8, and 21.0 Mt/year,
respectively.)

Residential combustion and industrial processes are the main contributing
sectors for PM reduction under MTFR. Continued application of high efficiency
filters and electrostatic precipitators in these sectors can reduce PM, s emissions
by over 4 Mt in 2030. Emissions of VOCs can be reduced from 21 Mt in BAU to
7.4 Mt in MTFR in 2030. As is shown in Figure 3.2, the reductions come mainly
from solvent use (8.8 Mt) and residential combustion (2.5 Mt) through applying
different end-of-pipe control technologies based on various spraying technologies
and chemical properties of the solvent used.
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3.1.2.2 Emission reduction by sector of CLMT

With the purpose of reducing GHG, some measures in CLMT (e.g. improvement
of energy efficiencies and promotion of renewable energy) could also reduce the
emissions of SO,, NOx and PM as can be seen from Figure 3.1. Figure 3.3
presents the comparison of energy use by fuel type in the BAU and CLMT
scenarios in 2030. The total energy consumption in CLMT is projected to be
132.6 exajoule (EJ) in 2030, which is 25% lower than that in BAU. Although coal
dominates the energy mix in both scenarios, the proportion of coal in total energy
use decreases from 59% in BAU to 38% in CLMT. In other words, coal
consumption in CLMT is 52% lower than that in BAU in 2030.

Less consumption of liquid fuels, especially less gasoline consumption from road
vehicles, is also considered in CLMT compared with BAU. Owing to the
promotion of electric vehicles, electricity consumption of road vehicles in CLMT is
more than 5 times of that in BAU in 2030. The consumption of gaseous fuels in
CLMT is 47% higher than that in BAU as a result of substituting coal with natural
gas in power plants.
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o
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40
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Coal Liquid fuels Gaseous Nuclear Biomass Other Other
fuels renewables

Figure 3.3. Energy use by fuel type in BAU and CLMT in 2030.

It can be seen from Figure 3.3 that higher renewable energy consumption is
projected in CLMT compared to BAU. Biomass consumption in CLMT is 76%
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higher than that in BAU in 2030. Higher biomass consumption in industrial
combustion and power plants in CLMT increases the proportion of biomass in
total energy consumption from 3.6% in BAU to 8.5% in CLMT. Nuclear and other
renewables are also projected to increase over 40% in CLMT compared with
those in BAU.
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Figure 3.4. Reduced emissions of air pollutants (kt/year) and CO, (Mt/year) from
BAU to CLMT by sector in 2030.
(Emissions of SO,, NOy, PM,s, BC, PMy, and CO; in the BAU
scenario in 2030 are 19.8, 17.9, 9.8, 1.1, 14.8, and 13671.9 Mt/year,
respectively.)

The emissions of SO,, NOy, PM and CO; in CLMT are compared with those in
BAU by sector (see Figure 3.4). CO, emissions are reduced by 6.5 Gt (48%) in
CLMT, over 76% of which are attributable to measures for power and heating
plants, e.g. installation of CCS, substitution of coal with gaseous fuels and
renewable energy. All the modern power plants and power and heating plants
with integrated gasification combined cycle are equipped with CCS in CLMT.
Capacities of nuclear, wind and solar power and district heat plants in CLMT are
1.5, 2.0 and 5.3 times higher than those in BAU, respectively. Fuel substitution
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also contributes to emission reduction of SO, (2.0 Mt), NOy (1.2 Mt) and PM (361
kt PM;5).

CO, emissions from industrial combustion are reduced by 539 Mt, mainly
resulting from replacing coal and gasoline with biomass. Promotion of biomass
fuels also helps to reduce SO, and NOy emissions, however increases PM
emissions. The energy efficiency of residential cooking and heating stoves is
expected to be improved in CLMT, which contributes to both CO, and air
pollutants reduction. For transport sector, promotion of electric cars and reduced
use of heavy and light duty vehicles powered by diesel or gasoline can reduce
NOy (1.4 Mt) and CO, emissions (486.8 Mt) effectively. However, owing mainly to
the higher consumption of diesel fuel for inland waterways, emissions of SO,,
NOy and PM, 5 are increased by 174, 1840 and 176 kt, respectively.

3.2 Improvement of air quality

For the BL and BAU scenarios, existing simulation results of the EMEP model are
provided by the Norwegian Meteorological Institute; the changes of PM;s
concentration between BAU and policy scenarios are estimated with the
parameterized TM5 model. The estimated PM, s concentration and PWC levels,
as well as bias adjustment of concentration modelling, are presented in this
chapter.

3.2.1 PM, s concentration and exposure

Figure 3.5 shows the annual average PM;s concentration of China in BL 2010
and BAU 2030. These are simulated by the Norwegian Meteorological Institute
using the EMEP model with a resolution of 0.1 by 0.1 degree. Bias adjustment
based on comparison of modelled and measured PM, s concentration of China in
2010 will be discussed in the next section. The reductions of PM, s concentration
caused by MTFR, CLMT, and COMB by 2030 are illustrated in Figure 3.6 with a
spatial resolution of 1 by 1 degree. The spatial statistical distributions of PM; s
concentration in different scenarios are analysed and compared (see Table 3.2).
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Figure 3.5. Annual average PM, s concentration in China in BL 2010 (upper) and
BAU 2030 (lower).
Source: Aggregated from daily PM, s concentration maps provided by
the Norwegian Meteorological Institute.
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Figure 3.6. PM,s concentration reduction from BAU to MTFR (upper), CLMT
(middle), and COMB (lower) in 2030.

Table 3.2. Spatial statistical distribution of PM,s concentration (unit: pg/m°) in
different scenarios.

Scenario Grid number Mean Std.  Min P(25) Median P(75) Max

BL 97216 26.65 22.02 1.03 7.06 23.49 40.03 132.64
BAU 97216 23.36 18.65 1.05 6.56 20.28 35.51 99.89
MTFR 1101 18.11 15.19 1.01 539 1384 26.99 63.93
CLMT 1101 2146 17.10 1.09 593 18.60 32.67 69.62
COMB 1101 1758 15.02 046 529 1299 26.47 63.88
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It can be seen that PM, s pollution spreads almost over the whole China. PM;5
concentrations in over 70% of the 97216 EMEP grids covered by China are
higher than the WHO guideline for PMy5 (10 pg/m®) in 2010. The average PMys
concentration is 26.7 pg/m*. The highest PM,s concentration is 132.6 pg/m?°.
Grids with high PM;s pollution levels concentrate in the Northeast of China,
where also big cities with high population density are located. Combining
concentration map with gridded population, PWCs of different scenarios are
calculated, which can better illustrate the improvement of people’s exposure to
PMa s in China.

Table 3.3 presents the percentages of population exposed to different levels of
PM, s concentration as well as the PWC in different scenarios. In 2010, over 98%
of population in China are exposed to PM, 5 concentration higher than 10 pg/m?®.
63% of population exposed to PM,s concentration higher than 35 pg/m?, i.e.
worse than national secondary PM, s standard. 77% of population are exposed to
PM,s concentration 20-80 pg/m®. The PWC in 2010 is estimated to be 49.7
ug/m?,

In BAU 2030, the mean PM; 5 concentration over all the grids covered by China is
23.4 pg/m®, 12% lower than that in BL 2010. 52% of population are exposed to
PM,s concentration worse than national secondary standard 35 pg/m?®.
Percentages of population exposed to PM,s concentration higher than 75 pg/m®
decreased from 18% in BL 2010 to 4% in BAU 2030. The PWC in BAU is 39.6
ug/m?, 20% lower than that in BL 2010.

The policy measures considered in the MTFR, CLMT, and COMB scenarios can
further improve the PM,s PWC in China to 24.38, 34.93, and 22.94 pg/m?,
respectively, which correspond to 38, 12, and 42% improvement compared with
those in BAU. The average PM, s concentrations of the 1101 TM5 grids covered
by China in MTFR, CLMT, and COMB are 18.1, 21.5, and 17.6 ug/m?®
respectively. Most of PM, s concentration reductions will occur in the larger cities
of eastern China, because the majority of air pollutants emissions come from
power plants and industry, which are always located near the larger cities.

The maximum PMa; s concentration in all the grids covered by China will become
lower than 70 pg/m3 in all the three policy scenarios. Areas in China with PM; 5
concentration over 10 (35) pg/m®will decrease from 67 (24) % in BAU to 62 (16),
66 (22), and 60 (15) % in MTFR, CLMT, and COMB, respectively. Percentages of
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population exposed to PM, s concentration higher than 35 ug/m?® will be reduced
to 23, 46, and 17% in MTFR, CLMT, and COMB, respectively.

Table 3.3. Percentages of population (%) exposed to different levels of PMys
concentration and population-weighted concentration (PWC)
(pg/m3) in different scenarios in China.

BL BAU MTFR CLMT COMB
PM,5 concentration (ug/m°)
%

<10 1.85 2.53 6.37 2.86 10.20
10-20 7.00 13.21 37.52 18.54 36.44
20-30 19.19 23.20 20.86 22.98 21.53
30-40 15.78 14.66 25.74 15.90 25.50
40-50 10.32 14.39 9.42 18.47 6.24
50-60 9.04 15.27 0.08 14.38 0.08
60-70 14.43 10.38 0.01 6.87 0.01
70-80 8.04 4.87 0.00 0.00 0.00
80-90 7.22 1.07 0.00 0.00 0.00
90-100 4.47 0.42 0.00 0.00 0.00
100-110 1.75 0.00 0.00 0.00 0.00
110-120 0.48 0.00 0.00 0.00 0.00
120-130 0.31 0.00 0.00 0.00 0.00
130-140 0.10 0.00 0.00 0.00 0.00
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BL BAU MTFR CLMT COMB
PM,.5 concentration (ug/m®)
%
Total 100 100 100 100 100
PWC (ug/im®) 49.70  39.60 2438 3493  22.94

It can be concluded that the control measures considered in the policy scenarios,
especially those in MTFR, can effectively reduce PM,s concentration and
population exposure in China by 2030. The PM,s concentrations modelled by
CTMs are used as input data for health impact assessment. In order to validate
the atmospheric model, the modelled and measured concentrations for 2010 are
compared. Bias adjustment for modelled results is presented in the next section.

3.2.2 Bias adjustment

Figure 3.7 presents the scatter plot of observations and original modelled results
of annual average PM2.5 concentration in 86 cities over China in 2010. It can be
found that most of the data points are adjacently distributed on both sides of the y
= x line with relatively more data points on the right side. This suggests that the
EMEP model generally captures the right order of magnitude of the annual
average PM, s concentrations for each city, but most of them have a negative
bias.

The underestimation may be related to underestimation of particulate emissions
and the fact that CTMs often omit some components of atmospheric aerosols and
therefore fail to reproduce the total PM budget (Kukkonen et al., 2012; Vautard et
al., 2007). To provide a comprehensive evaluation of the reproduction of
measured concentration levels by the modelled results, seven commonly used
metrics whose mathematical expressions are reported by model performance
evaluation studies (Denby, 2010; Legates and McCabe, 1999; Pirovano et al.,
2012) are selected and estimated: fraction of predictions within a factor of two
(FAC2), Mean Bias (MB), Mean Gross Error (MGE), Normalized Mean Bias
(NMB), Normalized Mean Gross Error (NMGE), Root Mean Square Error
(RMSE), and correlation coefficient (r).
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Figure 3.7. Scatter plot of observations and original modelled results of annual
average PM, s concentration in 86 cities over China in 2010.

Table 3.4. Parameters of the selected linear regression model.

Linear regression model Coefficients
c(constant) 1.49

al (log. EMEP result) 0.17

a2 (relative humidity at 2 meters) -0.15

a3 (altitude) 0.000030
a4 (log. Population density) 0.036

As illustrated in section 2.2.3.1, the effects of three bias adjustment approaches
are examined: an additive correction of the mean bias (BA1), a multiplicative ratio
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correction (BA2), and a linear regression correction (BA3). Applying Equation 2.3,
Equation 2.4, and Equation 2.5, the additive and multiplicative correction factors
are calculated to be 8.20 and 1.15; the parameters of the linear regression
correction model are shown in Table 3.4.

Apart from the modelled value of PM,s concentration, three additional variables
are included in the linear regression model: relative humidity at 2 meters, altitude,
and population density. The performance of the bias adjustment methods
expressed by the aforementioned metrics is summarized and compared with
those without bias adjustment and the ideal values in Table 3.5.

Table 3.5. Performance of bias adjustment methods.

Methods n FAC2 MB MGE NMB NMGE RMSE r

Original 86 0.85 -820 1790 -0.13 0.29 22.37 0.49

BAl 86 0.92 0.00 17.40 0.00 0.28 20.81 0.49
BA2 86 0.88  0.00 20.32 0.00 0.32 24.09 0.49
BA3 86 1.00 -053 624 -0.01 010 810 0.64
Ideal value 1 0 0 0 0 0 1

FAC2 analyses whether the simulated values fall within a plus and minus factor
of two of the measured data, which is considered as the most robust metric since
it is not overly influenced by high and low outliers(Chang and Hanna, 2004). BA1,
BA2, and BA3 can improve FAC2 from originally 0.85 to 0.92, 0.88, and 1.00,
respectively, which are all satisfying. MB presents the average difference
between simulated and observed values. BA1 and BA2 force the MB at each site
to be zero, but they have no influences on r, which reflects the linear relationship
between two variables.
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Figure 3.8. Bias distribution of original (upper), BA1 (middle) and BA2 (lower)
adjusted modelled results of PM; 5 concentration.

The influences of BA1 and BA2 on NMGE and RMSE, which reflect both
systematic and unsystematic errors, are however different. BAl slightly reduces
NMGE and RMSE, while BA2 increases both slightly. Figure 3.8 presents the
distribution of bias between observations and original (upper panel), BA1 (middle
panel), and BA2 (lower panel) adjusted modelled results of PM, s concentration. It
can be seen that the bias between the observed and the originally modelled
PM,s concentrations spread from -60 to 60 pg/m?® and are more distributed
towards the left side.

BA1 and BA2 are both effective for making the bias distribution more balanced
around the value zero. Applying BA1 can also make the bias distribution more
concentrated around the value zero (see middle panel of Figure 3.8), while the
bias distribution is more dispersed when BA2 is applied (see lower panel of
Figure 3.8). From this point of view, BA1 shows a better effect for bias adjustment
of the data than BA2.
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As a more comprehensive bias adjustment technique, BA3 improves all the listed
model performance evaluation metrics (see Table 3.5). Apart from MB, RMSE
also substantially decreased from originally 22.37 to 8.1 pug/m®. The correlation
coefficient (r) is also improved from 0.49 to 0.64. Figure 3.9 presents the scatter
plot of observations and BA3 adjusted modelled results of annual average PM2.5
concentrations in 86 cities over China in 2010. Compared with Figure 3.7, it can
be seen that after BA3 adjustment there are no data points located below the y =
0.5x line, and all the data points are more adjacent to the y = x line.
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Figure 3.9. Scatter plot of observations and BA3 adjusted modelled results of
annual average PM2.5 concentration in 86 cities over China.

It can be concluded that all the three investigated bias adjustment methods are
capable of reducing to some extent the bias between observed and simulated
annual average PM;s concentration in China. With no need of other
supplementary data, the applications of BA1 and BA2 are simple and time-
efficient. BA3 can simultaneously reduce modelling bias and improve correlation
between observed and simulated PM,s concentration records. However, BA3
requires more input data, such as meteorological data and population density
which have influence on PM concentration and composition.
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BA1 is found to be effective for improving all the considered model evaluation
metrics except for the correlation coefficient. Considering that projection of future
meteorological and population density data may introduce new uncertainties, BA1
is applied in the next steps. A sensitivity analysis investigating the influences of
the three bias adjustment techniques on the results of health impact assessment
is presented in section 4.1.

3.3 Health effects of air pollution

With the estimated PM,s concentration level and the CRFs discussed before,
YOLL due to PM;5 pollution are analysed for all the identified scenarios. Firstly,
the health effects caused by PM, s pollution in 2010 (BL) and 2030 (BAU) are
presented, then the obtainable health benefits of policy scenarios compared to
BAU in 2030 are discussed.

3.3.1 Health impacts of PM, s pollution in BL 2010 and BAU 2030

Results show that long-term exposure to PM,5s concentration levels under the
scenario BL and BAU would reduce the life expectancy of people at different
ages by 8.6-18.6 and 7.5-16.4 months in China. 8.2 and 13.4 million YOLL are
estimated to be related to PM, s pollution nationwide in BL 2010 and BAU 2030,
respectively.

The results presented in this chapter are calculated using bias adjusted (applying
BA1 as described in section 3.2.2) PM, 5 concentration and the nonlinear CRF.
The nonlinear CRF is chosen here as it covers the entire exposure range, with
special consideration of the substantial variation of PM, s concentration in all the
grids over China (see Figure 3.5). A sensitivity analysis of different bias
adjustment techniques and CRFs are discussed in section 4.

3.3.1.1 Loss of life expectancy from exposure to PM;5

It is estimated that long-term exposure to PM, s concentration of 2010 and BAU
2030 in China will reduce the life expectancy of people at different ages by 8.6-
18.6 and 7.5-16.4 months, respectively. Taking differences of life expectancy at
birth as representative indicator, substantial spatial variation of LLE attributable to
PM., 5 is observed for both 2010 (0-26.9 months) and 2030 (0-24.7 months) as
shown in Figure 3.10.
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Figure 3.10. Loss of life expectancy (LLE) attributable to PM,s under BL 2010
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The estimated LLE are consistent with other estimates, e.g. 16.5 months from
Global Burden of Disease (GBD) Study 2010 (Lim et al., 2012; Lozano et al.,
2012), 3-5 years in cities north of Huai River in China (Chen et al., 2013), 8.0-
22.2 months under pollution level in 2004 and 2013 in China (Ma et al., 2016).

Higher LLE are estimated for eastern and northwest China owing to higher
pollution levels. As the PWC of PM. s is estimated to decrease from 49.7 ug/m?® in
2010 to 39.6 pg/m? in BAU 2030 (see Table 3.3), LLE attributable to PM, s is also
calculated to decrease over China especially in polluted regions where higher
reductions of air pollutants emission are forecasted. Improvement of air quality
from 2010 to BAU 2030 can lead to a maximum of 4.4 months gain of life
expectancy among all the grids in China (see Figure S1).

3.3.1.2 Years of life lost from exposure to PM;5

The YOLL attributable to long-term PM,5 exposure in China are 8.2 and 13.4
million in 2010 and BAU 2030, respectively. Figure 3.11 displays the spatial
distribution of attributable YOLL in 2010 and 2030. Higher YOLL and changes are
observed in eastern China, especially around big cities with high pollution level
and population density (see also Figure S2). Figure 3.12 displays the distribution
of attributable YOLL and population exposed to different levels of PMays
concentration in 2010 and BAU 2030. The distributions of PM» 5 concentration in
all the grids (1-141 pg/m? in 2010; 1-108 ug/m® in 2030) are divided into 500
logarithmically spaced bins. The bin-width-normalized sum of attributable YOLL
and population for the grids in each concentration bin is then calculated.

The population-PM, s distribution in 2010 has a broad peak between 30-50
ug/m?, and has two sharp peaks around 70 and 100 pg/m? (see Figure 3.12). The
population-PM 5 distribution in 2030 has a similar shape as that in 2010, but it is
shifted to the left side of the x-axis (lower PM, s concentration). As health risks
increase with PM, s concentration, the YOLL-PM, 5 distribution is skewed to the
right of the population-PM, 5 distribution. The YOLL-PM; 5 distribution in 2030 has
a larger area than that of 2010, which represents an increase of total attributable
YOLL.
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Figure 3.12. Distributions of population and YOLL to PM, 5 concentration in BL
2010 and BAU 2030.

Based on the YOLL-PM,s distribution, the total YOLL attributable to PM;s
exposure are segmented into four equal groups (Quartiles of YOLL: 2.06 million
per group in 2010, 3.35 million per group in 2030). The corresponding PM;s
concentration levels and the exposed population are also listed for each quartile
as shown in Table 3.6.

The attributable YOLL per thousand population (YOLL/k pop) is around 1.8 times
higher for quartile 4 than for quartile 1 for both years. In 2010, 25% of YOLL
attributable to PM;,s are experienced by 19% (35%) of population who live in
areas with PMys concentration higher than 81 pg/m® (lower than 41 pg/m®). A
similar figure can be seen for 2030. 79% (67%) of population living in areas with
PM,.5 concentration higher than 35 pg/m®, national secondary PM, s standard of
China, experience 87% (77%) of total attributable YOLL in 2010 (2030). Regions
with PM,s concentration higher than 75 pg/m® acount for 26% (10%) of
population and 34% (13%) of YOLL attributable to PM,5s exposure in China in
2010 (2030).
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Table 3.6. Targeting population of concentration-based quartiles of YOLL in BL
2010 and BAU 2030.

PM2s . .
, Population Attributable YOLL
concentration
Year Quartiles
- % of . per k
range mean million million
total pop
1 0-41.4 22.2 463.6 34.6 2.06 4.44
2 41.4-64.7 52.2 336.2 25.1 2.06 6.13
2010
64.7-81.3 71.1 285.6 21.3 2.06 7.21
81.3- 19.0 2.06 8.07
4 94.7 255.4
140.2
1 0-35.5 19.9 488.6 34.5 3.35 6.85
2 35.5-53.2 43.3 355.2 25.1 3.35 9.42
2030
3 53.2-65.7 59.0 298.9 21.1 3.35 11.19
65.7- 19.3 3.35 12.26
4 73.4 272.9
107.9

3.3.1.3 Health impacts from PM, 5 by province

The health impacts caused by PMzs pollution are also analysed at provincial
level. Figure 3.13 shows the YOLL per thousand population experienced by the
population living under PM, s pollution in 31 provinces (provinces, municipalities,
and autonomous regions) in mainland China in BL 2010 and BAU 2030. The red
coloured provinces (Henan, Beijing, Hebei, and Tianjin) are the areas with
highest PM, s pollution in China, and are consequently experiencing higher health
impacts from PM, s per unit population (ca. 8 YOLL/k pop in 2010, 12 YOLL/k pop
in BAU 2030).
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Figure 3.13. YOLL per thousand population and PM2.5 concentration in BL 2010

and BAU 2030 in Chinese provinces.
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Metropolitan clusters, such as BTH, PRD, and YRD region, are the focus areas of
haze pollution in China. The YOLL attributable to PM,5 in BTH region are 0.8
million in 2010 and 1.3 million in BAU 2030, which amount to 10% of total
attributable YOLL in China. Comparing the most populous provinces in China
(Henan, Shandong, Sichuan, and Guangdong), the Northern provinces (Henan
and Shandong) have higher PM,s pollution levels than the southern ones
(Sichuan and Guangdong).

The population in Henan and Shandong is 10% less than that of Sichuan and
Guangdong. However, the YOLL attributable to PM,5 in Henan and Shandong
are 18% (21%) higher than that of Sichuan and Guangdong in 2010 (2030).
Lower health impacts from PM,s are observed for less economically developed
provinces (Xizang, Hainan, Heilongjiang, and Yunnan). It can be seen by
comparing the upper and lower panel of Figure 3.13 that PM, s concentrations
are predicted to decrease in most provinces from 2010 to BAU 2030, however,
the attributable YOLL per thousand population are estimated to increase. The
underlying causes to this situation are discussed in the next section.

3.3.14 Influences of population growth and ageing

It can be seen that even though the LLE attributable to PM, s exposure in China
decreased from 2010 to BAU 2030 (Figure 3.10), the corresponding YOLL
increased (Figure 3.11) in most regions. LLE reflects the impacts of increased
hazard rate caused by air pollution, and is estimated based on baseline incidence
rates and relative risks. While YOLL, by definition (see Equation 2.9), depends
not only on ambient PM; s concentration, but also on the size and age structure of
the exposed population.

The population in China is projected to increase from 1.34 billion in 2010 to 1.42
billion in 2030 with considerable population ageing (UN, 2015). The proportion of
people aged over 50 will increase from 25% in 2010 to 40% in 2030 as can be
seen in Figure 3.14. In order to examine how the population change will
overshadow the YOLL reduction from emission reduction of BAU 2030 compared
with that of 2010, a sensitivity analysis of population growth and age structure
change on YOLL attributable to PM, s exposure in BAU 2030 is conducted.

The YOLL attributable to PM, s exposure in BAU 2030 are calculated considering
different assumptions on the target population: P1, population size and age
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structure are the same as that of 2010; P2, considering only population size
increase not ageing; P3, considering only population ageing not population size
increase; P3, real population projection of 2030 which considers both population
growth and ageing. P1 demonstrates the impact of air pollution reduction isolated
from population change.
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Figure 3.14. Age structure of population in China in 2010 and 2030.
Source: visualized by author based on UN (2015).

As is shown in Table 3.7, YOLL attributable to PM, 5 is estimated to be 7.2 million
in 2030 if no population change is projected, which represents a 12% decrease
from those in 2010 (8.2 million). In P2, 6% population growth from 2010 to 2030
is considered, which will result in 5.6% higher YOLL attributable to PM;s
compared with those for P1. Considering population ageing (P3), the attributable
YOLL of 2030 is estimated to be 12.7 million, 75.3% higher than that of P1.
Combining population ageing and growth, the attributable YOLL in BAU 2030 will
be increased by 85% compared with those for P1, and are 63% higher than those
in 2010.

It is worth noting that changes in population size and age structure are not the
only driving factors that affect the estimation of PM, s induced YOLL from 2010 to
2030. Changes in wealth, health care, building technologies, and lifestyles (e.g.
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smoking, exercise) are all potential impact factors. However, without reliable
information on the changing patterns and the impact pathways, and more
importantly, with the intention to isolate the impact of air pollution reduction, these
factors are assumed to be the same in the policy scenarios as in the BL and BAU
scenarios.

Table 3.7. Influences of population growth and age structure change on YOLL
attributable to PM 5 in 2030.

Assumption on population P1 P2 P3 P4
YOLL (million) 7.2 7.6 12.7 134
Increase of YOLL compared with P1 - 5.6% 75.3% 85.0%

Note: assumptions on population in 2030 compared with that of 2010: P1-
identical population as that of 2010; P2-only population growth; P3-only age
structure change; P4-consider both population growth and age structure change.

3.3.2 Health benefits of policy scenarios in 2030

3.3.21 Avoidable YOLL and LLE attributable to long-term PM;5
exposure

The estimates of reduced health damages that may be obtained by implementing
the strategies considered in the policy scenarios (as discussed in section 3.1.2)
are reported in this section. Compared with the BAU scenario, improvement of air
quality under the MTFR, CLMT, and COMB scenarios may avoid 3.5, 0.9, and
4.0 million YOLL attributable to long-term exposure to PMs.

Through adopting best available end-of-pipe air pollutants control technologies in
the MTFR scenario, the LLE attributable to long-term PM; 5 exposure of people in
different age groups may be reduced by 2.03-4.29 months, compared to those in
the BAU scenario. Health benefits of climate change mitigation strategies
(represented in the CLMT scenario) are also significant although not as striking:
the PM,s induced LLE would be reduced by 0.5-1.0 months. By implementing
both end-of-pipe technologies and climate change mitigation strategies
(represented in the COMB scenario), the PM, s induced LLE would be reduced by
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2.3-4.8 months, which represent a 30% reduction compared with those in the
BAU scenario.

3.3.2.2 Health benefits of policy scenarios by provinces

Health benefits of policy scenarios attributable to reduced PM,s exposure vary
substantially among Chinese provinces. Figure 3.15 presents the estimation of
the avoided YOLL per million population in Chinese provinces related to the
reduced levels of PM,s concentration (represented by the colour and size of the
data points) in the MTFR (upper panel), CLMT (middle panel), and COMB (lower
panel) scenarios compared to the BAU scenario. The discussions of policy
scenarios hereafter are all based on comparisons with the BAU scenario.

Under the MTFR scenario, PM,5s concentration in Chinese provinces can be
reduced by 0.1-33 pg/m®. Higher reductions are observed in Tianjin, Henan, and
Beijing. While in provinces where PM, s concentrations are relatively low in BAU,
e.g. Xizang, Qinghai, and Hainan, lower PM,s concentration reductions are
predicted. Through implementing the policy measures in the MTFR scenario,
PM, s related provincial YOLL can be reduced by 800-278,000 years. Henan,
Sichuan, and Guangdong are the provinces where highest benefits, in terms of
total avoided YOLL attributable to long-term PM, s exposure, are observed. They
are the most populous provinces in China, improving the air quality in these
provinces can yield highest total benefits.

Avoided YOLL per million population give indication of obtainable health benefits
from reduced PM, s concentration for a standardized population, which helps to
look exclusively at the impact of PM, s exposure. Under MTFR, the avoided YOLL
per million population of Chinese provinces range between 0.3 and 4.7 mainly
concentrated around 2.5, as is shown in the upper panel of Figure 3.15.
Shanghai, Beijing, and Tianjin are the provinces with highest per capita YOLL
avoided. It can be seen that the PM,s concentration reduction in Shanghai is
smaller than that in Tianjin, while the per capita YOLL avoided is estimated to be
higher in Shanghai than that in Tianjin. This reflects the nonlinearity of the
concentration-response relationships.

As has been discussed in section 3.2.1, PM,s concentration reductions are
predicted to be more significant in the eastern provinces (see Figure 3.6). The
corresponding YOLL avoided per capita in these provinces are also projected to
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be larger. In BTH region, the avoided YOLL attributable to PM, s are 0.33, 0.11,
and 0.36 million in 2030 in the MTFR, CLMT, and COMB scenarios respectively,
which correspond to over 9% of total avoided YOLL in each scenario. Provinces
in YRD region (Shanghai, Jiangsu, and Zhejiang) have a population of 150 million
(11% of total population in China) in 2030.
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Figure 3.15. Avoided YOLL per million population and PM;s concentration
reduction under the MTFR, CLMT, and COMB scenarios compared
to the BAU scenario in Chinese provinces in 2030.

Policy measures in MTFR, CLMT, and COMB may avoid 0.47 (13% of total
avoided YOLL), 0.14 (16%), and 0.51 (13%) million YOLL attributable to PM5s in
YRD in 2030. The top three provinces with highest avoided YOLL attributable to
PM,s are: Henan, Sichuan and Guangdong in MTFR; Henan, Hebei, and
Shanghai in CLMT; Henan, Guangdong, and Sichuan in COMB. These provinces
are the most populous and industrialized regions in China. With relatively higher
pollution levels, they are predicted to have higher potentials of air pollution
control, which can yield considerable health benefits.

3.4 Monetary valuation of integrated impacts

The damage costs due to long-term exposure to PM,s in China in 2010 and
2030, as well as the health benefits from reduced air pollution and GHG
mitigation benefits obtained from implementing the control options considered in
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the policy scenarios are measured in monetary terms applying the methodology
described in section 2.2.5. Firstly, the valuation of health effects attributable to
PM,5 in BL 2010 and BAU 2030 is conducted, the integrated benefits of
considered policy scenarios are presented and analysed, and then the policy
implications drawn from this study are discussed.

34.1 Damage costs due to air pollution in BL and BAU

Long-term exposure to PM,s is estimated to be related to 8.3 and 13.4 million
YOLL in BL 2010 and BAU 2030. Considering the VOLY estimated for China in
2010 and 2030, the related damage costs are 136.8 (85.7, 490.3) billion EUR2p10
in 2010 and 588.7 (368.0, 2111.4) billion EUR2p10 in BAU 2030, which amount to
about 3.9% (2.5%, 14.1%) of China’s GDP in 2010 and 5.2% (3.2%, 18.5%) of
GDP in 2030. Under current legislation, the per capita damage costs related to
PM. 5 in China are predicted to increase more than four times from 102.0 (63.9,
365.6) EURzg10/cap in 2010 to 415.9 (259.9, 1491.6) EURzp10/cap in 2030.
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Figure 3.16. Provincial damage costs as a result of PM, 5 pollution in BL 2010
and BAU 2030.
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Figure 3.16 shows the damage costs (central value) as a result of PM, s pollution
in Chinese provinces in BL 2010 and BAU 2030. In all the provinces PM s related
damage costs are projected to increase from BL 2010 to BAU 2030. Smaller
damage costs are observed in less developed and populated provinces in both
years, such as Xizang, Qinghai, Hainan, and Ningxia. High PM, s related damage
costs are estimated in provinces with denser population, such as Henan,
Shandong, Sichuan, Hebei, Jiangsu, and Guangdong, which contributed to more
than 45% of total damage costs across China in both years.

Owing to high PM, 5 pollution levels, BTH region is estimated to experience the
highest per capita damage costs attributable to long-term PM,s exposure of
around 130 EUR3zpip/cap in 2010 and 540 EURzpio/cap in 2030. The above
analysis and results show an urgent demand in more stringent air pollution
control policies for China. The effectiveness of the designed policy scenarios in
terms of reducing damage costs caused by air pollution and climate change
compared to the BAU scenario is demonstrated in the next section.

3.4.2 Integrated benefits of policy scenarios

The avoidable health effects in different scenarios are presented in section 3.3.2.
The monetary health benefits calculated by multiplying avoidable YOLL with
VOLY are listed in Table 3.8. The results show that the health benefits (central
values) from MTFR, CLMT, and COMB are 156, 38, and 174 billion EUR20;0,
respectively, which are about 1.4, 0.3, and 1.5% of GDP in 2030.

Table 3.8. Monetary values of health benefits and GHG reduction benefits in
policy scenarios compared with BAU in 2030 (billion EUR2010).

Health benefits GHG reduction benefits
Scenario
Lower Central Upper Lower Central Upper
MTFR 97.34 155.75 558.58 12.82 29.48 46.14
CLMT 23.66 37.85 135.75 103.31 237.61 371.91
COMB 108.72 173.95 623.84 116.51 267.97 419.43
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The benefits of climate change mitigation are calculated based on MAC and MDC
as described in section 2.2.5. In 2030, the benefits from GHG mitigation in MTFR,
CLMT, and COMB are around 30, 238, 268 bhillion EUR20, respectively, as can
be seen in Table 3.8. The estimated GHG reduction benefits from policy
scenarios amount to about 0.3, 2.1, and 2.4% of China’s GDP in 2030.

The monetary integrated co-benefits of policy scenarios are summarized in
Figure 3.17. The central values of the co-benefits of the MTFR, CLMT, and
COMB scenarios are 185, 275, 442 billion EUR2p10, Which represent 1.6, 2.4,
3.9% of GDP in 2030, respectively. These estimates are comparable with other
studies (He et al., 2010; Hou et al., 2012; Huang et al., 2012; Xie et al., 2016;
Zhang et al., 2013a). In MTFR, the health benefits are much higher than GHG
reduction benefits as the end-of-pipe control technologies considered in MTFR
are more effective for reducing emissions of air pollutants. In CLMT, the GHG
reduction benefits are higher than health benefits since greater reductions in
GHG emissions are expected when CCS installation, fuel saving and substitution
are considered. In COMB, the health benefits and GHG reduction benefits are
relatively comparable.
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Figure 3.17. Co-benefits of policy scenarios in 2030.
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Integrated benefits of policy scenarios vary substantially among provinces. Figure
3.18 presents the integrated benefits of the MTFR, CLMT, and COMB scenarios
at provincial level in 2030 with the background colour showing the PMays
concentration under the BAU scenario. It can be seen that eastern provinces
(more populous and developed areas) incur higher co-benefits from policy
scenarios, e.g. Shanghai (5.9, 3.7, and 4.1% of total co-benefits in China from
MTFR, CLMT, and COMB, respectively), Guangdong (7.2, 6.1, and 6.9%), and
Shandong (6.4, 7.3, and 7.1%), Henan (7.9, 7.1, and 7.3%). The economic
benefits from all the three policy scenarios are relatively low in Xinjiang, Qinghai,
and Xizang, provinces with lower emission and concentration levels.
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Figure 3.18. Provincial co-benefits of policy scenarios in 2030.

In most provinces, the co-benefits from CLMT are higher than those from MTFR,
e.g. Nei Mongol (3.1 and 16.8 billion EUR2p10 from MTFR and CLMT), Shanxi
(8.2 and 16.4 billion EUR2p10), Jiangsu (7.6 and 16.8 billion EUR2p10), and
Zhejiang (4.2 and 14.1 billion EUR2010). The provinces in which co-benefits from
MTFR are expected to be higher than those from CLMT are all in the southern of
China and with relatively lower GHG emissions, e.g. Sichuan (13.7 and 7.8 billion
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EUR2010 from MTFR and CLMT), Chongging (4.4 and 1.9 billion EUR2p10),
Guangxi (5.5 and 3.6 billion EUR2010), and Hunan (12.0 and 8.6 billion EUR2p10).

per capita benefits [€/cap/year]

per capita benefits [€/cap/year]
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Figure 3.19. Co-benefits per capita under the MTFR, CLMT, and COMB
scenarios compared to the BAU scenario in Chinese provinces in
2030.

To take a closer look at provincial benefits from policy scenarios, the per capita
integrated co-benefits as a result of reduced PM,s concentration and GHG
emissions are presented in Figure 3.19. Figure S3 and Figure S4 show the data
for health benefits and GHG reduction benefits separately. The statistics of
provincial per capita co-benefits and the ratio between per capita co-benefits and
per capita GDP are summarized in Table 3.9.

In MTFR, the per capita co-benefits from improved air quality and reduced GHG
emissions of Chinese provinces range between 51.0 and 255.3 EURyp10/cap. The
provinces with highest per capita co-benefits are Tianjin, Shanxi, Shanghai, and
Beijing, with 255.3, 232.9, 232.2, and 208.0 EUR2010 per capita co-benefits, which
represent 1.3, 4.7, 0.9, and 1.0% of per capita provincial GDP in 2030,
respectively.
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In CLMT, the co-benefits are dominated by GHG reduction benefits. Owing to
large amount of GHG emission reduction predicted in less populated provinces,
e.g. Ningxia and Nei Mongol, the per capita co-benefits of these provinces are
estimated to be high. As the per capita GDP of Ningxia and Nei Mongol are also
relatively low, the per capita co-benefits from CLMT of these provinces amount to
over 10% of provincial per capita GDP. For most provinces, the per capita co-
benefits from CLMT are around 200 EUR2g;0/cap in 2030.

Table 3.9. Statistics of provincial per capita co-benefits from policy scenarios in

2030.
per capita co-benefits (EUR2p10/cap) % of per capita GDP
Scenario
mean median min max mean median min max

MTFR 128.60 123.09 50.96 255.34 201 1.89 0.76 4.89

CLMT 226.55 19991 5048 68750 3.44 254 085 15.62

COMB 33554 291.79 95.04 757.75 5.8 420 150 17.22

In COMB, per capita co-benefits range between 95.0 and 757.8 EURp10/cap.
The top provinces with highest per capita co-benefits from COMB are Ningxia
(757.8 EURzg10/cap), Tianjin (683.8 EUR2gi0/cap), Shanxi (639.5 EURzg10/Ccap),
and Nei Mongol (585.4 EUR10/cap). In all the three policy scenarios, low co-
benefits are observed in Xizang and Yunnan, which have relatively lower PM; 5
concentration and GHG emissions and are therefore less sensitive to air quality
management strategies.

3.4.3 Discussion and policy implications

Rapid economic growth and increase in energy consumption have caused severe
air pollution in China. It is well recognized that benefits of abating air pollutants
emissions and GHG emissions can be achieved spontaneously. Quantification of
the economic impacts of air pollution and climate change effects in China has
caused increasing scientific interests. Hou et al. (2012) reported that China
suffered a health-related economic loss due to PM of 2.1% of China’s GDP for
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the year 2009, and even greater than 4% of GDP in some area, which is a bit
lower than what is found in this study for the year 2010.

Huang and Zhang (2013) found that the health benefits of achieving PM,s air
quality standard in BTH region account for 1.66-6.94% of regional GDP in 2009,
a level quite similar to the findings of this study. A study (Huang et al., 2012) on
the PRD region showed the economic loss of the health effects from PM pollution
is 1.35% of the regional GDP in 2006. He et al. (2010) found that energy policies
which may reduce 12-32% of air pollutant concentration and over 1400 Mt of CO,
emissions in China can yield more than 100 billion US$ of health benefits in
2030, which are lower than the estimates of this study due to lower control
targets.

This study focuses on the impacts of long-term exposure to PM,s on mortality,
which are often used as representative of health effects caused by air pollution
(Apte et al., 2015; Boldo et al., 2006; Lee et al., 2015). However it is worth noting
that there are several potential benefits from air pollution control measures that
are not yet assessed explicitly in this study. One aspect is that control measures
not only reduce PM,s but also other air pollutants (e.g. NO, and O3), and air
pollution not only affects mortality but also morbidity. Additionally, reduced air
pollution is usually also associated with ecosystem benefits (Bignal et al., 2007;
Lovett et al., 2009).

The costs of air pollution control and climate change mitigation measures were
not assessed in this study due to the difficulties in collecting cost parameters for
variety of sectors. However, this study has developed a methodology to quantify
the integrated impacts of environmental policies of China, which is a combination
of emission estimation model, atmospheric model, and health and climate change
mitigation benefit evaluation model. The analysis of this study provides solid
evidence on the substantial benefits achievable from promoting air pollution
control and climate change mitigation strategies in China.

Up to 2030, aggressive air pollution control and GHG reduction policies in China
will lead to significant benefits in the aspects of health and climate change
mitigation. Emissions of air pollutants in China can be reduced by 49-91% for the
year 2030 by applying most up-to-date technical reduction technologies, which
will lead to a 51% reduction of population-weighted PM,5 concentration
compared with the 2010 level. The reduction of PM, s exposure under the MTFR
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scenario is estimated to result in 3.5 million avoided YOLL in China compared to
the BAU scenario, which corresponds to about 4.3 months of avoided LLE. The
total health benefits are calculated to be around 156 billion EUR2p10, 1.4% of
China’s GDP in 2030.

Applying air pollutants reduction technologies can also reduce the GHG
emissions by 5% in 2030. The corresponding GHG reduction benefits are
estimated to be around 30 billion EUR2010, Which adds the total co-benefits up to
185 billion EUR2010, 1.6% of China’s GDP in 2030. MTFR might not be the most
economic option when taking into account also the costs of the policies, but it
provides valuable information about the magnitude of achievable benefits through
implementing technical reduction technologies. Future technology development
and economies of scale may improve the emission reduction potential and
reduce the costs of the technologies.

GHG emission mitigation measures can reduce the GHG emission per GDP by
41% in 2030 compared to the BAU scenario, together with a 7-22% reduction of
air pollutants. As a result of 30% reduction of population-weighted PM;s
concentration compared with the 2010 level, 0.9 million YOLL or 1.0 months of
LLE can be avoided. The total co-benefits of CLMT account for 2.4% of China’s
GDP in 2030, 14% of which are health benefits from reduced air pollution. The
CLMT scenario gives insights on the co-benefits for air pollution induced health
impacts achievable through pursuing climate change mitigation targets.

By implementing simultaneously air pollutant reduction technologies and GHG
mitigation measures, emissions of air pollutants and GHG are projected to reduce
by 46-93% compared to the BAU scenario in 2030. Compared with the 2010
level, the population-weighted PM,s concentration and the GHG emission per
GDP can be reduced by 54 and 74%, respectively. The total integrated benefits
are estimated to be around 442 billion EUR2010 (3.9% of China’s GDP in 2030), in
which health benefits and GHG reduction benefits account for 40 and 60%,
respectively. As the problems of air pollution and climate change are quite
interrelated, it is often the case that addressing them together will also be
economically efficient (Dong et al., 2015; West et al., 2004).

Substantial provincial disparities exist in China in terms of emission and pollution
levels. Provinces with higher estimated health and GHG reduction benefits from
environmental policies are the ones with high population density and per capita
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GDP values, e.g. Shanghai, Beijing, and Tianjin, and high energy intensity, e.g.
Ningxia, Shanxi, and Nei Mongol. Smaller economic benefits are indicated in less
developed and populated provinces, such as Xizang, Yunnan, Guizhou, and
Hainan, owing to the fact that they have relatively lower base emission and
pollution levels and less people that would benefit from improving air quality in
these provinces.

However, this does not imply that less attention should be paid to emission and
air pollution control in those provinces. Firstly, air pollution especially PM pollution
is not a local environmental problem but a regional transboundary issue (Guo et
al., 2014; Yang et al.,, 2011). Emissions from neighboring regions and regional
transport of secondary aerosols add significant fine particle loads to local
contributions. Moreover, it is normally more cost effective to employ mitigation
technologies in less developed regions as they are in the lower end of the MAC
curve (Dong et al., 2015; Yang and Lei, 2017).

Both air pollution control and climate change mitigation demand regional
collaboration. The Chinese central government should set clear air pollution
control targets and time schedule, and incorporate air quality improvement into
the local government assessment indicators. Incentives and guidance should
also be offered for the regional joint pollution prevention and control by the
central government. Technological and financial aid should be provided for the
less developed provinces by developed provinces who would benefit from air
pollution abatement. Income gap between urban and rural residents should also
be mitigated, and subsidies should be provided to promote cleaner energy in
underdeveloped regions.

In less developed provinces, the energy efficiency and pollutants removal
efficiencies are relatively low. Promoting advanced technologies and end-of-pipe
control measures would be very efficient for reducing emissions from these
regions. For more developed regions, the focus can be placed on pursuing better
energy and industry structure, and enhancing energy and resource conservation.
The current air pollutants emission charges in China are much lower than the
marginal mitigation costs of pollutants. Increasing emission charges and
strengthening supervision would improve emission reduction initiative and
promote total amount control and trading of pollutant discharge.

77



3 Benefits to human health and climate change of reduced air pollution

Environmental education and public participation and supervision also play an
important role in environmental management which would provide extensive
support for building an environmental friendly society. Integrated assessment
approach which addresses the health and climate change mitigation effects of
environmental policies can help policy makers to select optimal policy options to
achieve control targets. These analyses should be carried out before the
environmental policies are actually implemented in order to avoid possible
misleading decision-making and achieve maximum welfare gains.
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4 Sensitivity and uncertainty analyses

The main objective of this study is to develop a methodology for estimating
integrated benefits of air pollution control and climate change mitigation
strategies in China and to identify the potential order of magnitude of the effects.
However, in this kind of assessment many of the assumptions, input data, and
models are associated with uncertainties. The assessment results are usually
sensitive to some parameters and selected functions. Sensitivity analysis
provides information on model structure and the influence of exogenous
parameters. Moreover, knowledge of the uncertainties extends the results with
confidence ranges which are important information for researchers and policy
makers.

4.1  Sensitivity analysis

Sensitivity analyses of the simulation results are carried out with regard to two
sets of parameters: the CRF for health impacts quantification and the bias
adjustment techniques for modelled PM; s concentration. As discussed in section
2.2.4.2, linear and log-linear form CRFs with lowest RR of all-cause mortality
from existing U.S. cohort studies (Pope et al.,, 2002) and RR from a Chinese
cohort study (Cao et al., 2011) are adopted to estimate health effects attributable
to long-term PM, 5 exposure.

The modelled PM; s concentration from the EMEP model (Simpson et al., 2012)
appears to underestimate annual average PM, s values compared with monitored
data. The influence of three bias adjustment techniques (as illustrated in section
3.2.2) are explored and compared with original modelled results without bias
adjustment.

The results of the sensitivity analysis are summarized in Table 4.1. Generally, it
can be seen that for all the policy scenarios the central value of health benefits
using the nonlinear CRF is lower than that using the U.S. linear and log-linear
CRFs, and higher than that using the Chinese CRFs. The influences of bias
adjustment techniques show different patterns when using different CRFs. For
the nonlinear CRF, health benefits of policy scenarios with bias adjustment for
modelled PM,s are generally smaller than or similar to those without bias
adjustment (see Figure 4.1).
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Table 4.1. Sensitivity analysis of CRFs and bias adjustment techniques on health

benefits from policy scenarios in 2030.

Health benefits (billion EUR2010)

. . Log- . Log-
. BA Nonlinear Linear . Linear )
Scenario linear linear
approach
(Burnett et al.,
(Pope et al., 2002) (Cao et al., 2011)
2014)

BA1l 155.75 31291 369.89 56.34 58.10
BA2 168.21 317.20 376.23 57.13 58.89

MTFR
BA3 157.15 337.85 395.73 60.93 62.88
No BA 193.43 292.33 331.15 55.34 56.64
BA1l 37.85 10390 129.92 17.55 18.26
BA2 41.75 111.04 138.58 18.53 19.29

CLMT
BA3 50.01 125.61 150.65 22.05 22.84
No BA 45.91 97.02 115.64 17.30 17.86
BA1l 173.95 339.64 399.32 61.54 63.41
BA2 187.94 343.58 405.22 62.29 64.14

COMB
BA3 173.29 365.11 426.12 66.14 68.21
No BA 217.30 316.85 357.22 60.32 61.69

As reflected by the shape of the nonlinear CRF, RR values for chronic mortality at
high concentrations are lower than the values at low concentrations. Adjusting
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the underestimation of modelled concentration would result in lower health
benefits from one unit concentration reduction.

It can be seen in Figure 4.1 that the central values of health benefits estimated by
applying BA1 and BA3 (BA2) are about 20% (13%) lower than those without bias
adjustment (No BA) for the MTFR and COMB scenarios. For the CLMT scenario,
applying BA1 and BA2 would reduce the health benefits results by 10-18%. The
health benefits estimated applying BA3 are slightly higher than those without bias
adjustment.

2004

150

100

Health benefits [billion €]

(S}
o
1

MTFR CLMT COMB
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Figure 4.1. Health benefits of policy scenarios estimated with the nonlinear CRF
and different bias adjustment methodologies.

However, when the linear or log-linear CRF is used, applying bias adjustment
would increase the estimated health benefits from the policy scenarios as can be
seen in Table 4.1. For example, using the log-linear CRF from the U.S. cohort
study, applying BA3 would increase the estimated health benefits from policy
scenarios by 20-30% compared with those without bias adjustment, followed by
BA2 (13-20%) and BA1 (12%). When the CRF from the Chinese cohort study is
used, the estimated health benefits appear to be less sensitive to bias adjustment
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techniques. The central values of health benefits of policy scenarios estimated
with bias adjustment are in most of case less than 8% higher than those without
bias adjustment.

Figure 4.2 shows the sensitivity of health benefits resulting from improved air
quality to the shape of CRFs when BALl is applied. Unlike bias adjustment
discussed above, the shape of CRFs affects the estimation results in a consistent
manner no matter which bias adjustment technique is applied. Therefore,
hereafter the results applying BA1 are taken as examples.

It can be seen from Figure 4.2 that the health benefits of the MTFR scenario are
around 156 billion EUR2p1p using the nonlinear CRF, which are about half of
those using the CRF from the U.S. cohort study (linear U.S. and log-linear U.S.),
and 2.7 times of those using the Chinese CRF (linear China and log-linear
China). Similar characteristics can be observed for the results of the CLMT and
COMB scenarios.

4001

300 1

2004

Health benefits [billion €]

100

MTFR CLMT COMB

. Nonlinear . Linear U.S. . Log-linear U.S. . Linear China . Log-linear China

Figure 4.2. Health benefits of policy scenarios estimated with different CRFs.
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The linear shape of CRF is commonly used as a simplified representation of the
log-linear shape of CRF (Kan and Chen, 2004; Zhang et al., 2010). The analyses
of this study show that when a low RR value is used (e.g. the Chinese CRF), the
results using linear and log-linear functions are similar. However, when a higher
RR value is used (e.g. the U.S. CRF) the estimated health benefits from
improved air quality using log-linear function could be more than 20% higher than
those using linear function.

It can be concluded that the estimation of health effects caused by PM,s is quite
sensitive to the selected CRF. It is meaningful to take a closer look at this issue,
e.g. not only on aggregated but also on spatially distributed results. Figure 4.3
shows the spatial distribution of LLE attributable to long-term PM, 5 exposure in
BAU 2030 scenario using the log-linear U.S. and Chinese CRFs, which can be
compared with the results using the nonlinear (lower panel of Figure 3.10) and
linear CRFs (Figure S5).

The results estimated using the log-linear U.S. CRF (upper panel of Figure 4.3)
show that long-term exposure to PM2 s under the BAU scenario can cause up to
81.4 months LLE in polluted area. However when the Chinese CRF is used
(lower panel of Figure 4.3), the highest PM,s related LLE among all the grids is
11.8 months. The differences between the results estimated using higher and
lower CRFs are generally bigger in more polluted grids. The LLE attributable to
PM, s estimated using the U.S. CRF is over 3.5 times higher than that using the
Chinese CRF in most of the grids, with a maximum ratio of 6.

The distributions of YOLL attributable to PM,5s in the BAU scenario estimated
using the linear and log-linear CRFs are presented in Figure 4.4, which can be
compared with Figure 3.12. It can be seen that the Chinese CRF reflects the
lowest health response to PM, 5 along the whole spectrum of PM, s concentration.
The health effects calculated using the U.S. CRF are similar to or even a bit
smaller than those using the nonlinear CRF at low PM,s concentrations, but
much higher than the nonlinear CRF at high concentration levels (e.g. higher than
55 pg/m®).
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Figure 4.3. LLE attributable to PM, s in BAU 2030 estimated using the log-linear
CRFs (compare with Figure 3.10).
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Figure 4.4. Distributions of YOLL attibutable to PM,5s in BAU 2030 estimated
using different CRFs (compare with Figure 3.12).

The quartiles of YOLL attributable to PM;s as well as the corresponding
concentration range and the exposed population in the BAU scenario calculated
with the linear and log-linear CRFs are summarized in Table 4.2. The total YOLL
attributable to PM;5 in the BAU scenario calculated using the linear U.S., log-
linear U.S., linear Chinese, log-linear Chinese, and nonlinear CRF are 15.9, 17.6,
3.1, 3.2, and 13.4 million, respectively.

Even though big differences can be observed for the YOLL calculated using the
different linear and log-linear CRFs, the PM;5s concentration and population
correspond to each quartile of YOLL are quite similar. This can be explained by
the intrinsic characteristics of the linear and log-linear CRFs.

It can be seen from Table 4.2 that for the first (fourth) quartile, 25% (25%) of
YOLL attributable to PM,s are experienced by 46-50% (11-13%) of population
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who live in areas with concentration levels lower than 45 ug/m?® (higher than 71
ug/m®). The attributable YOLL per thousand population for the fourth quartile are
3 (2.5) times higher than those for the first quartile when the U.S. (Chinese) CRF
is used. While for the nonlinear CRF, the ratio between YOLL per thousand
population of the first and fourth YOLL quartile is 1.8 (see Table 3.6).

Table 4.2. Comparison of concentration-based quartiles of YOLL attributable to
PM_ s in BAU 2030 using the linear and log-linear CRFs.

PM, s concentration Population Attributable YOLL
uart
CRF Q
iles . % of . per k
range mean million million
total pop

1 0-43.7 22.6 687.3 48.6 3.98 5.79
_ 2 43.7-59.5 51.9 320.9 22.7 3.98 12.39

Linear
U.S. 3 59.5-72.1 64.4 229.5 16.2 3.98 17.33
4 72.1-107.9 78.5 177.9 12.6 3.98 22.36
1 0-45.4 23.0 718.5 50.8 4.40 6.12
Log- 2 45.4-60.1 53.2 308.5 21.8 4.40 14.25

linear
U.S. 3 60.1-73.2 65.2 229.0 16.2 4.40 19.20
4 73.2-107.9 79.5 159.6 11.3 4.40 27.54
1 0-42.2 22.1 654.1 46.2 0.78 1.19
2 42.2-58.6 50.6 326.9 23.1 0.78 2.38

Linear
China o 5g6.714 636 2446 173 0.78 3.18
4 71.4-107.9 78.0 190.0 13.4 0.78 4.10
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PMo, 5 concentration Population Attributable YOLL
uart
CRF Q
iles . % of - per k
range mean million million
total pop
1 0-42.4 22.2 659.2 46.6 0.79 1.20
Log- 2 42.4-58.6 50.7 321.8 22.7 0.79 2.46
linear
China 3 58.6-71.4 63.6 244.6 17.3 0.79 3.24
4 71.4-107.9 78.0 190.0 13.4 0.79 4.17

(Pope et al., 2009) indicates that the exposure-response relationship between
mortality and PM, s concentration is steeper at low levels of exposure than that at
higher exposures. This issue is also reflected by the considerable difference
between the U.S. CRF and the Chinese CRF. The U.S. CRF is representative for
annual ambient average concentrations from approximately 5 to 30 pg/m? (Pope
et al., 2002). The average PM, 5 concentration considered in the Chinese cohort
study is about 90 pg/m?® (Cao et al., 2011). For local studies, these linear CRFs
could be used if the ambient concentration levels fall within the range which is
considered in the corresponding cohort study.

The linear CRFs can be directly applied to calculate the change in health risks
caused by change in concentration levels. However using the U.S. CRF (the
Chinese CRF) for regions with high (low) pollution levels would lead to
overestimation (underestimation). For regional studies, especially when the
regional differences of PM, s concentration levels are considerable as is the case
for this study, the nonlinear CRF should be adopted as it captures the declining
marginal mortality effect from lower to higher concentrations.

It is worth noting that CRFs are normally provided with confidence intervals,
which means that the calculated results have confidence ranges. In order to show
the results more clearly and precisely, in the above discussion only the central
values are used. A comprehensive uncertainty analysis of the integrated
assessment will be presented in the next section. The sensitivity analyses bring
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insights on how the biases of the concentration data and the choice of CRFs
would affect the PM, s related health impact assessment.

4.2  Uncertainty analysis

Assessing the integrated impacts of environmental policies is a comprehensive
mission. It pulls considerable amount of data, information, and models together
from various fields, and therefore the uncertainties of the results are expected to
be larger than those of most physical and chemical experiments. With the
purpose of providing information on the robustness of the results and
conclusions, an uncertainty analysis is conducted, which analyses the error
ranges of parameters from various sources and modelling stages and finally
guantifies the overall uncertainties.

4.2.1 Methodologies of uncertainty analysis

The analytical approach for uncertainty assessment of multiplicative models
developed by Spadaro and Rabl (2008) is adopted in this study. It is transparent
and convenient for testing different assumptions about the various sources of
uncertainty, and is less time and resource consuming than the traditional Monte
Carlo approach. Firstly, the uncertainties of each input parameter and component
are identified. The uncertainties are expressed either as confidence intervals or
geometric standard deviation (og) with distribution functions (e.g. triangular
distribution, normal distribution, lognormal distribution).

In impact assessment, the final results are a product of factors whose
distributions are very commonly lognormal (Limpert et al., 2001). Spadaro and
Rabl (2008) suggest that the confidence intervals of benefit estimates are
multiplicative, as the distributions are close to lognormal which can be
characterized in terms of geometric mean pg and geometric standard deviation
0g. When the lower and upper limits of the 68% confidence interval (Cl) (or 95%
Cl) of a variable z are known, the geometric mean and geometric standard
deviation of the distribution can be estimated by:

tg =/ Zo68uZo.681 OF y/Zo.05uZ0.951 Equation 4.1

88



4 Sensitivity and uncertainty analyses

4
0y = /Zo.68u/Z0.681 OF \/ Z0.95u/Z0.951 Equation 4.2

Where,

ug= geometric mean of variable z.

g4= geometric standard deviation of variable z.

Z0.68u Z0.680 Z0.95u Zoos;= the upper and lower limits of the 68% and 95% CI of
variable z.

Once the uncertainties in the source categories are determined, they are
combined to get the overall uncertainty. For multiplicative factors (x;), e.g.
emission rate of pollutant, change of concentration due to emission, slope of
CRF, and VOLY, Equation 4.3 and Equation 4.4 can be derived for the
uncertainty of the product (y).

Ugy = Hgxitgxz - Hgxn Equation 4.3
[In(agy)]? = [In(04x1)]? + [IN(0gx2)]? + -+ + [In(0g2n)]? Equation 4.4

Where,

1g= geometric mean of a variable.

a4= geometric standard deviation of a variable.

For the combination of impacts on health and climate change, the approach for
estimating the uncertainty of the sum suggested by Spadaro and Rabl (2008) is
adopted. Two estimates for the geometric standard deviation of the sum are
calculated, which represent respectively over- and underestimation. The average
of the two estimates is then used as the final estimate. Spadaro and Rabl (2008)
have validated the approach with Monte Carlo calculations, and suggested that it
produces good approximation. The details of the applied equations are listed in
Table S1.

Uncertainties exist at every step of the integrated assessment due to the lack of
data and knowledge of specific information. In the following, the uncertainties of
each component (emission modelling, concentration modelling, health impact
assessment, monetary valuation) are quantified. Applying the above presented
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methodology, the uncertainties of individual components are aggregated to
provide an estimate of the overall uncertainty for the entire model.

4.2.2 Uncertainties of emission modelling

To quantify the uncertainties of the emission data, the approach suggested in the
2006 IPCC Guidelines for National Greenhouse Gas inventories (IPCC, 2006) is
followed, which mainly consists of determining the uncertainty ranges of
individual variables and parameters, aggregating the uncertainties of individual
component to the total inventory, and determining the uncertainty in the trend.

According to Equation 2.1 the main variables used in emission modelling is
activity data (e.g. energy consumption) and emission factors (uncontrolled
emission factors, and penetrations and removal efficiencies of control
technologies). Estimating the underlying uncertainties is normally based on
periodic emission measurements, empirical data from literature and other
documented data, or expert judgement (IPCC, 2006). As the national emission
inventory used in this study involves big amount of data and assumptions, it is
very difficult to collect specific uncertainty data. The uncertainty ranges for activity
data and emission factors suggested in the EMEP/EEA Air Pollutant Emission
Inventory Guidebook (EEA, 2016) are considered.

The developed emission scenarios rely on the energy projection from the Energy
Technology Perspectives 2012 (IEA, 2012). The uncertainties of energy statistics
as well as socio-economic drivers for China are suggested to be in the order of 5
to 10%. For emission factors, the uncertainty ranges depend on the specific air
pollutant and emission source. Five categories of uncertainty ranges (A: 10-30%,
B: 20-60%, C: 50-200%, D: 100-300%, E: order of magnitude) are used
considering the volume of measurements and representativeness. The detailed
descriptions and numbers can be found in the uncertainties chapter of EEA
(2016).

4.2.3 Uncertainties of concentration modelling

In this study the results of two atmospheric models, the MSC-W EMEP model
and the parameterized TM5 model, are used to estimate the baseline PMs
concentration and concentration changes under policy scenarios. Considering the
complexity of atmospheric models, a range of two to five is often cited for the
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geometric standard deviation of modelled results. This study focuses on long-
term exposure to PMy s, therefore annual average concentration levels are used,
which are considered to have greater accuracy than short-term (e.g. daily, hourly
concentration) values (Jin et al., 2010).

The comparisons of annual average concentrations between modelled and
monitored data conducted in this study show that the agreement is within a factor
of two for most of the cities. Owing to the lack of data and especially for future
scenarios, comparison with measurement data is not practical. Spadaro and Rabl
(2008) analysed the uncertainties related to the main processes considered in
atmospheric models: dispersion of primary pollutants, formation of secondary
pollutants, and the effect of background emissions on chemical transformation.

Table 4.3. Assumptions on the uncertainties of concentration modelling.

Process Geometric standard deviation (0g)
Dispersion of non-reactive primary 15
pollutants

Dispersion of sulfur dioxide and sulphates 1.7
Dispersion of NOy and nitrates 1.7
Formation of sulphates from SO, 1.2
Formation of nitrates from NOy 1.4
Effect of background emissions on the 1.05

formation of sulphates from SO,

Effect of background emissions on the 1.15
formation of nitrates from NOy

Source: (Spadaro and Rabl, 2008)

Bias adjustment would reduce the uncertainties of modelled concentrations.
However, it is difficult to estimate the resulting uncertainty reduction
quantitatively, especially for future scenarios. To avoid underestimating the
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uncertainty, the suggested uncertainty levels for atmospheric models are
maintained. The uncertainties are expressed as geometric standard deviation
(og) as summarized in Table 4.3. Applying Equation 4.4, the total geometric
standard deviation (oy) is calculated to be 1.50 for primary PM, 1.76 for
sulphates, and 1.90 for nitrates.

4.2.4 Uncertainties of health impact assessment

The uncertainties of health impact assessment stem from the uncertainties of
population data, health data (baseline incidence rate), CRF, and the calculation
of YOLL. Population and mortality data are collected routinely. For a rather short
timescale (e.g. 20 years), the uncertainty arises from projection of population is
predicted to be small compared to other factors. Leksell and Rabl (2001) show
that estimates of impacts from changes in hazards are relatively insensitive to
variations in assumptions about future baseline incidence rates. Following the
recommendations of Holland (2014), a £5% range with triangular distribution is
applied to population data and mortality rate.

The confidence intervals of CRFs for health impacts are normally reported for
95% probability, which are almost symmetric around the mean value. Spadaro
and Rabl (2008) argue that a Gaussian distribution could be assumed for RR,
and px2o (u: mean; o: standard deviation) is approximately the 95% CI. The
geometric standard deviation o4 can be calculated by Equation 4.5.

u+o Equation 4.5

The calculated o4 of CRFs used in this study is summarized in Table 4.4, which is
similar to the calculation of other studies (Roos, 2017; Spadaro and Rabl, 2008).
When the changes in age-specific mortality rate caused by air pollution are
identified, the next step is to determine the corresponding LLE and YOLL. Leksell
and Rabl (2001) examined the dependency of LLE on the demographics of a
population and the variation of RR with age, and found that the effects are
relatively small. The suggested o, of 1.3 is applied for the calculation of the YOLL
for a given mortality risk.
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Table 4.4. Geometric standard deviation o4 of concentration-response functions.

ALRI COPD IHD LC STOKE All-cause
CRF
(Pope et al., (Cao et al.,
(Burnett et al., 2014)
2002) 2011)
Og 1.79 1.78 1.93 1.66 1.77 1.60 1.95

4.2.5 Uncertainties of monetary valuation

The economic valuation of non-market goods, e.g. life expectancy and climate
change, involves a much higher uncertainty than the valuation of goods with
market prices. In this study the economic costs of GHG and VOLY have direct
influence on the final results. Studies on the costs of climate change (Du et al.,
2015; Yang and Lei, 2017; Zhang and Yu, 2016) and mortality (Aunan et al.,
2004; Hammitt and Zhou, 2006; He and Wang, 2010; Wang and Mullahy, 2006)
show large variations, which reflect on one hand the dependency of the costs on
sampling population and period and on the other hand the uncertainty of the
methodologies.

VOLY expresses the WTP value to avoid a life year loss, which is difficult to
monetize with a high degree of certainty. The transferring of estimates from a
base year to future years and between populations with different income levels
involves assumptions on economic development (e.g. growth rate of GDP per
capita), discounting rate (reflecting time preference), and income elasticity. This
leads to some additional uncertainties. Following the suggestions of Spadaro and
Rabl (2008), a lognormal distribution with o4 of 2 is applied for the valuation of
YOLL (VOLY).

Regarding climate change effects, as discussed in section 2.2.5.2, some of the
potentially important impacts are very difficult to assess, e.g. catastrophic climate
change impacts, impacts on ecosystem, and shifts in population and farming
centres. The monetary valuation of climate change impacts is considered to have
significant uncertainties due to the facts like inaccurate estimation of GHG
emissions, natural variability of climate, the potential for unpredicted or
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unrecognized factors, and incomplete understanding of the total climate system
(IPCC, 2014).

The uncertainty of abatement costs estimation is relatively smaller than that of
damage costs (Calvin et al., 2009; Kuik et al., 2009). However, in the process of
policy-making, there is no information about whether the optimal reduction target
is set. Moreover, future technology innovation and economies of scales may
affect the cost of abatement options, which are difficult to foresee. For the
purpose of this study, a full consideration of the uncertainties is preferred. Based
on the review of Tol (2005, 2008), a lognormal distribution with geometric
standard deviation of 5 is assumed as an estimate of the uncertainty of climate
change costs.

4.2.6 Overall uncertainties

To evaluate the total uncertainty of the damage costs of PM,s, the geometric
standard deviations (0g) of the above presented components are combined by
applying Equation 4.4. The total o4 of PM, 5 related damage costs is around 3,
which is consistent with result of a Monte Carlo analysis conducted by Roos
(2017) for the overall uncertainty of economic costs of air pollution. The estimated
uncertainties of damage costs of PM,s and GHG are then combined to get the
overall uncertainty of the integrated impacts applying the methodology described
in section 4.2.1.

The overall uncertainty depends on the contribution of each type of impacts (from
improved air quality and reduced GHG emissions) to integrated benefits. The
estimated confidence intervals of integrated benefits from policy scenarios
compared to the BAU scenario in 2030 are presented in Table 4.5. It can be seen
that the oy of integrated benefits is smaller than that of both PM; s related health
benefits and GHG reduction benefits for the MTFR and COMB scenarios. For the
CLMT scenario, in which the GHG reduction benefits dominate the integrated
benefits, the total o4 of integrated benefits is smaller than that of GHG reduction
benefits and a bit higher than that of PM, 5 related health benefits.

The estimation of overall uncertainties covered the full chain of integrated
assessment of environmental policies. Most sources of uncertainties, e.g. the
uncertainty of data and parameters, the structural uncertainty of model, and
unpredictability, are considered. Though it is difficult or impossible to include all
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uncertainties, the contribution of variables with relatively small error ranges can
be neglected considering the quadric combination of o, expressed by Equation
4.4. 1t is axiomatic that even though integrated assessment is with substantial
uncertainty, approximately a factor of 3, it is way better than unknown in the
absence of such analysis. More encouragingly the penalty of choosing the wrong
value from the large uncertainty range is found to be small in practice (Rabl et al.,
2005).

Table 4.5. Overall uncertainty of integrated benefits (unit: billion EUR2p10) from
policy scenarios.

Scenario Mg Og 95% ClI 68% CI
MTFR 239.9 2.4 (41.5, 1387.8) (99.7, 577.0)
CLMT 353.1 3.3 (32.9, 3789.4) (107.8, 1156.7)
COMB 619.5 2.7 (87.2, 4403.5) (232.4, 1651.7)

Note: yg: geometric mean; o4: geometric standard deviation.
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5 Conclusions and outlook

5.1 Conclusions and remarks

China is facing severe challenges of air pollution as well as GHG emissions due
to rapid increase of energy consumption and vehicle numbers, industrialization
and urbanization. It has been widely proven by scientific research that air
pollution is a major environmental risk to health (Guo et al., 2013; Pope, 2000). In
recent years, with the progress of a series of epidemiological research methods,
health risks caused by air pollution, especially PM,s, attracted increasing
attention and interest.

Due to the rising awareness of environmental protection and increasing
international pressure, the Chinese government has set a series of targets and
plans for air pollution control and climate change mitigation (Jin et al., 2016; Xu et
al., 2014). Air pollution and climate change are closely linked to each other as
they are largely affected by similar sources and may interact with each other
through atmospheric chemical reactions (Swart et al., 2004). However, current
policy-making in China rarely takes these two issues into consideration
simultaneously.

Continued reductions in air pollution and GHG emissions are essential, as they
pose serious threats to both people’s health and the environment in China and
across the world. Under such circumstances, the estimation of health risks and
climatic effects of recent environmental policies is informative for future
development. Integrated assessment of different policy pathways, which takes
into account all relevant benefits, damages, and costs, plays an important role in
informing the policy-making process. Integrated assessment models have been
widely developed and applied in developed countries (Friedrich et al.,, 2011,
Sabel et al., 2016; USEPA, 2004), while limited research has been conducted for
China.

This study developed a methodology to analyse the integrated impacts of
atmospheric environmental policies on human health and climate change in
China. Emission estimation, air quality modelling, health impact assessment, and
economic evaluation are synthesized following the full-chain impact pathway from
sources of emissions via environmental quality changes to physical and
economic impacts.
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The newly developed framework supports the simultaneous assessment of the
effects of air pollution control and climate change mitigation policies in terms of
changes in emissions, concentration and exposure levels, and physical and
economic impacts. For concentration modelling, the results of the advanced 3D
Eulerian EMEP model and the parameterized TM5 model are integrated, which
on one hand leads to the generation of concentration maps with high spatial
resolution for the baseline (BL) and business as usual (BAU) scenarios and on
the other hand supports concentration modelling of massive policy scenarios.

Though the underestimation of PM, 5 concentrations by large-scale atmospheric
models is generally observed, no previous study has conducted a systematic bias
adjustment especially for China. In this study, the integrated assessment
methodology is expanded with a bias adjustment approach which reduces the
bias between observed and simulated annual average PM,s concentration in
China. To investigate the effects of different concentration-response functions
(CRFs) and fulfil various simulations needs, the extended methodology enables
choices of linear and nonlinear CRFs.

Through the integration of the life table method for quantification of health
impacts in terms of years of life lost (YOLL) and the income elasticity method for
transferring monetary values between different economies, the improved
methodology allows monetary estimation and aggregation of health risks and
climate change effects. Furthermore, a systematic methodology of full chain
uncertainty analysis is incorporated, which to the author’'s knowledge is one of
the first attempts to quantify overall uncertainties of an integrated assessment in
China.

Following the impact pathway approach, a quantitative assessment of the
economic health and climatic benefits from improved air quality and reduced
GHG emissions under different present and future scenarios in China is
conducted. Considering current legislations, emissions of SO,, NO, and PM will
be reduced by 20-40% from 2010 (BL) to 2030 (BAU), which is simulated to
result in a 20% reduction of population-weighted concentration (PWC) of PMys.
However, these reductions are not enough to offset the impacts of economic and
population growth.

Results show that air pollution, more specifically exposure to PM, s, caused 8.2
million YOLL in 2010 in China. This number will be further increased to 13.4

97



5 Conclusions and outlook

million YOLL in 2030 if no additional control measures are implemented. The
value of a life year lost (VOLY) due to air pollution, which expresses the society’s
collective willingness-to-pay to avoid a small probability of losing a life year, is
estimated to be 16,600 (10,400-59,500) EUR20;0 for the year 2010, and 44,000
(27,500-157,800) EUR2p1p for 2030 considering income growth. The central
values of the estimated health damage costs are 136.8 and 588.7 billion EUR210
in 2010 and BAU 2030, which amount to about 3.9 and 5.2% of China’s GDP of
the identical year, respectively.

The impacts of more stringent policy scenarios are investigated. Compared with
the BAU scenario, aggressive end-of-pipe control policies, i.e. adopting the
maximum technically feasible reduction technologies (the MTFR scenario), in
China can reduce the emissions of SO,, NOy, PM, and VOC by 49-91% in 2030.
Climate change mitigation policies (the CLMT scenario) in terms of improving
energy efficiency, increasing renewable energy use, and deploying CCS systems
can reduce 48% of the CO, emissions in 2030. Emissions of air pollutants can be
simultaneously reduced by 8-22%. If these measures are jointly implemented (the
COMB scenario), GHG emissions can be reduced by 46%, and emissions of air
pollutants will be reduced by 62-93% compared with BAU.

Emission reduction of air pollutants in the MTFR, CLMT, and COMB scenarios
are predicted to reduce the PWC of PM, 5 in 2030 by 38, 12, and 42% compared
with those under the BAU scenario, respectively. Compared with the BAU
scenario, improved air quality under the MTFR, CLMT, and COMB scenarios may
avoid 3.5, 0.9, and 4.0 million YOLL attributable to long-term exposure to PMys.
The achievable health benefits from the MTFR, CLMT, and COMB scenarios are
around 156, 38, and 174 billion EUR2010, respectively, which account for 1.4, 0.3,
and 1.5% of China’s GDP in 2030.

Additionally, significant GHG reduction benefits can be obtained. To quantify the
economic benefits of climate change mitigation, the external costs of GHG are
estimated to be 15 to 54 EURg10/t CO2.¢q in China for the year 2030. Compared
to the BAU scenario, the economic benefits of GHG mitigation under MTFR,
CLMT, and COMB are 29 (13-46), 238 (103-372), and 268 (117-419) billion
EUR2010, With the central estimates amounting to about 0.3, 2.1, and 2.4% of
China’s GDP in 2030, respectively. The results clearly show that policies
intending to reduce GHG emissions are also effective in improving air quality, and
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vice versa. In the COMB scenario, the health benefits from improved air quality
and GHG reduction benefits are relatively comparable.

Clear provincial disparities on emissions, concentration levels, and attainable
benefits from policy measures exist in China. Higher emissions and consequently
higher YOLL attributable to PM;s exposure are observed in eastern China,
especially around big cities with high pollution levels and population density.
Provinces with higher estimated health benefits from air pollution control policies
are the ones with large population and emissions, e.g. Henan, Sichuan, and
Guangdong. Higher GHG reduction benefits from climate change mitigation
measures are estimated for provinces with higher energy production bases such
as Nei Mongol and Shanxi.

Higher per capita health benefits from policy measures are estimated for big
cities with high population density, e.g. Shanghai, Beijing, and Tianjin. Provinces
with higher per capita GHG reduction benefits are the ones with high energy
intensity such as Ningxia, Nei Mongol, and Shanxi. Smaller economic benefits
are indicated in less developed and populated provinces, such as Xizang,
Yunnan, Guizhou, and Hainan, owing to the fact that they have relatively lower
base emission and pollution levels and less people that would benefit from
improved air quality in these provinces.

Sensitivity analyses of the simulation results are carried out with regard to two
sets of parameters: CRFs for health impact assessment and bias adjustment
techniques for PM, s concentration modelling. Results show that health benefits
of air pollution control policies estimated using the nonlinear CRF are about half
of those using the CRF from U.S. cohort study, and 2.7 times of those using the
CRF from a Chinese cohort study. For local studies, the U.S. or Chinese CRFs
could be used if the ambient concentration levels fall within the range which is
considered in the corresponding cohort study. However, for large scale regional
analysis especially when the regional differences of PM,s concentration levels
are considerable as is the case for this study, the nonlinear CRF should be
adopted as it captures the declining marginal mortality effect from lower to higher
concentrations.

Three bias adjustment approaches, i.e. an additive correction of the mean bias
(BAl), a multiplicative ratio correction (BA2), and a linear regression correction
(BA3) are investigated in this study. All the three investigated bias adjustment
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methods are capable of reducing to some extent the bias between observed and
simulated annual average PM, s concentration in China. The performance of BA1
is relatively better than that of BA2, and it does not demand projection of
supplementary data as is the case for BA3. Compared with CRFs, bias
adjustment techniques have smaller influences on the results. Depending on the
shape of the selected CRF, health benefits of policy scenarios estimated with
bias adjustment can be a bit higher or lower than those without bias adjustment.

The uncertainties of such integrated assessment estimated in this work are much
larger than those of most physical and chemical experiments. With the purpose of
providing information on the robustness of the results to better support rational
decision-making, an uncertainty analysis is conducted. Analysing the error
ranges of parameters from various sources and modelling stages (e.g. emission
and concentration modelling, health impact assessment, monetary valuation) the
overall uncertainties of the final results are quantified.

The overall uncertainty of monetized integrated benefits from improved air quality
and reduced GHG emissions in terms of geometric standard deviation is around
2.4-3.3, which is similar to previous estimates (Roos, 2017; Spadaro and Rabl,
2008). The integrated benefits, i.e. the total health benefits and GHG reduction
benefits, of the MTFR, CLMT, and COMB scenarios in 2030 are 239.9 (95% CI:
41.5, 1387.8), 353.1 (32.9, 3789.4), and 619.5 (87.2, 4403.5) billion EUR2p1o,
respectively.

Although PM s is often considered as the main indicator of ambient air pollution
in health impact assessment, as is the case in this study, there may be additional
health effects due to exposure to other air pollutants (e.g. NO, and Ogs). Chronic
mortality is chosen as the representative health endpoint in this study to derive
YOLL attributable to PM, s exposure. In addition to mortality, air pollution can also
cause increased morbidity (Héroux et al., 2015; Li et al., 2015). The overall health
benefits achievable from improved air quality may thus be higher than the
estimation in this study.

The integrated assessment methodology developed in this study enables the
consideration of air pollution induced health effects and GHG related climatic
effects in the process of environmental policy development in China. The
reduction potential and integrated benefits from policy measures estimated in this
study provide valuable policy insights for China and other developing countries.
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The contribution of integrated assessment to the optimization of policy options
and avoidance of possible misleading decision-making is self-evident. Previous
experience in atmospheric environmental management in China has shown that
reducing the emissions of a single pollutant at a time can be neither effective nor
efficient for improving air quality. Concentration- and impact-oriented policy-
making supported by integrated assessment can maximize social benefits.

Health benefits and GHG reduction benefits achievable from environmental
quality improvement are substantial, which is favorable to recover the
implementation costs of various environmental policies. A comprehensive
consideration of economic impacts from air pollution induced health effects and
climate change, a win-win strategy, supports the identification and framing of
optimum environmental policies. End-of-pipe air pollutants control measures (e.g.
installation of FGD and SCR) are effective for China’s air pollution control and
bring significant health benefits although their impacts on GHG reduction are
relatively small.

Deploying CCS systems in power generation and industrial sectors can greatly
reduce GHG emissions which can bring more benefits on the long-term. Many
GHG mitigation measures, such as improving energy efficiencies, co-generation
of heat and power, and promotion of solar and hydro power, provide substantial
health benefits as well. Recognition of the integrated benefits would give priorities
to such policies with the largest synergies.

Substituting coal with biomass is implemented as an effective measure to reduce
GHG emissions and improve energy security. However, it may not be an optimal
option for cities with high PM pollution levels as biomass burning may bring
additional pressure on local air quality. Careful considerations should also be
given to electric vehicle promotion. Promoting electric vehicles in China can only
be an effective pollution control measure instead of a pollution transfer measure
when the energy mix for power generation is simultaneously improved.
Synergistic reduction of air pollution and GHG emissions is the most efficient way
to combat air pollution and climate change.

The integrated benefits at the provincial level indicate that provinces with high
population density and high energy intensity would benefit more from air pollution
control and GHG reduction. However, this is not to say that less attention should
be paid to emission and air pollution control in other regions as air pollution
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especially PM, s pollution is more a regional transboundary issue than a local
environmental problem (Guo et al., 2014; Yang et al., 2011). Joint prevention and
control of regional air pollution should be promoted which enables extensive
regional cooperation and exchange of experience and resources.

5.2 Outlook

The results of this study open up several interesting opportunities for future work.
Firstly assessment of the costs of policy measures is not included in this study
due to the difficulties in collecting various cost parameters of policy
implementation in China. Through comparison of costs and benefits, a cost-
benefit analysis can be conducted which helps to quantify the net benefits
(benefits minus costs) of different control options and identify the most cost-
effective measures.

Secondly, due to data and methodology constraints, the health impact
assessment in this study only considered chronic mortality caused by exposure to
ambient PM,s. With the improvement of data availability and model quality, the
scope of the analysis could be extended to cover more air pollutants (e.g. Os,
NO,), both mortality and morbidity (e.g. hospital admission, acute and chronic
diseases), and ecological impacts (e.g. loss of biodiversity).

Air pollution and its health effects vary substantially with microenvironments (e.g.
urban and rural, outdoor and indoor), time (e.g. season, daytime), characteristics
of the exposed population (e.g. sex, employment status). However, due to the
unavailability of sophisticated exposure models, the annual average ambient
PM, s concentration in each grid is used for exposure assessment in this study.
With the development of exposure assessment models, indoor exposure and
human mobility patterns could be considered for health impacts evaluation.

Owing to the limitation of data sources, some important parameters used in the
evaluation process, such as VOLY and MDC, are derived from European studies
and the same values are applied for the whole country. The same age structure
and baseline health data are assumed for the population in all the grids across
China. The analysis would be improved through supplementary analysis of
regional and local parameters considering different demographic structure and
economic development.
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Furthermore, it would be interesting to investigate a broader range of air pollution
control and GHG reduction policies. The developed methodology can be used to
investigate the integrated impacts of single policies and diverse measures
embedded in scenarios, and analyse how various proposals would interact with
current environmental policies. Analyses about how to achieve maximum benefits
with certain costs constraints or how to fulfill a certain objective (e.g. an ambient
concentration limit) with the least costs possible would help Chinese policy
makers to achieve optimal balance between economic development and
environmental protection.

China has been moving forward to improve urban air quality and reduce carbon
intensity. The improvements of economic structure, technology, and policy tools
have led to significant economic benefits for China and even other regions. With
air pollution levels remaining well above recommended thresholds especially in
big cities, future actions are needed and, as this study has shown, will bring
substantial benefits. In order to realize the strategic requirements of sustainable
development, environmental policy-making should carefully consider the impacts
of economic development and energy consumption on human health and the
environment.
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Figure S1. Differences of PM, 5 attributable LLE (months) between Baseline 2010

and BAU 2030.
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Figure S2. Differences of PM,s attributable YOLL (10%) between Baseline 2010
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Figure S3. Per capita health benefits under the MTFR, CLMT, and COMB
scenarios compared to the BAU scenario in Chinese provinces in
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Figure S4. Per capita GHG reduction benefits under the MTFR, CLMT, and
COMB scenarios compared to the BAU scenario in Chinese
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Table S1. List of equations used for combining uncertain quantities of lognormal

variables by addition.

Equation

Note

[In(ag,)]?
Us1 = Ziﬂg,iexp(Tg)

051 = JZ ug,ilexp(2[In(ag,)]?) —exp([In(o,,)]%)]

First estimate of the
mean and standard
deviation of the sum

1 2
= ngerp(rcsll n(;“’)] )

o= /(u/ug)z -1

Conversion of
ordinary and
geometric mean and
standard deviation

Ueq,i = O-S[Mg,iag,i + ﬂg,i/ag,i]

Ocq,i = O-S[Mg,iag,i - ﬂg,i/ag,i]

Heq,sum = E Heq,i
i
— E 2
O-eq,sum - O-eq,i

Equivalent mean
and standard
deviation of each
variable and the sum

Oeq,sum
— ’ 2
Ugs2 = :ueq,sum\/1 - ( )

Heg,sum

Second estimate of
geometric mean and
standard deviation of
the sum

Aug.s = (Mg,sl + .ug,sz)/z

Averaging the two
estimates gives a
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Equation Note

Ogs = (Gg,sl + Gg,sz)/z good approximation

Note: for more details see Spadaro and Rabl (2008).
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