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Abstract
National commitments on the Paris Agreement on climate change interact with other
global environment and sustainability objectives, such as the Minamata Convention
on Mercury and the global Sustainable Development Goals. Understanding the interactions between climate change, air pollution, and sustainable development can help
decision-makers identify more effective policies that can address environmental and
economic goals simultaneously. To address environmental goals, I assess how mercury
co-benefits (positive side effects that are peripheral to a policy’s main goal) of a national climate policy in China could contribute to the country’s commitments under
the Minamata Convention. I examine climate policy scenarios in 2030 corresponding to various levels of carbon intensity reductions in addition to a business-as-usual
scenario and an end-of-pipe control scenario that meets China’s commitments under
the Minamata Convention on Mercury. Economic analysis from a computable general
equilibrium model of China’s economy provides information on changes in economic
activity resulting from the climate policy scenarios. Using the economic data from
this model, I scale 2007 mercury emissions in a variety of sectors to 2030. I then
use a global atmospheric transport model to project changes in mercury deposition
at the regional scale in China for each policy scenario. I find that climate policy
in China can provide mercury emissions and deposition co-benefits similar to end-ofpipe control policies that meet the country’s Minamata Convention commitments. To
address sustainable development goals, I investigate the use of the Inclusive Wealth
Index for evaluating the sustainability of climate policy in China on the basis of produced capital, natural capital, and human capital at the provincial level. I find that
most provinces in China exhibit an increase in Inclusive Wealth under several climate
policy scenarios, providing an alternative metric for monetizing policy impacts.
Thesis Supervisor: Noelle E. Selin
Title: Associate Prof. of Data, Systems, and Society and Atmospheric Chemistry
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Chapter 1
Introduction
Economic activity, climate change, and air pollution are intertwined. Industrial activity serves as the engine to develop an economy and lift people out of poverty while
likely releasing carbon dioxide and a range of pollutants harmful to human health
into the atmosphere. Developing solutions to grow economies sustainably while also
addressing issues of climate change and air pollution present some of the most difficult
political and technical challenges of our time. This thesis demonstrates how stakeholders can utilize tools to evaluate policy solutions that address these challenges
simultaneously.

1.1

Motivation

International cooperation efforts from the United Nations that predate international
environmental negotiations have long recognized the interaction between economic
activity and environmental issues. The World Commission on Environment and
Development (WCED, commonly known as the Brundtland Commission) released
the report “Our Common Future” in 1987 providing a “global agenda for change”
(WCED, 1987). The report highlights the effects of economic development on the
environment and the ways in which environmental effects can inhibit development,
from nuclear war started by developed countries to diminished soil quality resulting
from poor agricultural practices in developing countries. Parties to global negotiations followed the lead of the Brundtland Commission and incorporated principles
of sustainable development into the text of environmental agreements in subsequent
years. Three major environmental agreements identify principles of sustainable development in their preambles, including the Montreal Protocol on Substances that
Deplete the Ozone Layer (entered into force in 1989), the Minamata Convention on
Mercury (agreed in 2013), and the Paris Agreement on climate change (agreed 2015)
(UNEP, 2016a, 2013a; UNFCCC, 2015).
Concerted efforts at the international level are important to encourage domestic action on issues of the environment and sustainable development. However, the
structure of the Paris Agreement on climate change and the Minamata Convention
on Mercury rely heavily on national level action, which presents its own set of chal13

lenges. The complexity of these two international environmental agreements reflects
the unique situations of each country party with a different set of priorities at the
domestic level. Taking a holistic view of a country’s priorities and commitments
under international agreements can potentially reveal a set of policy options that
minimize disadvantageous tradeoffs across environmental action and economic development while efficiently addressing multiple problems through utilizing “co-benefits”.
I will use the term co-benefits throughout this thesis, referring to positive side
effects of policies that are peripheral to a policy’s main goal.

1.2

Translating International Agreements to Domestic Action

To illustrate the complexity of translating international commitments to national
action, I will describe the development of the Paris Agreement and Minamata Convention, as well as China’s evolving domestic action on climate change and mercury
pollution.

1.2.1

International Governance on Climate Change

The hallmark Paris Agreement on climate change, a legally binding treaty negotiated
under the United Nations Framework Convention on Climate Change (UNFCCC),
was agreed in December 2015 and entered into force in November 2016 (United Nations, 2016). Described as a “Climate Revolution for All” by the Earth Negotiations
Bulletin, the globally inclusive agreement was the result of 25 years of research and
negotiation (IISD, 2015).
In November 1990, the international scientific body charged by the World Meteorological Organization (WMO) and the United Nations Environment Programme
(UNEP) with assessing global climate change, the Intergovernmental Panel on Climate Change (IPCC), released its First Assessment Report. The report concluded
that anthropogenic emissions result in a higher concentration of greenhouse gases in
Earth’s atmosphere (Houghton et al., 1990). With each subsequent Assessment Report, the IPCC has stated with increasing confidence (statistically speaking) that anthropogenic greenhouse gases have an effect on the planet, namely on climate change
and rising global temperatures. The latest IPCC position, from the Fifth Assessment
Report, states that the effect of exceptional levels of anthropogenic greenhouse gas
emissions “. . . together with those of other anthropogenic drivers, have been detected
throughout the climate system and are extremely likely to have been the dominant
cause of the observed [global] warming since the mid-20th century” (Pachauri et al.,
2014).
The Paris Agreement is the second legally binding instrument (following the Kyoto
Protocol) negotiated under the umbrella UNFCCC treaty in the institution’s 25 year
lifespan (UNFCCC, 1992, 1998). As of May 2017, 144 parties out of 197 member
countries had ratified the Paris Agreement (UNFCCC, 2017). It utilizes three main
policy instruments to address climate change, including mitigation, adaptation, and
14

finance on a schedule of five-year review cycles (IISD, 2015). Parties are legally bound
to submit a Nationally Determined Contribution (NDC) every five years in the spirit
of the “transparency framework” set up by the agreement (IISD, 2015; UNFCCC,
2015). Additionally, parties are committed to participating in a global stocktake
every five years to evaluate progress toward meeting the goals of the agreement,
including capping global temperature rise at 2 degrees Celsius (UNFCCC, 2015).
However, parties are not legally bound to complete the plans set out in the NDCs,
which detail mitigation efforts to reduce greenhouse gas emissions, plans for adapting
to the effects of climate change, financial requirements (for developing countries)
or contributions (for developed countries) for implementing the NDCs, and capacitybuilding efforts to create institutions that aid in implementing the NDCs (IISD, 2015;
UNFCCC, 2015). These policy instruments essentially utilize a pledge-and-review
process, where parties pledge their mitigation, adaptation, and financial contributions
through the NDCs, and then review their efforts every five years with the global
stocktake initiative.
The pledge-and-review approach is an attractive strategy for carbon mitigation
and climate action because it is politically feasible and implementable in its vagueness.
It allows countries to create plans for climate action tailored to their unique situation
that are theoretically implementable and can change over time. This feature is important to achieving a globally inclusive agreement that can motivate all countries to
act toward a common goal of keeping global temperature rise below 2 degrees Celsius,
especially since the parties to the Paris agreement do not quite achieve this benchmark. Analyses performed by the nonprofit Climate Interactive show that the NDCs
submitted as of April 2016 could lead to a global temperature rise of approximately
3.5 degrees Celsius (Sterman et al., 2013; Climate Interactive, 2017).

1.2.2

International Governance on Mercury Pollution

Mercury has been used in a wide range applications throughout human history, from
medicines and consumer products to mining processes, which translates to a long
history of release to the environment (Selin, 2014). The element is also emitted
as a by-product from industrial processes like coal combustion and metals processing
(Selin, 2014). Mercury in the atmosphere exists in three forms with distinct transport
characteristics. Elemental mercury, Hg0 , has the longest lifetime of the three species
and is susceptible to long range transport. Divalent mercury and particulate-bound
mercury, Hg2+ and HgP, have a much shorter lifetime and are deposited nearby the
source. Mercury pollution thus presents both an international and local environmental
problem.
Mercury’s global biogeochemical cycle combined with neurologic health effects of
childhood and in-utero exposure, as well as cardiovascular health effects of adulthood
exposure have motivated the international community to negotiate a treaty to limit
the impact of mercury on the environment (Yorifuji et al., 2013; Giang & Selin, 2016).
UNEP called for the first global mercury assessment in 2001 in response to a request
by the United States (Selin, 2014). Following 12 years of voluntary initiatives to
decrease mercury releases and emissions, the Minamata Convention on Mercury was
15

adopted in October 2013 by 91 country parties to the convention, and as of May 2017,
43 parties had ratified the convention (IISD, 2013; UNEP, 2017; Selin, 2014).
The Minamata Convention addresses mercury pollution in its various chemical
forms and environmental exposure pathways. It tackles the issue of mercury releases
from both commercial products and industrial processes by phasing out and phasing
down the direct use of mercury where possible as well as controlling and reducing
by-product mercury emissions (UNEP, 2013a,b; IISD, 2013). The treaty utilizes a
mix of trade restrictions, strict phase-out and phase-down schedules for the use of
mercury in products and processes, and flexible compliance mechanisms that are
similar to the Paris Agreement (Selin, 2014). The Convention directs Parties to
create a National Implementation Plan to control emissions from new sources using
best available techniques and best environmental practices as well as existing sources
and submit it to the Conference of the Parties within four years of the treaty’s entry
into force. Specifically, National Implementation Plans must implement at least one
measure listed in the Convention to control mercury emissions from existing sources,
which includes “a multi-pollutant strategy that would deliver co-benefits for control
of mercury emissions,” (UNEP, 2013a).
While some requirements of the Minamata Convention involve legally binding
restrictions on specific sources of mercury, parties to the Minamata Convention are
not bound to an explicit target for reducing emissions from new and existing emissions
sources, similar to the pledge-and-review approach of the Paris Agreement (UNEP,
2013a). Additionally, Lin et al. (2017) argue that the mix of strict and flexible
implementation requirements could lead to releases of mercury from interconnected
sources that are not covered by the Minamata Convention.
Like the Paris Agreement, the assortment of policy instruments utilized in the
Minamata Convention reflects the complex behavior of the mercury biogeochemical
cycle combined with the wide array of national circumstances of country parties.
Overall, the design of the Minamata Convention allows for politically feasible action
on mercury pollution.

1.2.3

China’s Domestic Action on Climate Change and Mercury Pollution

While the Paris Agreement and Minamata Convention on Mercury are impressive
feats of international cooperation, another challenge comes when implementing the
agreements at the national level. International environmental negotiations are a twolevel game, as described by Robert Putnam (Putnam, 1988). The main idea of the
two-level game concept is that domestic policy and international affairs are “entangled”. Putnam says there are two levels to the game of international negotiations.
Level I involves negotiating that happens at the international level among the parties
to the Paris Agreement and Minamata Convention, where the ultimate goal is to
come to a global agreement. Level II involves negotiating that happens within each
country at the domestic level in order to accept and implement the agreements.
Furthermore, at the national level, countries often do not act as unified “national
16

actors” according to Graham Allison’s Bureaucratic Politics Paradigm (Allison, 1969).
Allison says governments can instead act as a “loose alliance of semi-independent organizations.” Under this paradigm, a policy outcome is the result of “compromise,
coalition, competition, and confusion” among the independent organizations and goals
of a government. Through this lens, it is clear that flexible, pledge-and-review approaches to environmental treaties can be considered politically feasible because they
allow for the compromises, coalition, competition, and confusion that are inevitable
to occur within the bounds of complex human and Earth systems.
China is no exception to the two-level game and bureaucratic politics paradigm. In
their case, “compromise, coalition, competition, and confusion” has occurred between
the country’s environmental goals and sustainable development goals and created
some complications in the country’s negotiating position on international environmental governance. Starting with China’s action on climate change, Hilton & Kerr
(2017) provide an overview of the country’s domestic climate action, economic development, and international negotiating positions in the years leading up to the Paris
agreement. China began climate-related measures on energy efficiency and energy intensity reduction targets (the amount of energy produced per unit of GDP) in 2004.
In 2005, the country passed the Renewable Energy Law that stimulated the growth
of renewable energy in the country while also improving the overall energy system
by advancing energy supplies, structure, and security in addition to addressing both
environmental and economic development goals (Hilton & Kerr, 2017; Schuman &
Lin, 2012). Also in 2005, the Eleventh Five-Year Plan was released with goals to
reduce energy intensity and environmental pollutants (Kai, 2006). In 2007, China established a national office on climate change (Hilton & Kerr, 2017). In 2009, China’s
negotiating stance was obstinate that international commitments to mitigate climate
change should not interfere with economic development, effectively contributing to a
block of a comprehensive agreement at the Copenhagen Climate Conference (Hilton
& Kerr, 2017).
The tone of China’s negotiating position changed at the Paris Climate Conference
in 2015, however, as the country’s economic situation and environmental goals aligned
to create a more friendly atmosphere for cooperating on global climate action. On
the domestic level, President Xi Jinping and Premier Li Keqiang introduced goals to
slow economic growth and improve environmental pollution in 2013-2015 (Hilton &
Kerr, 2017). China submitted their Intended NDC (INDC) to the UNFCCC (which
has since become their first NDC to the Paris Agreement), communicating their goal
to reduce energy intensity and peak their carbon dioxide emissions by 2030 (NDRC,
2015). The tone of the NDC expresses China’s recognition that action on climate
change “requires collaboration of the international community”, in stark contrast to
their position at Copenhagen (NDRC, 2015).
How will China achieve the pledges outlined in its NDC? One strategy the country
may use is a cap and trade system that would ultimately decarbonize the country’s
economy and reduce the energy intensity of the country’s most resource intensive
industries. A cap-and-trade program serves to internalize environmental externalities
by essentially assigning the right to pollute through a pricing system. Climate change
can be considered an environmental externality in addition to a collective action
17

problem. An externality occurs in a market when the price of an action for a consumer
or a firm is not equal to the social cost of that action, resulting in private benefits that
do not equal social benefits (Kerr, 2015a). One remedy for externalities in a market
is to find a way to “internalize” them (Ellerman et al., 2003). Emissions trading
internalizes the environmental externalities of climate change by placing a price on
carbon emissions that theoretically matches its social cost (Ellerman et al., 2003). A
cap-and-trade approach involves setting a cap on total emissions (for a certain division
of a country, a whole country, or the world), creating permits for emitting carbon,
and allowing those permits to be bought and sold by firms in a market (Ellerman
et al., 2003).
In 2015, China announced their plan to launch a national cap-and-trade program
by 2017, although the country has yet to announce the launch so far this year (Davis
& Davenport, 2015). In support of this effort, China’s National Development and
Reform Commission (NDRC) launched seven pilot cap-and-trade programs in 2011
in cities and provinces across the country, including Beijing, Chongqing, Shanghai,
Shenzhen, Tianjin, Guangdong, and Hubei (Munnings et al., 2014). A report by
Resources for the Future published in 2014 concluded that emissions permit prices
for the pilot programs were relatively stable through 2014, but the pilot programs
have some issues related to compliance, cap setting, and carrying through the cost of
emissions trading to consumers (Munnings et al., 2014). The pilot programs will be
the basis for the national cap-and-trade program to be implemented as part of the
Thirteenth Five-Year Plan, 2016-2020 (Swartz, 2016).
Similar to the issue of international action on climate change, China’s negotiating
stance on global mercury pollution has changed over time, as discussed by Stokes
et al. (2016). During UNEP’s initial efforts to organize global action on mercury in
the early 2000s, China made the case that developing countries in their position were
not able to take action on mercury pollution due to unfamiliarity with the problem.
They also argued that a global treaty specific to mercury was not necessary in the
first place given voluntary initiatives (Stokes et al., 2016). In the following years,
China teamed up with India to resist a global treaty on mercury, reflecting national
priorities dedicated to economic development through the expanded use of fossil fuels
(Stokes et al., 2016). However, in 2013, China’s negotiating position diverged from
India and shifted to support international governance of mercury through national
implementation plans that address emissions control, mirroring the change they would
make in their stance on global climate action a few years later (Stokes et al., 2016).
China is already taking steps to meet its commitments under the Minamata Convention on Mercury, which they ratified on August 31, 2016 (UNEP, 2017). Prior to
ratification, China initiated a project in July 2015 with the World Bank to identify
implementation plans at the national and provincial level, and also to build the country’s capacity to support implementation (World Bank, 2015). As part of developing
a national strategy, the World Bank project will identify industrial sector-level actions, including those related to coal fired power plants, coal fired industrial boilers,
municipal and medical waste, cement production, and non-ferrous metals production
(World Bank, 2016). The project identifies that mercury action plans will be “integrated in multi-pollutant control texts and provisions,” (World Bank, 2016). However,
18

the project specifically does not investigate synergies with climate change adaptation
and mitigation in China (World Bank, 2016).

1.3

Thesis Questions

The pledge-and-review approach of the Paris Agreement and National Implementation Plan approach of the Minamata Convention illustrate the magnitude of the
collective action challenge associated with global action on climate change and mercury pollution. Climate change and mercury pollution are collective action problems
that do not respect country boundaries. They affect the whole globe, a very large
group that has little incentive to act. According to Mancur Olson, a collective action problem can be characterized as follows, “Since any gain goes to everyone in
the group, those who contribute nothing to the effort will get just as much as those
who made a contribution. It pays to ‘let George do it,’ but George has little or no
incentive to do anything in the group interest either, so. . . there will be little, if any,
group action,” (Olson, 1982). However, air pollution problems such as mercury, as
well as economic development, have a local component. Policy options that address
local issues and international problems simultaneously could provide greater incentive
to address collective action problems.
The concept of taking concerted efforts to address multiple environmental and
economic issues at once through policies that maximize co-benefits is not new. Working Group III of the Intergovernmental Panel on Climate Change addressed potential
response strategies in the very first assessment report of the IPCC, published in 1990
(IPCC, 1990). They noted that the best options for responding to climate change
holistically address a range of social, economic, and environmental issues while also
being aligned with sustainable development (IPCC, 1990). More specifically, they
highlight mitigation strategies such as improved energy efficiency and use of clean
energy sources that decrease a variety of pollutants in addition to reducing carbon
dioxide emissions. Many researchers have taken steps to quantify the suggestions set
forth by the IPCC, evaluating air pollution reductions from future climate change
mitigation strategies globally, nationally, and locally (for example, Cifuentes et al.
(2001); West et al. (2006); Thompson et al. (2014); Silva et al. (2016)).
In this thesis, I demonstrate how integrated assessment and new economic indicators could help the global community and individual countries explore opportunities
for coordination across national policies that take advantage of localized co-benefits,
minimize disadvantageous tradeoffs across environmental action and economic development, and take steps toward global collective action.
I focus on China for my analyses. China’s Thirteenth Five Year Plan, detailed
in the 2016 Report on the Work of the Government, identifies a commitment to
development as a top priority for success of the plan, as well as placing an emphasis on
measures to control air pollution throughout the country (Keqiang, 2016). However,
as a government focused on central planning, China may not yet consider local-level
effects of national policies that create winners and losers. Additionally, China is
the world’s highest emitter of carbon dioxide and mercury (Li et al., 2017b; Zhang
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et al., 2015). The country is at the beginning of the policymaking process for climate
and environmental policy under the Paris Agreement and Minamata Convention on
Mercury, and it is poised to take the lead on international climate governance in the
coming years.
I explore the interactions between climate change, air pollution (focusing on mercury emissions), and sustainable development in China by addressing the following
questions.
1. How do mercury co-benefits of climate policy in China contribute to the country’s commitments under the Minamata Convention on Mercury, from the national level to the regional level?
2. How can China evaluate the contribution of climate policy to their sustainable
development goals, from the national level to the regional level?
3. How can decision-makers consider the interacting factors of climate change, air
pollution, and economic development in evaluating regional effects of nationallevel policy options that address international commitments to take action on
climate change, meet environmental goals effectively, and develop sustainably?

1.4

Organization

Chapter 2 presents an analysis on the mercury emissions and deposition co-benefits
of climate policy in China, addressing the first research question. Chapter 3 introduces a framework for evaluating climate policy options in China for sustainability at
the province level using the Inclusive Wealth Index, addressing the second research
question. Chapter 4 presents policy recommendations and conclusions to address the
third research question.
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Chapter 2
Mercury Co-Benefits of Climate
Policy in China
Mercury is emitted from both natural and anthropogenic sources into the atmosphere,
with about 30 percent coming from current-day anthropogenic sources, 10 percent
from natural geologic sources, and 60 percent from legacy sources that result from
cycling between land, the ocean, and the atmosphere (Muntean et al., 2014). Anthropogenic sources include combustion activities for heat and power generation, industrial processes, large and small scale gold mining, and waste incineration (Muntean
et al., 2014). Mercury emissions from combustion activities are directly linked to
carbon emissions affecting climate change, and mercury emissions from industrial
processes that have some kind of carbon footprint are also indirectly linked to climate change. Decarbonization that slows economic growth may manifest as reduced
production from those industries, and thus, reduced mercury emissions, presenting
potential co-benefits of climate policy (Li et al., 2017b).
In this chapter, I present an analysis of the mercury emissions and deposition
co-benefits of decarbonizing China’s economy through a national climate policy, examining the results on varying spatial scales.

2.1

Background

Here I discuss the science of the mercury biogeochemical cycle, China’s involvement in
the Minamata Convention, and previous work on air pollution co-benefits of climate
policy.

2.1.1

Environmental Science of Mercury and Governance

Several characteristics make mercury a unique metal, including its liquid state at
standard conditions and its gaseous state in the atmosphere (Ariya et al., 2015; Jacob,
2016). In the atmosphere, elemental mercury, Hg0 , can shed two electrons and be
reduced to divalent mercury, Hg2+ , which reacts with other species in the atmosphere
or adsorbs onto the surface of aerosol particles to form HgP (Ariya et al., 2015; Subir
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et al., 2012). Mercury is primarily emitted from anthropogenic sources as Hg0 , but
combustion processes also emit Hg2+ and HgP (Driscoll et al., 2013). These three
species of mercury have distinct redox chemistry and transport characteristics.
Mercury speciation dictates its lifetime and as a result transport in the atmosphere. Pollutants are transported on a time scale of weeks to months within a
hemisphere and a time scale of one year between hemispheres (Jacob, 1999). Hg0
is susceptible to global transport with a lifetime of 6 months to one year (Driscoll
et al., 2013). Hg2+ and HgP are both water-soluble and susceptible to wet and dry
deposition, leading to a lifetime on the order of days to weeks (Selin, 2009). As a
result, Hg2+ and HgP do not travel as far as Hg0 and are considered local pollutants.
Once emitted, mercury can cycle through terrestrial, ocean, and atmospheric systems
for thousands to tens of thousands of years before reaching a final resting place in
deep ocean reservoirs (Selin, 2009; Amos et al., 2013).
The Minamata Convention addresses mercury pollution in its various chemical
forms and environmental exposure pathways. It addresses the issue of mercury releases from both commercial products and industrial processes by phasing out and
phasing down the direct use of mercury where possible as well as controlling and
reducing by-product mercury emissions (UNEP, 2013b; IISD, 2013; UNEP, 2013a).
UNEP defines by-product emissions as mercury released from fuels and raw materials
that contain mercury as an impurity (UNEP, 2013b). Activities exhibiting by-product
mercury emissions include coal burning, mining, metals production processes involving ores, and raw materials processing to produce cement (UNEP, 2013b). Here, I
focus on mercury by-product emissions potentially affected by decarbonizing China’s
economy through a national climate policy.
China will be a major contributor to the Minamata Convention on Mercury based
on several analyses conducted to project mercury emissions. Streets et al. (2009)
project global mercury emissions to 2050 and find that emissions in Asia, especially
from coal-fired power plants, are a significant driver of future emissions. Similarly,
Rafaj et al. (2013) find that China emissions could comprise around 38 percent of
world mercury emissions by 2050 in their baseline scenario.
In this study, I evaluate near-term mercury co-benefits of climate policy by examining emissions, transport, and deposition under future policy scenarios in 2030,
examining results at the global level, as well as the national and regional level in
China. I compare emissions and deposition benefits across a business-as-usual policy
scenario, end-of-pipe control policy scenario that meets China’s commitments under
the Minamata Convention, and three different climate policy scenarios of varying
stringency. I project the Emissions Database for Atmospheric Research (EDGAR)
2007 mercury emissions inventory over China from Muntean et al. (2014) to 2030
using economic output data with province-level detail from the China Regional Energy Model (C-REM), a computable general equilibrium model utilized by Li et al.
(2017a). I then evaluate the transport of 2030 mercury emissions and resulting deposition in China and the rest of the world using a global chemical transport model,
drawing on the methods utilized by Giang et al. (2015).
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2.1.2

Previous Work on Air Pollution Co-Benefits

Air Pollution Co-Benefits in China
At the national level in China, several researchers have evaluated the air pollution
co-benefits of climate policy with the aid of computable general equilibrium (CGE)
models to characterize emissions. CGE models rely on the economic concept of general equilibrium, in which supply equals demand in all sectors within an economy,
taking into account the availability of resources, consumer preference of a given good
to be substituted for another, changes in consumer income, and changes in prices
(Kerr, 2015c). CGE models are powerful tools because they can capture the interconnectedness of sectors and sub-economies in a given country (Kerr, 2015c). This
is important for China because interprovincial trade and differing levels of economic
development between coastal provinces and the central and western provinces are
hallmarks of the country’s economy (Springmann et al., 2015).
In this study, I utilize the CGE model results from Li et al. (2017b) to project
mercury emissions to 2030 under climate policy in China. Li et al. (2017b) utilize a
CGE model (the China Regional Energy Model, C-REM) to evaluate the particulate
matter (PM2.5 ) co-benefits of climate policy in China in 2030. C-REM models China’s
economy at the provincial level, capturing economic interactions amongst provinces
as well as between China and the rest of the world (Springmann et al., 2015; Zhang
et al., 2016a, 2013). I use the C-REM model results from Li et al. (2017b) to project
the 2007 EDGAR emissions from China to 2030. C-REM outputs economic data for
the 30 provinces in China listed in Table 2.1 and shown in Figure 2-1 under prescribed
policy perturbations (Springmann et al., 2015; Zhang et al., 2013, 2016a). Economic
data include GDP, energy use, sectoral outputs, carbon dioxide (CO2 ) emissions, and
sulfur dioxide (SO2 ) by economic sector. The sectors included in C-REM are based on
the 2007 edition of the Global Trade Analysis Project (GTAP) database (Springmann
et al., 2015; Zhang et al., 2013, 2016a). The C-REM sectors relevant to this analysis
are described in Table 2.2.
Several other groups of researchers have utilized a CGE model of China to evaluate
air pollution co-benefits studies, although no one has examined mercury. Li et al.
(2017b) explains these studies in detail, but I provide a summary here for information.
Nielsen & Ho (2013) evaluate the impact of a carbon tax on SO2 , nitrogen oxides
(NO𝑥 ), ozone, and PM2.5 in 2020 using an integrated assessment framework including
a single-country CGE model of China that captures provincial-level interactions. Nam
et al. (2013) examine national-level CO2 co-benefits of SO2 and NO𝑥 regulations in
China using a global CGE model. Finally, Dong et al. (2015) use a global CGE model
with province-level detail of China in order to evaluate SO2 , NO𝑥 , and PM2.5 under
a variety of scenarios that include end-of-pipe air pollution controls and a cap on
carbon.

2.1.3

Previous Work on Mercury Pollution and Policy

Evaluating mercury pollution on the basis of policy typically involves two steps: first,
compiling an emissions inventory under a given time period or future policy scenario,
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Table 2.1: Chinese Provinces Evaluated by C-REM
Province
Anhui
Beijing
Chongqing
Fujian
Guangdong
Gansu
Guangxi
Guizhou
Henan
Hubei
Hebei
Hainan
Heilongjiang
Hunan
Jilin
Jiangsu
Jiangxi
Liaoning
Inner Mongolia
Ningxia
Qinghai
Sichuan
Shandong
Shanghai
Shaanxi
Shanxi
Tianjin
Xinjiang
Yunnan
Zhejiang
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Abbreviation
(AH)
(BJ)
(CQ)
(FJ)
(GD)
(GS)
(GX)
(GZ)
(HA)
(HB)
(HE)
(HI)
(HL)
(HN)
(JL)
(JS)
(JX)
(LN)
(NM)
(NX)
(QH)
(SC)
(SD)
(SH)
(SN)
(SX)
(TJ)
(XJ)
(YN)
(ZJ)

HL
JL

NM

LN

XJ
SX

NX

QH

SD

GS
SN
SC

HA
HB

JS
AH

CQ
HN

GZ
YN

BJ
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FJ

GX

GD

HI

Figure 2-1: Chinese Provinces Evaluated by C-REM

Table 2.2: C-REM Sectors Used to Project Mercury Emissions
Sector Identifier
COL
OMN
EIS
MAN
ELE
c

Description
Coal mining and processing
Metal minerals mining, non-metal minerals and other mining
Energy intensive industries
Other manufacturing industries
Electricity and heat
Private consumption
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and second, evaluating atmospheric transport of those emissions and resulting environmental effects.
Projecting Mercury Emissions Inventories
Several researchers have compiled retrospective mercury emissions inventories at various spatial scales for a range of economic sectors. Some inventories focus on a single
sector (Li et al., 2017a; Tian et al., 2010), while others focus on a single country. The
EPA assembles data on mercury emissions in the United States down to the county
level across several sectors in the National Emissions Inventory (US EPA, 2014).
Streets et al. (2005), Wu et al. (2016), and Zhang et al. (2015) assembled inventories
focused on China at the provincial level for various sectors across the economy.
While single-sector and single-country inventories are useful for understanding
trends within a specific nation or economic sector, world-wide retrospective inventories work best for studies that employ a global model. Streets et al. (2017) created an
inventory of “all-time anthropogenic [mercury] environmental releases” to land, water, and the atmosphere from 1850 to 2010, evaluated using the global biogeochemical
mercury box model from Amos et al. (2013). They provide sector-level detail for 18
different source categories; however, the spatial resolution is fairly coarse as it is organized into 17 world regions. In this study, I use the publicly available EDGARv4
global inventory of speciated atmospheric mercury emissions from various sectors
across the world at a spatial resolution of 0.1∘ × 0.1∘ compiled by the Joint Research
Centre of the European Commission (European Commission, 2014; Muntean et al.,
2014). The EDGARv4 inventory includes mercury emissions from 1970 to 2008, calculated using a consistent methodology across decades, and organized into sectors
using the same specifications as the IPCC reporting requirements for greenhouse
gases (European Commission, 2014; Muntean et al., 2014; IPCC, 1996). Muntean
et al. (2014) evaluated the EDGARv4 inventory using a chemical transport model
(GEOS-Chem) and found that model simulations performed with the inventory satisfactorily reproduced wet deposition fluxes and total gaseous mercury concentrations.
I use the EDGARv4 inventory to analyze mercury co-benefits of climate policy due
to its high spatial resolution, sector specification, and successful recreation of global
mercury trends with a chemical transport model.
While I project mercury emissions from the EDGAR database myself, some inventories include projections of emissions on the basis of future policy scenarios. Chen
et al. (2013) created a county-level inventory for mercury emissions associated with
biomass burning for China projected to 2020 using scenario analysis based on institutional data. Pacyna et al. (2010), Pacyna et al. (2016), Streets et al. (2009), and Rafaj
et al. (2013) produced global inventories that include projections beyond 2020, utilizing various policy scenarios such as IPCC development scenarios, climate policy, and
end-of-pipe control regulations. Pacyna et al. (2010) also utilizes a scenario analysis
approach based on expert analyses of future trends and institutional data, creating an
inventory with a spatial resolution of 0.5∘ × 0.5∘ . Pacyna et al. (2016), Streets et al.
(2009), and Rafaj et al. (2013) take a modeling-based approach to project emissions
in combination with scenario analysis. Pacyna et al. (2016) compiled data on future
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energy use from the International Energy Agency, as well as sector-specific economic
data at the national level to produce an inventory with spatial resolution of 0.5∘ ×
0.5∘ . They projected economic data to 2035 using national gross domestic product
(GDP) per capita data and a regression model. Streets et al. (2009) utilize projections
of energy use and fuel mix from the global IMAGE model to scale mercury emissions
to 2050 under IPCC economic development scenarios grouped by world regions. Finally, Rafaj et al. (2013) used the Greenhouse Gas and Air Pollution Interactions
and Synergies (GAINS) model coupled with the global POLES energy-system model
to project global emissions to 2050 with a spatial resolution of 0.5∘ × 0.5∘ . GAINS
uses activity data, uncontrolled fuel and waste emission factors for mercury, and air
pollution control device (APCD) technology factors. POLES projects activity data
to 2050. Although these inventories comprehensively evaluate future trends in emissions for the whole globe, none of them evaluate specific details of China’s economy
in their projections, nor are they designed to investigate potential opportunities for
co-benefits.
Evaluating Atmospheric Transport and Deposition of Mercury
Studying emissions alone is not enough to understand the full environmental impact
of mercury pollution and policy; researchers also evaluate other aspects of mercury’s
biogeochemical cycle. Researchers use atmospheric transport models to evaluate nearterm levels of mercury air concentrations and deposition at various spatial scales to
get at short-term impacts of policy scenarios (Pacyna et al. (2016), a global study;
Giang & Selin (2016), a US study; Rafaj et al. (2014), a Europe study; Shih & Tseng
(2015), a Taiwan study; and Giang et al. (2015), a study on Southeast Asia).
The study performed by Giang et al. (2015) is particularly relevant to this analysis.
They evaluate 2050 mercury emissions and total deposition from coal-fired power
plants in China and India under end-of-pipe control technology scenarios and IPCC
economic development scenarios. The baseline emissions inventory is built using
an emissions factor approach with economic activity and mercury coal content data
from Streets et al. (2009). The activity factors are representative of the A1B and
B1 IPCC development scenarios. A1B represents business-as-usual development, and
B1 represents development resulting in decarbonization (and thus lower coal use) in
national economies across the world. They generate end-of-pipe control technology
scenarios inspired by the Minamata Convention on Mercury based on a literature
review and interviews with experts. Giang et al. (2015) evaluate deposition at the
national scale in China and India under the various policy scenarios using GEOSChem, a global chemical transport model.
Results from the emissions projections performed by Giang et al. (2015) are shown
in Figure 2-2. They find that even with no additional controls on end-of-pipe technology in both China and India, emissions are lower in the B1 development scenario case
than the A1B case. This indicates that climate policy that leads to decarbonization
of the economy could lead to substantial mercury co-benefits in emissions reductions.
There are several limitations to the study performed by Giang et al. (2015). The
economic development scenario they use to represent a global decarbonized economy,
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Figure 2-2: 2050 Emissions Projection Results, Giang et al. (2015)
A1B Represents Business-as-Usual Economic Development, B1 Represents
Decarbonized Economic Development
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B1, comes from the 2000 IPCC Special Report on Emission Scenarios and does not
consider implementation of climate policy (van Vuuren & Carter, 2014). Additionally,
the scope of policy scenarios and mercury emission sectors is narrow. They evaluate
only one climate-related scenario and one sector, power generation emissions.
Mercury Co-Benefits of Climate and Air Pollution Policy
Few researchers have considered mercury co-benefits of air pollution regulation and
climate policy from the perspective of both emissions and deposition. Zhao et al.
(2015) produced a mercury emissions inventory for China covering several economic
sectors, and they project emissions to 2030 under climate policy, end-of-pipe control
technology scenarios, and industrial process changes using China national economic
data with province-level detail. Zhang et al. (2016b) evaluate the 2030 mercury cobenefit of air pollution policies in China that target particulate matter, NO𝑥 , and
SO𝑥 in addition to mercury.
The study performed by Zhang et al. (2016b) is particularly relevant to this analysis. They use an emissions database compiled with probabilistic methods, aiming
to reduce uncertainty compared to deterministic emissions inventories (Zhang et al.,
2015). They project emissions from coal-fired power plants and coal-fired industrial
boilers on the basis of expected coal consumption to 2030 under several of China’s
air pollution control regulations that were in place as of 2010, including the Action
Plan for Prevention and Control of Air Pollution (“Ten Measures”), the Emission
Standard of Air Pollutants for Thermal Power Plants (GB 13223-2011), and the
Emission Standard of Air Pollutants for Boilers (GB 13271-2014). The business-asusual APCD adoption scenario provides an estimate of future APCD adoption across
China in 2030 under these existing air pollution control regulations. The accelerated
control technology scenario is aligned with China’s commitments under the Minamata
Convention.
Notably, Pacyna et al. (2016), Rafaj et al. (2014), and Shih & Tseng (2015) perform studies on the mercury co-benefits of climate policy globally, in Europe, and in
Taiwan, respectively by examining short-term deposition resulting from policy perturbations. Pacyna et al. (2016) evaluate two scenarios incorporating climate policy
of varying stringency, with one representing existing commitments to address climate
change (“New Policy”), and the other representing a world with CO2 atmospheric
concentration capped at 450 ppm (“450 ppm”). They conclude that deposition decreases across the world by 20% to 30 % compared to 2013 levels in the New Policy
scenario, with the exception of India, where deposition increases. In the 450 ppm scenario, deposition decreases across the world by 30% to 50% compared to 2013 levels.
Rafaj et al. (2014) evaluate one climate policy scenario in which Europe generates
as much electricity as possible from renewable sources by 2050, in which deposition
is reduced by a maximum of 20 g/km2 /yr compared to a baseline scenario. Unlike
Pacyna et al. (2016) and Rafaj et al. (2014), Shih & Tseng (2015) does not use a
global chemical transport model. Instead, they approximate deposition reductions
using deposition velocities, rainfall levels, emissions projections, and an atmospheric
dispersion model under two clean energy scenarios, one focused on natural gas de29

velopment and another focused on renewable energy. They conclude that the clean
energy scenarios result in a 8%-27% reduction in deposition by 2030 compared to a
baseline scenario.

2.2

Methods

I evaluate 2030 mercury co-benefits of climate policy in China under climate policy in
two steps. First, I project 2007 mercury emissions from the EDGARv4 database to
2030 using economic data from the C-REM model scenarios documented by Li et al.
(2017b). Second, I use the 2030 mercury emissions in China as input to GEOS-Chem,
a global chemical transport model, to evaluate China’s regional-level total deposition
in 2030, as well as global deposition impacts.

2.2.1

Base Emissions Inventory: EDGARv4.tox1

I use the 2007 mercury emissions from the publicly available EDGARv4.tox1 database
as a baseline (European Commission, 2014; Muntean et al., 2014). Using 2007 mercury emissions provides consistency with the C-REM model, which uses economic
and emissions data in China from 2007 (Springmann et al., 2015; Zhang et al., 2013,
2016a). EDGAR provides a global emissions inventory of total mercury, Hg0 , Hg2+ ,
and HgP grouped by economic sector and resolved to a 0.1∘ × 0.1∘ grid. The inventory was verified by Muntean et al. (2014) using GEOS-Chem and measurements
where available. The inventory’s economic sectors are classified based on the 1996
IPCC Guidelines for National Greenhouse Gas Inventories (European Commission,
2014; IPCC, 1996). Tables 2.3 and 2.4 provide descriptions of the EDGAR economic
sectors.
Mercury emissions from several sub-sectors in the EDGAR database allocated to
China are negligible or not available, and are not projected to 2030 for any of the future policy scenarios. Within the Residential and Other Industry Combustion sector,
oil refinery emissions are negligible for China (Muntean et al., 2014). Additionally,
there are no chlor-alkali industry emissions for China (Muntean et al., 2014). Within
the Waste sector, only emissions from municipal solid waste are scaled to 2030. The
EDGAR database includes only municipal solid waste incineration and agricultural
waste burning in China as part of the Waste sector, and not medical waste incineration (Muntean et al., 2014). Agricultural waste burning emissions in China are
negligible (Muntean et al., 2014).

2.2.2

Policy Scenarios

Li et al. (2017b) evaluate four 2030 policy scenarios using C-REM, all of which I use in
this analysis: a business-as-usual case (described as “No Policy” in Li et al. (2017b),
denoted here as BAU) and three climate policy scenarios of increasing stringency. Li
et al. (2017b) prescribe climate policy in the C-REM model essentially as a carbon
tax. They constrain the model by a percent reduction in carbon intensity, which
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Table 2.3: EDGARv4.tox1 Mercury Inventory Economic Sectors
Sector Identifier
cement
chlor1
comb_power_ind2
comb_res_oth
gold_A
gold_L
iro
nfe_oth
waste

Description
Cement production
Chlor-alkali industry and mercury cell technology
Combustion in power generation, and in industry
Residential combustion, combustion in oil refineries1 ,
and transformation industry combustion
Artisanal and small-scale gold mining
Large-scale gold mining
Iron and steel production
Production of zinc, copper, lead, and mercury
Medical3 and municipal solid waste incineration;
agricultural waste burning1

1

Negligible for China
See Table 2.4 for description of sub-sectors.
3
Medical waste incineration in China is not included in the EDGAR database
(Muntean et al., 2014).
2

Table 2.4: EDGARv4.tox1 Power Generation and Industry Combustion Sub-Sectors
IPCC 1996 Code Identifier1
1A1a
1A2a
1A2b
1A2c
1A2d
1A2e
1A2f
1

Fuel Combustion Activity Description
Public electricity and heat production
Iron and steel
Non-ferrous metals
Chemicals
Pulp, paper, and print
Food processing, beverages, and tobacco
Other

European Commission (2014); IPCC (1996).
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Table 2.5: Policy Scenarios for Evaluating Mercury Co-Benefits of Climate Policy in
China
No Policy (BAU)
Minamata Policy

3% Climate Policy Scenario

4% Climate Policy Scenario

5% Climate Policy Scenario

Business as usual in 2007 projected
to 2030 (Li et al., 2017b)
Business as usual in 2007 projected
to 2030, plus end-of-pipe controls
compliant with China’s commitments
under the Minamata Convention on
Mercury applied to combustion in power
generation and industry sector
(Zhang et al., 2016b)
Reduces carbon intensity in
accordance with China’s targets
prior to the 2015 Paris Climate
Agreement
Reduces carbon intensity in
accordance with China’s commitments
under its Intended Nationally
Determined Contribution for the
2015 Paris Climate Agreement
Reduces carbon intensity to a
global mean level for 2030
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manifests as a price on CO2 . Higher percent reduction in carbon intensity leads to
a higher price on CO2 . As a result, the cost of operating a CO2 -intensive industry
increases relative to a business-as-usual scenario (Li et al., 2017b).
The 3% climate policy scenario represents the carbon intensity reduction China
would achieve in 2030 based on the country’s commitments prior to the 2015 Paris
Climate Agreement. The 4% climate policy scenario constrains carbon intensity in
accordance with China’s commitments communicated in its Intended Nationally Determined Contribution to the Paris Agreement. The 5% climate policy scenario aligns
China’s carbon intensity with the global mean level in 2030.
In addition to the climate policy scenarios prescribed by Li et al. (2017b), I also
evaluate a 2030 Minamata Convention policy scenario that implements end-of-pipe
controls only. For this case, I apply air pollution control device (APCD) technology application, mercury capture, and mercury speciation factors from the accelerated control technology scenario developed by Zhang et al. (2016b) to EDGAR
emissions from Power Generation and Industry Combustion sector. The accelerated
control technology scenario represents one option for a national APCD technology
fleet compliant with China’s commitments under the Minamata Convention on Mercury (Zhang et al., 2016b). Only the Power Generation and Industry Combustion
sector emissions change in this scenario relative to the BAU case. Emissions from the
remaining EDGAR sectors are scaled with the same methodology used for 2030 BAU
scenario. Table 2.5 provides a summary of the policy scenarios that I use to evaluate
mercury co-benefits of climate policy in China.

2.2.3

Projecting Emissions Without Considering APCDs

Speciated mercury emissions from 2007 for each province and sector listed in Table
2.6 are projected to 2030 (𝐸2030,𝑘,𝑝,𝑠,𝑐 ) by directly applying the corresponding C-REM
output data for 2007 and 2030 (with the exception of the artisanal and small-scale
gold mining sector).
𝐸2030,𝑘,𝑝,𝑠,𝑐 = 𝐸2007,𝑘,𝑝,𝑠

𝐶2030,𝑝,𝑠,𝑐
𝐶2007,𝑝,𝑠,𝑐

Here, 𝑘 represents mercury species, 𝑝 represents the provinces, 𝑠 represents the
EDGAR sector, 𝑐 represents the policy scenario, 𝐸2007,𝑘,𝑝,𝑠 is the total EDGAR emissions from EDGAR sector 𝑠, and 𝐶2030 and 𝐶2007 are C-REM outputs from the applicable sector, year, and policy scenario.
The EDGAR sectors are matched with C-REM output data and economic sectors,
as listed in Table 2.6. Emissions from the production processes for cement, iron
and steel, non-ferrous metals, and large-scale gold mining are the result of mercury
content in the raw materials of these final products, or in commercial products in the
case of the waste sector (UNEP, 2013b). As such, the cement, coal transformation
industry combustion (a portion of the Residential and Other Industry Combustion
sector in EDGAR), large-scale gold mining, iron and steel, and non-ferrous metals
smelting sectors are scaled by economic output from the corresponding C-REM sector
discussed below. I make the assumption that municipal solid waste is dependent on
33

Table 2.6: EDGAR Sectors Projected Without Considering APCDs and Corresponding C-REM Sectors and Outputs for Scaling to 2030
EDGAR Sector
cement
comb_res_oth
gold_A
gold_L
iro
nfe_oth
waste

C-REM Scaling Sector
EIS
c
COL
Not Scaled
OMN
EIS
EIS
c

C-REM Output
Economic Output
CO2 Emissions
Economic Output
Not scaled
Economic Output
Economic Output
Economic Output
Economic Output

household income, so the waste sector is also scaled by economic output from C-REM
private consumption sector (note that mercury use in commercial products will be
phased down under the Minamata Convention, see discussion below). Finally, I scale
emissions from residential combustion with CO2 emissions from C-REM.
The C-REM energy intensive sector (EIS) includes iron and steel, non-ferrous
metals and non-metallic materials processing, and the chemical industry. As such,
the EDGAR cement, iron and steel, and non-ferrous metals sectors are scaled with
C-REM EIS. I scale the EDGAR coal transformation industry emissions with the CREM coal (COL) sector and the EDGAR large-scale gold mining emissions with the
C-REM mining (OMN) sector (Springmann et al., 2015; Zhang et al., 2013, 2016a).
Finally, since both residential combustion and waste are linked with households, I
scale emissions from these EDGAR sectors with the C-REM private consumption
sector.
For the purposes of this study, I do not consider changes in existing emission control measures. This is a realistic approach because current regulations in place likely
will not change the adoption of APCDs that affect mercury emissions in these sectors
significantly. For the cement, iron and steel, non-ferrous metals smelting, large-scale
golding mining, and residential and other industry combustion sectors, this approach
is supported by Wu et al. (2016) and Zhao et al. (2015). Wu et al. (2016) investigate retrospective temporal trends in China from 1978-2014 and draw conclusions
about the potential for additional abatement from several mercury-relevant sectors.
They find that significant reductions in mercury emissions from cement production
are possible; however, there are currently no policies in place to incentivize adoption.
Additionally, they conclude that APCDs have already been widely adopted to control emissions from non-ferrous metals smelting processes (pointing to the example
of zinc) and that there is little room for improving mercury emissions abatement in
this sector.
Zhao et al. (2015) project emissions control trends to 2030 for the sectors I consider
in this section as well as some other mercury-relevant sectors. Their conclusion on
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non-ferrous metals smelting, large-scale gold mining, and iron and steel production is
aligned with the conclusions from Wu et al. (2016). However, I note that Zhao et al.
(2015) project that all cement kilns will adopt precalciner technology with fabric
filters by 2030, which leads to a reduction in cement sector mercury emissions of
about 30 percent compared to their 2015 case. Wu et al. (2016) note that dry-process
precalciner kilns reuse the mercury-containing dust captured by fabric filters, leading
to a null benefit in mercury emissions reductions. They also note that dust shuttling
technology could be used to capture mercury from the fabric filter dust, but there are
currently no regulations in place to incentivize such a technology. Zhao et al. (2015)
does not provide information on dust re-use in precalciner kilns or dust shuttling
technology. Therefore, I follow the conclusions of Wu et al. (2016) for the cement
sector.
Zhao et al. (2015) and Wu et al. (2016) do not consider APCDs for the residential
sector since few control options exist for residential combustors.
Within the waste sector, only municipal solid waste incineration EDGAR emissions from China are relevant for projection to 2030, as discussed above. Mercury
has historically been used in commercial products such as paint, lightbulbs, batteries,
electrical switches and relays, thermostats, barometers, manometers, thermometers,
blood pressure meters, vaccines and medicines, soaps, cosmetics, dyes, pesticides, fertilizers, and fireworks (Horowitz et al., 2014). Mercury-added products are set to be
phased-out by 2020 under the Minamata Convention (UNEP, 2013a). Reductions in
emissions from this sector will likely be driven by the decreased use of mercury in
commercial and consumer products, so APCDs were not considered for this sector
(Wu et al., 2016; Horowitz et al., 2014). Additionally, I do not consider a gradual
reduction in emissions from the Waste sector. Mercury-added products will be permitted for 13 years following the base year of 2007, and many of these products have
a considerably long useful lifetime.
For the artisanal and small-scale gold mining sector, I do not scale 2007 emissions
to 2030, but they are included with the projected emissions for the chemical transport
and deposition analysis since they compromise a large portion of emissions from China
within the EDGAR database (see Figure 2-3). I note that small-scale gold mining
is technically illegal in China, and the country does not provide official statistics on
economic activity or emissions form this sector (Wu et al., 2016; Telmer & Veiga,
2009). As a result, emissions from the EDGAR artisanal and small scale gold mining
sector are compiled based on the market demand for gold (Muntean et al., 2014;
Telmer & Veiga, 2009). Muntean et al. (2014) suggest that emissions from artisanal
and small scale gold mining could also be driven by poverty levels in a given country.
In any case, climate policy is not likely to have direct impacts on the market for gold
or poverty in China.
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Table 2.7: EDGAR Sectors Projected With Consideration of APCDs and Corresponding C-REM Sectors and Outputs for Scaling to 2030
EDGAR Sector
comb_power_ind
1A1a: Electricity and heat
1A2a: Iron and steel
1A2b: Non-ferrous metals
1A2c: Chemicals
1A2d: Pulp, paper, print
1A2e: Food, beverages, tobacco
1A2f: Other

2.2.4

C-REM Scaling Sector

C-REM Output

ELE
EIS

Energy Use from Coal

MAN

Projecting Emissions to Account for Future Changes in
APCDs: Power Generation and Industry Combustion

Table 2.7 shows the Power Generation and Industry Combustion sector disaggregated
into its sub-sectors and matched with C-REM sectors and outputs. All sub-sectors
are scaled using C-REM output on energy use from coal. This is aligned with the
emissions factor methodology utilized by Streets et al. (2009) and Giang et al. (2015).
The EDGAR sub-sectors are matched to applicable C-REM sectors. In C-REM, the
energy-intensive sector (EIS) includes iron and steel, non-ferrous metals and nonmetallic materials processing, and the chemical industry (Li et al., 2017b). The
remaining Power Generation and Industry Combustion sub-sectors are comparatively
less energy-intensive, including pulp, paper, print; food, beverage and tobacco; and
other mercury emissions and are accordingly matched to the manufacturing C-REM
sector (Springmann et al., 2015; Zhang et al., 2013, 2016a).
I consider changes to APCDs applied to coal fired power plants and coal fired
industrial boilers that are currently planned under existing energy and environmental
regulations for the 2030 climate policy scenarios. Combustion from power generation and industry in the EDGAR database accounted for approximately 30 percent
of China’s mercury emissions in 2007 (as shown in Figure 2-3). Current Chinese
regulations such as the Action Plan for Prevention and Control of Air Pollution (the
”Ten Measures”), Emission Standard of Air Pollutants for Thermal Power Plants
(GB13223-2011), and the Emission Standard of Air Pollutants for Boilers (GB132712014) will likely translate to wider adoption of APCDs to coal fired power plants
and coal fired industrial boilers into the future according to Zhang et al. (2016b).
Additionally, emissions from this sector are likely to be heavily influenced by climate
policy.
I also rely on APCD technology information to project Power Generation and
Industry Combustion emissions under the Minamata Convention policy scenario that
considers end-of-pipe controls only.
I incorporate APCD adoption into emissions projections for the climate policy
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Figure 2-3: 2007 EDGAR Emissions, China (Muntean et al., 2014)
and Minamata Convention cases by applying the business-as-usual and accelerated
control technology scenario, respectively, from Zhang et al. (2016b). I perform the
emission projection in two steps for each of the 2030 policy scenarios. First, I determine the total uncontrolled mercury emissions in 2030 in a given province and
sub-sector (𝐸𝑢𝑐,2030,𝑝,𝑠,𝑐 ) by applying the 2010 national APCD technology information
from Zhang et al. (2016b) and summing across the full technology scenario.
𝐸𝑢𝑐,2030,𝑝,𝑠,𝑐 =

∑︁
𝑖

𝐶2030,𝑝,𝑠,𝑐
𝑓𝑎𝑝𝑝,𝑖
𝐸𝑐,2007,𝑝,𝑠
(1 − 𝑓𝑐𝑎𝑝,𝑖 )
𝐶2007,𝑝,𝑠,𝑐

Here, 𝑖 represents the APCD configurations for 2010 from Zhang et al. (2016b),
f𝑎𝑝𝑝,𝑖 is the application fraction, and 𝑓𝑐𝑎𝑝,𝑖 is the capture efficiency, and 𝐸𝑐,2007,𝑝,𝑠 is
the total EDGAR emissions from the Power Generation and Industry Combustion
sub-sectors, grouped according to Table 2.7. Values for f𝑎𝑝𝑝 and 𝑓𝑐𝑎𝑝 are provided in
Table 2.8.
Second, I apply 2030 APCD technology information to obtain the 2030 controlled,
speciated mercury emissions (Hg0 , Hg2+ , HgP, denoted as 𝑘 in the equation below)
under the climate policy and Minamata Convention scenarios in each province and
sub-sector.
𝐸𝑐,2030,𝑘,𝑝,𝑠,𝑐 =

∑︁

𝑓𝑠𝑝𝑒𝑐,𝑗,𝑘 𝑓𝑎𝑝𝑝,𝑗 (1 − 𝑓𝑐𝑎𝑝,𝑗 )𝐸𝑢𝑐,2030,𝑝,𝑠,𝑐

𝑗

Here, 𝐸𝑐,2030 is controlled mercury emissions, 𝑘 represents mercury species, 𝑗 represents the business-as-usual APCD configurations for 2030 from Zhang et al. (2016b),
and 𝑓𝑠𝑝𝑒𝑐 is the speciation factor. Values for 𝑓𝑎𝑝𝑝,𝑗 and 𝑓𝑐𝑎𝑝,𝑗 are provided in Tables
2.9 and 2.11, and values for 𝑓𝑠𝑝𝑒𝑐,𝑗,𝑘 are provided in Tables 2.10 and 2.12.
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2.2.5

Transport and Deposition

I use a chemical transport model, GEOS-Chem Version 11-01, to evaluate transport and deposition of mercury emissions under the 2030 climate policy scenarios.
GEOS-Chem is a global, 3-D chemical transport model that uses meteorology from
the Goddard Earth Observing System (GEOS) of the NASA Global Modeling and
Assimilation Office (Bey et al., 2001). It has been used to evaluate mercury transport
and deposition in several studies (Corbitt et al., 2011; Horowitz et al., 2014; Wang
et al., 2014; Giang et al., 2015; Giang & Selin, 2016). GEOS-Chem models all three
species of mercury. In the model, Hg0 is emitted by both natural and anthropogenic
sources, while Hg2+ and HgP are emitted only by anthropogenic sources (Giang et al.,
2015). I input the full set of global mercury emissions as the sum of the 2030 China
emissions, 2007 artisanal and small scale gold mining emissions from China, and the
2007 EDGARv4.tox1 emissions for the rest of the world using the Harvard-NASA
Emissions Component (HEMCO) feature of GEOS-Chem (Keller et al., 2014).
The chemical transport modeling methodology described here is based on Giang
et al. (2015). I use present-day meteorology in order to isolate the effect of interannual climate variability on mercury transport and deposition from the GEOS-5
meteorology field. I run the model for three years (2004-2006) to establish initial
conditions. I use the standard mercury simulation settings for oxidation, reduction,
natural emissions, soil mercury distribution, biomass burning, and ocean dynamics.
Details on chemistry and biogeochemical cycling mechanisms are documented in Giang et al. (2015) and summarized here. The model reads in the sum of Hg2+ plus HgP
emissions and determines the equilibrium speciation based on gas-particle partitioning coefficients evaluated by Amos et al. (2012). Hg0 is oxidized to Hg2+ by bromine,
and Hg2+ is reduced back to Hg0 in cloud water following the analysis conducted
by Holmes et al. (2010). Mercury cycles with land based on the terrestrial model
developed by Selin et al. (2008), and mercury cycles with the ocean based on the
2-D slab model developed by Soerensen et al. (2010). Dry deposition is calculated
using a resistance-in-series model that considers aerodynamic resistance, boundary
resistance, and tree canopy surface resistance (Bey et al., 2001). Wet deposition is
calculated considering rainout, washout, and scavenging in convective updrafts (Liu
et al., 2001).
Total deposition (wet plus dry) results are presented as a three-year average (20072009) at a resolution of 4∘ × 5∘ , overlaid with China’s provincial boundaries in order
to evaluate the effect of climate policy at the regional level in China. Total deposition
results from the climate policy and Minamata Convention scenarios (see Table 2.5)
are subtracted from the 2030 BAU case in order to isolate the impact of legacy reemissions from land and the ocean.
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Table 2.8: 2010 APCD Application and Mercury Capture Factors
EDGAR comb_power_ind Sub-Sector

1A1a: Electricity and heat

1A2a: Iron and steel
1A2b: Non-ferrous metals
1A2c: Chemical
1A2d: Pulp, paper, print
1A2e: Food, beverages, tobacco
1A2f: Other

APCD Configuration
SCR+ESP+WFGD
SCR+FF+WFGD
FF+WFGD
ESP+WFGD
ESP
FF
FF+WFGD
WS
IMS

𝑓𝑎𝑝𝑝 1
0.11
0.01
0.06
0.74
0.07
0.01
0.12
0.48
0.40

𝑓𝑐𝑎𝑝 1
0.69
0.93
0.86
0.62
0.29
0.67
0.86
0.23
0.38

SCR=selective catalytic reduction, ESP=electrostatic precipitator, WFGD=wet flue gas
desulfurization, FF=fabric filter, WS=wet scrubber, IMS=integrated marble scrubber
1
Zhang et al. (2016b)
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Table 2.9: 2030 Business-as-Usual APCD Application and Mercury Capture Factors
EDGAR comb_power_ind Sub-Sector

1A1a: Electricity and heat

1A2a: Iron and steel
1A2b: Non-ferrous metals
1A2c: Chemical
1A2d: Pulp, paper, print
1A2e: Food, beverages, tobacco
1A2f: Other
1

APCD Configuration
SCR+ESP+WFGD
SCR+FF+WFGD
FF+WFGD
ESP+WFGD
ESP
SCR+FF+WFGD
FF+WFGD
WS
IMS

𝑓𝑎𝑝𝑝 1
0.50
0.10
0.10
0.25
0.05
0.10
0.25
0.20
0.45

𝑓𝑐𝑎𝑝 1
0.69
0.93
0.86
0.62
0.29
0.93
0.86
0.23
0.38

Zhang et al. (2016b)
Table 2.10: 2030 Business-as-Usual APCD Speciation Factors
EDGAR Sub-Sector
(comb_power_ind)

1A1a: Electricity and heat

1A2a: Iron and steel
1A2b: Non-ferrous metals
1A2c: Chemical
1A2d: Pulp, paper, print
1A2e: Food, beverages, tobacco
1A2f: Other
1
2
3
4

APCD
Configuration
SCR+ESP+WFGD
SCR+FF+WFGD2
FF+WFGD
ESP+WFGD
ESP
SCR+FF+WFGD3
FF+WFGD3
WS
IMS4

Zhang et al. (2016b), unless otherwise noted
Giang et al. (2015)
Assumed same as coal-fired power plants
Assumed same as WS
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𝑓𝑠𝑝𝑒𝑐,𝐻𝑔0 1
0.739
0.68
0.78
0.837
0.58
0.68
0.78
0.65
0.65

𝑓𝑠𝑝𝑒𝑐,𝐻𝑔2+ 1
0.259
0.32
0.21
0.157
0.41
0.32
0.21
0.33
0.33

𝑓𝑠𝑝𝑒𝑐,𝐻𝑔𝑃 1
0.002
0
0.01
0.006
0.01
0
0.01
0.02
0.02

Table 2.11: 2030 Minamata Convention APCD Application and Mercury Capture
Factors
EDGAR comb_power_ind Sub-Sector

1A1a: Electricity and heat
1A2a: Iron and steel
1A2b: Non-ferrous metals
1A2c: Chemical
1A2d: Pulp, paper, print
1A2e: Food, beverages, tobacco
1A2f: Other

APCD Configuration
SCR+ESP+WFGD
SCR+FF+WFGD
SNCR+FF+WFGD
SMC+SCR+ESP+WFGD
SCR+FF+WFGD
FF+WFGD
IMS

𝑓𝑎𝑝𝑝 1
0.09
0.36
0.05
0.50
0.60
0.20
0.20

𝑓𝑐𝑎𝑝 1
0.69
0.93
0.842
0.903
0.93
0.86
0.38

SNCR = selective non-catalytic reduction, SMC = mercury-specific technology
1
Zhang et al. (2016b)
2
Assume same capture factor as SNCR+FF on a coal-fired power plant.
3
Adjusted so that average mercury removal efficiency from coal-fired
power plants in 2030 is 90% in accordance with the accelerated control technology
scenario from Zhang et al. (2016b)
Table 2.12: 2030 Minamata Convention APCD Speciation Factors
EDGAR Sub-Sector
(comb_power_ind)

1A1a: Electricity and heat

1A2a: Iron and steel
1A2b: Non-ferrous metals
1A2c: Chemical
1A2d: Pulp, paper, print
1A2e: Food, beverages, tobacco
1A2f: Other
1
2
3
4
5
6

APCD
Configuration
SCR+ESP+WFGD
SCR+FF+WFGD2
SNCR+FF+WFGD3
SMC+SCR+ESP
+WFGD4
SCR+FF+WFGD5
FF+WFGD5
IMS6

Zhang et al. (2016b), unless otherwise noted
Giang et al. (2015)
Assumed same as SCR+FF+WFGD
Assumed same as SCR+ESP+WFGD
Assumed same as coal-fired power plants
Assumed same as WS
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𝑓𝑠𝑝𝑒𝑐,𝐻𝑔0 1
0.739
0.68
0.78

𝑓𝑠𝑝𝑒𝑐,𝐻𝑔2+ 1
0.259
0.32
0.21

𝑓𝑠𝑝𝑒𝑐,𝐻𝑔𝑃 1
0.002
0
0.01

0.837
0.68
0.78
0.65

0.157
0.32
0.21
0.33

0.006
0
0.01
0.02

2.3

Results and Discussion

In this section, I present results and discussion on the emissions projection and chemical transport modeling analyses at the international level, as well as the national and
regional level in China.

2.3.1

Emissions Projections to 2030

Mercury emissions in China increase substantially between 2007 and 2030 under the
policy scenarios. All three climate policy scenarios exhibit reduced total mercury
emissions (Hg0 + Hg2+ + HgP) compared to the BAU case when aggregated to the
national level. Increasing climate policy stringency also increases the magnitude of
emissions reductions. Notably, the 5% carbon intensity reduction scenario results in
a 15% decrease in mercury emissions compared to the BAU case, and the Minamata
Convention scenario results in a 17% decrease. Figure 2-4 provides total mercury
emissions in China for each policy scenario.
The relative contribution from each economic sector to the national-level emissions
reduction varies by policy scenario. As discussed above, only the Power Generation
and Industry Combustion sector contributes to the emissions reduction in the Minamata Convention case by design. Power Generation and Industry Combustion
emissions reductions contribute only 4% to the overall emissions reductions in the
3% climate policy scenario, whereas this sector contributes approximately 61% of the
emissions reductions in both the 4% and 5% climate policy scenarios. In the 3% climate policy scenario, Residential and Coal Transformation Combustion contributes
the greatest share of emissions reductions at approximately 42%. Figure 2-5 shows
the relative contribution of each sector to the national emissions reductions in each
climate policy scenario.
At the regional level, the coastal, central, and southern provinces have the highest
total mercury emissions in 2030, and the spatial distribution patterns of Hg0 and
Hg2+ + HgP are similar, as shown in Figures 2-6 and 2-7 for the BAU case. The
distribution of Hg0 relative to Hg2+ + HgP emissions by province does not change
much across policy scenarios. Sichuan province-level emissions represent the greatest
share of total emissions in China at around 7%-8% for each 2030 policy scenario. The
contribution of each economic sector varies widely by province, as shown in Figure
2-8 for the BAU case.
The highest magnitude reductions in emissions compared to the BAU case also
occur in the coastal, central, and southern provinces, and this holds true across the
climate policy and Minamata Convention scenarios. Figure 2-9 shows absolute total
mercury emissions for the BAU case, as well as absolute emissions reductions compared to the BAU case for each policy scenario. However, the relative contribution
from each province to the national change in mercury emissions compared to the BAU
case varies across the climate policy and Minamata Convention scenarios, as shown
in Figure 2-10.
The relative contribution to the change in emissions by province varies widely
across China in the 3% climate policy scenario, with some provinces exhibiting an
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increase in emissions compared to the BAU case and others exhibiting a decrease.
However, note that the change in national emissions between the 3% climate policy
scenario and BAU case is small. In the 4% climate policy scenario, nearly all provinces
exhibit a reduction in emissions, up to a maximum of about 14% in Shanxi. In
comparison, several provinces experience a slight increase in emissions in the 5%
climate policy scenario, and the highest level of emissions reductions (15%) shifts to
Hubei. All provinces exhibit a reduction in emissions in the Minamata Convention
scenario, with Shanxi once again exhibiting the highest percent reduction (9%).
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Figure 2-4: Total Mercury Emissions in China, 2030 Policy Scenarios
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Figure 2-5: Relative Contribution by Sector to National Emission Reductions
Compared to 2030 BAU Case
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Figure 2-6: Distribution of Total Emissions by Province, 2030 BAU Scenario
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2030 BAU Hg(0)

2030 BAU Hg(2) + HgP

Figure 2-7: Speciated Emissions, 2030 BAU Scenario
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Figure 2-8: Sector Emissions by Province, 2030 BAU Scenario
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(a) 2030 BAU

b) 2030 3% Climate Policy

c) 2030 4% Climate Policy

d) 2030 5% Climate Policy

e) 2030 Minamata Convention

Figure 2-9: Distribution of Total Mercury Emissions in China
(a) Absolute Emissions, 2030 BAU Case; (b)-(e) Reduction in Emissions Compared
to BAU Case
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a) 2030 3% Climate Policy

b) 2030 4% Climate Policy

c) 2030 5% Climate Policy

d) 2030 Minamata Convention

Figure 2-10: Relative Contribution of Emissions Reductions by Province
Compared to the 2030 BAU Scenario
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2.3.2

Total Deposition in 2030

The highest absolute levels of total deposition in 2030 occur in coastal, central, and
southern provinces for all policy scenarios. The relative contribution of wet and dry
deposition to total deposition does not vary across the policy scenarios. Figure 2-11
shows wet and dry deposition for the 2030 BAU case.
The percent difference in total deposition by province compared to the BAU case
varies across the policy scenarios, as shown in Figure 2-12. The 3% climate policy
scenario exhibits small changes in total deposition relative to the BAU case, with
deposition increasing in some of the southern provinces. All provinces experience a
decrease in total deposition in the 4% climate policy, 5% climate policy, and Minamata
Convention scenarios compared to the BAU case. The highest levels of reduction in
total deposition occur in the coastal, central, and southern provinces, with maximum
reductions centered over Shanxi. The 5% climate policy and Minamata Convention
scenarios exhibit the highest reductions in total deposition compared to the BAU case
of all the policy scenarios at about 25%.
Deposition in some areas outside of China decreases in the climate policy and
Minamata Convention scenarios. Figure 2-13 shows absolute total deposition for
the BAU case across the world, and Figure 2-14 shows percent difference in global
deposition compared to the BAU case for the 4% climate policy scenario, 5% climate
policy scenario, and Minamata Convention scenario (the 3% climate policy case is
not pictured here since it shows very small changes in deposition outside of China).
The 4% climate policy scenario shows small reductions in deposition (less than 3%)
in the northern Pacific Ocean as far east as the West Coast of the United States.
The 5% climate policy scenario shows deposition reductions between 3% and 5% in
the same area, in addition to deposition reduction benefits of approximately 1% to
3% in the northern hemisphere and most of the southern hemisphere. Finally, the
Minamata Convention case shows deposition reductions of approximately 3% to 5%
in the northern hemisphere, and deposition reductions of approximately 1% to 3% in
the southern hemisphere down to approximately the Antarctic circle.
Table 2.13 summarizes total emissions and deposition in Mg for all policy scenarios, comparing China and the rest of the world. Emissions include anthropogenic
emissions, geogenic emissions, soil emissions, biomass burning emissions, land reemissions, snow emissions, and ocean up flux. Total deposition includes wet and dry
deposition as well as Hg2+ deposition to sea salt. The table shows absolute mercury
emissions and deposition for the BAU case and each of the other policy scenarios,
along with the change in emissions and deposition between the BAU case and policy
scenarios. This data is provided globally, for China, and for the rest of the world
(ROW). Additionally, for each policy scenario, the table provides the percent contribution to the change in total deposition compared to the BAU case for China and
the rest of the world. About 30%-40% of the global reduction in total deposition
compared to the BAU case occurs within China, and the remaining 60%-70% occurs
in the rest of the world in all policy scenarios, although the reductions are spatially
distributed across the globe, as shown in Figure 2-14.
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a) Wet Deposition

b) Dry Deposition

Figure 2-11: Wet and Dry Deposition, 2030 BAU Scenario
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a) 2030 BAU

b) 2030 3% Climate Policy

c) 2030 4% Climate Policy

d) 2030 5% Climate Policy

e) 2030 Minamata Convention

Figure 2-12: Distribution of Total Mercury Deposition in China
(a) Absolute Total Deposition, 2030 BAU Case; (b)-(e) Reduction in Total
Deposition Compared to BAU Case
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Figure 2-13: Global Total Deposition, 2030 BAU Scenario
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a) 2030 4% Climate Policy

b) 2030 5% Climate Policy

c) 2030 Minamata Convention

Figure 2-14: Distribution of Global Total Deposition
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Table 2.13: China and the Global Mercury Budget
Emissions (Mg)
MC
BAU
Global 4929 5104
China 864
1043
ROW 4065 4061
Cint3 BAU
Global 5096 5104
China 1035 1043
ROW 4061 4061
Cint4 BAU
Global 5022 5104
China 959
1043
ROW 4063 4061
Cint5 BAU
Global 4953 5104
China 889
1043
ROW 4064 4061

Δ
-175
-179
4
Δ
-8
-8
0
Δ
-82
-84
2
Δ
-151
-154
3

Deposition (Mg)
MC
BAU Δ
4980 5154 -174
334
385
-51
4646 4769 -123
Cint3 BAU Δ
5146 5154 -8
382
385
-3
4764 4769 -5
Cint4 BAU Δ
5073 5154 -81
358
385
-27
4715 4769 -54
Cint5 BAU Δ
5004 5154 -150
337
385
-48
4667 4769 -102

% of Global ΔDeposition

29%
71%

38%
63%

33%
67%

32%
68%

ROW = rest of world MC = Minamata Convention Scenario
Cint3 = 3% Climate Policy Scenario
Cint4 = 4% Climate Policy Scenario
Cint5 = 5% Climate Policy Scenario
𝑜𝑙𝑖𝑐𝑦Δ
% of Global ΔDeposition = 𝑃𝐺𝑙𝑜𝑏𝑎𝑙Δ
* 100%
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2.3.3

Discussion

The results of this study show that China can achieve substantial mercury emissions
and deposition co-benefits through implementing national climate policy. The emissions projection results aggregated at the national level in Figure 2-4 show that all
three climate policy scenarios exhibit reduced total mercury emissions (Hg0 + Hg2+
+ HgP) compared to the BAU case when aggregated to the national level, indicating
the potential for substantial mercury emissions co-benefits of climate policy.
Mercury co-benefits from national climate policy could be comparable to a policy
that achieves the requirements of the Minamata Convention by implementing endof-pipe controls only. The percent reduction in mercury emissions in the 5% climate
policy scenario is nearly equal to the Minamata Convention scenario (15% versus
17%, respectively). Furthermore, the maximum level of reduction in total deposition
compared to the BAU case is similar in the 5% climate policy and Minamata Convention scenarios (around 25%), although the highest magnitude deposition reductions
occur over a larger area in the Minamata Convention case (see Figure 2-12).
Different industries seem to bear the burden of the emissions reductions (and likely
contribute differently to the deposition reductions) across the 2030 policy scenarios
(see Figure 2-5). While the 3% climate policy scenario exhibits the lowest reduction
in emissions compared to the BAU case, the burden of emissions reductions is most
widely distributed across economic sectors in this scenario. This indicates that the
carbon price acting as the policy lever in C-REM for the 3% climate policy scenario
affects economic sectors evenly in comparison to the other climate policy scenarios.
The distribution of the emissions reduction burden across sectors is similar in the
4% and 5% climate policy scenarios, with the Power Generation and Industry Combustion sector bearing most of the reductions. This indicates that the Power and
Industry Combustion sector is most sensitive to carbon price, and the end-of-pipe
controls implemented in this sector also play a role in this burden. Finally, the Power
Generation and Industry Combustion sector shoulders the full burden of the emissions reduction in the Minamata Convention scenario since only end-of-pipe controls
are implemented in that case.
There are some regional disparities in mercury emissions and deposition co-benefits.
In general, the highest absolute levels of total emissions and deposition in 2030 occur
in coastal, central, and southern provinces. In all policy scenarios, Sichuan exhibits
the highest absolute level of mercury emissions, but both Sichuan and the area where
Hubei, Anhui, and Jiangxi intersect exhibit the highest levels of absolute total deposition (see Figures 2-6 and 2-12). Additionally, different provinces experience the
maximum level of emissions reductions compared to the BAU case across the policy
scenarios (Hubei in the 3% and 5% climate policy scenarios, Shanxi in the 4% climate
policy and Minamata Convention scenarios, see Figure 2-10). However, deposition
reductions are small in the 3% climate policy scenario, and the maximum deposition
reductions are centered over Shanxi in the 4% climate policy scenario, 5% climate policy scenario, and Minamata Convention scenario. This indicates that the provinces
contributing most to emissions reductions do not necessarily see the highest decrease
in total deposition.
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Finally, China’s emissions affect the global mercury budget. When aggregated at
the global level, most mercury deposition co-benefits of climate policy in China occur
outside of the country (see Table 2.13). However, I note that deposition reductions
are widely distributed across the globe, so the highest magnitude reductions in deposition still occur within China for all policy scenarios (see Figure 2-14). Deposition
reductions appear to stay within China in the 4% climate policy scenario and 5% climate policy scenario. Although the absolute levels of deposition reductions in China
are similar between the 5% climate policy and Minamata Convention scenarios (25%,
see Figure 2-12), deposition reductions outside of China are higher in the Minamata
Convention scenario, indicating that the Minamata Convention scenario reduces more
Hg0 emissions.

2.4

Policy Implications

Climate policy in China that achieves decarbonization across the country with a
market-based tool such as a carbon tax can provide mercury emissions and deposition
co-benefits that are comparable to policies that implement only end-of-pipe controls to
meet the requirements of the Minamata Convention when aggregated to the national
level. At the regional level, mercury co-benefits of climate policy are not necessarily
uniform across China’s provinces. Combining climate policy with end-of-pipe and
process controls in areas like Sichuan could bring higher reductions in emissions and
potentially deposition to this region of China. I note that the APCD technology
application factors taken from Zhang et al. (2016b) are provided at the national level.
Investigating APCD technologies at the province level could provide better insight
into deposition interactions across provinces.
I note that the mercury emissions and deposition co-benefits observed in the climate policy scenarios are not directly additive to the Minamata Convention scenario.
This is because a portion of the mercury co-benefits of climate policy are due to endof-pipe controls compliant with existing regulations that I implement using APCD
technology information from Zhang et al. (2016b). Evaluating a policy scenario that
combines end-of-pipe controls compliant with the Minamata Convention, along with
the benefits of decarbonizing the economy through a national climate policy like a
carbon tax, would likely reveal benefits greater than either the Minamata Convention
controls or the climate policy alone.
The uneven distribution of the emissions reduction burden across economic sectors
and provinces indicates that harmonizing climate and Minamata Convention policy
could be difficult and lead to unforseen interactions economy-wide. Without deliberate planning or monitoring, costs of complying with climate policy and Minamata
Convention policy in China could accrue unevenly in certain sectors or provinces.
The climate policy scenarios evaluated in this study specifically utilize a carbon
tax for implementation across the provinces in China. I do not account for process
efficiency improvements that would reduce energy use and raw materials input. Considering climate policies that use this implementation strategy would likely increase
mercury emissions and deposition co-benefits. Additionally, the comparatively small
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reduction in mercury emissions compared to the BAU case across climate policy options for the cement, iron and steel, non-ferrous metals production, large-scale gold
mining, and waste EDGAR sectors is an artifact of the carbon tax adjustment to sector production in C-REM. This result indicates that the price on CO2 does not have
a large impact on economic output from these sectors. Sensitivity analyses examining C-REM outputs and individual sector contribution to deposition could provide
greater insight into the mercury co-benefits of climate policy from these sectors.
Two principal uncertainties of the mercury biogeochemical cycle could affect my
results, including in-plume reduction and the impact of legacy emissions. The chemical mechanism by which Hg0 is oxidized to Hg2+ is debated by researchers and serves
as a source of uncertainty in global chemical transport models. A review completed
by Ariya et al. (2015) lists oxidation reactions of mercury with NOx (NO and NO2 ),
HOx (OH and HO2 ), ozone, and halogens such as bromine as having “atmospheric
importance”, but that atmospheric models often simplify the chemical mechanisms.
For example, the version of GEOS-Chem that I use for this analysis models Hg0 oxidation as a reaction with bromine in accordance with Holmes et al. (2010) (I note
that I do not use GEOS-Chem with the new chemical mechanisms for mercury oxidation and reduction from Horowitz et al. (2017); they improve on the model’s halogen
chemistry, including both bromine and chlorine). Previous studies have found a discrepancy between modeled and observed Hg0 concentrations and wet deposition fluxes
(Seigneur et al., 2006; Selin et al., 2008; Holmes et al., 2010; Zhang et al., 2012; Baker
& Bash, 2012; Holloway et al., 2012; Bash et al., 2014; Gustin et al., 2015; Travnikov
et al., 2017). Researchers debate whether some Hg2+ is reduced back to Hg0 in the
atmosphere in the aqueous phase of clouds or on the surface of particles. This occurs either by in-plume reduction near combustion sources such as power plants or
reduction by organic acids (Ariya et al., 2015; Subir et al., 2012; Gustin et al., 2015;
Driscoll et al., 2013). In-plume reduction can be evaluated by converting a portion of
Hg2+ emissions from coal-fired power plants to Hg0 (Giang et al., 2015). This would
likely result in greater deposition outside of China, since Hg0 has a longer lifetime
than Hg2+ .
Legacy emissions may also affect the deposition results of this analysis, although
legacy impacts are minimized by evaluating deposition as a percent difference compared to a baseline policy scenario. Mercury emitted to the atmosphere cycles with
terrestrial, freshwater, and ocean systems. On land, mercury is deposited through
wet and dry deposition mostly as Hg2+ (Selin, 2009). It can be re-emitted through
prompt recycling, litterfall decomposition in the soil where Hg2+ uptake has occurred
followed by reduction to Hg0 , or biomass burning (Selin, 2009; Driscoll et al., 2013).
Mercury is incorporated into vegetation directly through “gas exchange” at plant
leaves as well as absorption through roots by way of the soil (Selin, 2009). In freshwater and ocean systems, mercury is deposited through wet and dry deposition (Selin,
2009). Re-emission can occur when Hg2+ is reduced to Hg0 in the water (Selin, 2009).
Ultimately, the final resting place of mercury is in deep ocean reservoirs (Selin, 2009).
The lifetime of mercury against deposition in the deep ocean is on the order of thousands to tens of thousands of years as a result of this biogeochemical cycle, making
legacy emissions important when considering the environmental burden of mercury
59

(Selin, 2009). The analysis performed by Giang et al. (2015), which evaluates mercury emissions from coal-fired power plants in China and India projected to 2050,
concludes that legacy emissions could increase the difference between their evaluated
policy scenarios by approximately 30%. They examine the impact of legacy emissions
using the seven-box model developed by Amos et al. (2013). Legacy emissions would
likely affect the results of this analysis in a similar way.
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Chapter 3
Evaluating Policy for Sustainable
Development in China
In 2015, the United Nations General Assembly adopted the 2030 Agenda for Sustainable Development. The Agenda includes 17 Sustainable Development Goals (shown
in Figure 3-1) and 169 targets with deadlines ranging from 2020 to 2030 (UN General Assembly, 2015). Several of the goals are applicable to air pollution and climate
policy.
∙ Goal 3: Ensure healthy lives and promote well-being for all at all ages.
∙ Goal 8: Promote sustained, inclusive and sustainable economic growth, full and
productive employment and decent work for all.
∙ Goal 11: Make cities and human settlements inclusive, safe, resilient, and sustainable.
∙ Goal 13: Take urgent action to combat climate change and its impacts.
While the Sustainable Development Goals go a long way in providing a common
framework for countries to achieve sustainability, the 2030 Agenda for Sustainable
Development acknowledges that targets are designed to be achieved at the national
level, and few metrics exist to evaluate prospective policy options for multiple dimensions of sustainable development simultaneously (UN General Assembly, 2015).
Sub-national sustainability metrics could help evaluate policy options that provide
incentive to participate in global collective action problems like climate change. In
this chapter, I discuss a framework for evaluating climate policy in China at the
sub-national level using the Inclusive Wealth Index, a metric of sustainability.

3.1
3.1.1

Background
History of Sustainable Development

In 1983, the World Commission on Environment and Development (WCED, also
known as the Brundtland Commission) was tasked by the General Assembly of the
61

Figure 3-1: United Nations Sustainable Development Goals
United Nations to come up with “a global agenda for change” (WCED, 1987; Borowy,
2014). The culmination of the WCED’s work lives on in “Our Common Future”,
where we find the definition of sustainable development most commonly used today:
“... development that meets the needs of the present without compromising the ability
of future generations to meet their own needs,” (WCED, 1987). Iris Borowy argues
that while the Brundtland Commission did not necessarily produce an implementable
agenda, they did start a conversation about what the concept means and how it could
be achieved (Borowy, 2014).
The Brundtland Commission’s definition of sustainability gets at the issue of
tradeoffs across environmental action and economic development. When outcomes
across issue domains (such as environment and economics) and time horizons (meeting the needs of today’s population versus compromising on the needs of future generations) are not considered, policy options could present unintended effects for a
population.

3.1.2

The Inclusive Wealth Index (IWI)

The Inclusive Wealth Index (IWI) embodies the definition set forth by the Brundtland
Commission by evaluating inter-generational well-being in a country. It combines aspects of traditional economic indicators such as gross domestic product (GDP) and
the Human Development Index (HDI) with measures of the natural world that influence a country’s well-being. Dasgupta (2014) describes the basis of IWI as predicated
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on the Brundtland Commission’s findings.
The IWI quantifies a country’s capital stocks, including produced capital, natural
capital, and human capital.
∙ Produced capital is traditional built capital assets, also described as reproducible or manufactured capital. It includes equipment, machinery, roads, and
other physical infrastructure (UNU-IHDP & UNEP, 2012).
∙ Natural capital is resources derived from the natural world with use-value,
aesthetic value, and cultural value. It includes fossil fuels, minerals, forest resources, agricultural land, and other ecosystem services (UNU-IHDP & UNEP,
2014).
∙ Human capital represents the value of a society’s people. It includes “education, skills, tacit knowledge, and health” (UNU-IHDP & UNEP, 2012).
Together, these capital assets represent the productive base of well-being (Dasgupta,
2014). If the value of the capital assets does not diminish over time, inter-generational
well-being is maintained (Dasgupta, 2014).

3.1.3

Using IWI as a Tool for Policy Analysis

Several previous studies outline a framework for using the IWI for retrospective and
prospective policy analysis.
Early IWI evaluations focused on national-level, retrospective data. Arrow et al.
(2012) detailed a theoretical framework for the concept of inclusive wealth and applied it to a retrospective analysis of total produced capital, natural capital, and
human capital (considering education and health) in the United States, China, India,
Venezuela, and Brazil. The 2014 Inclusive Wealth Report includes a discussion on
using the inclusive wealth index to assess policy instead of the capital stocks of an
entire country at large (UNU-IHDP & UNEP, 2014). One of their case studies examines air pollution and energy infrastructure in China using an analysis by Matus et al.
(2012). The case study raises an interesting question about China: when policy outcomes are considered in a holistic way with metrics such as the IWI, is it possible that
the capital gains aimed at developing the economy can outweigh the monetized cost
of environmental externalities? They use a computable general equilibrium model
to internalize health benefits from reduced air pollution back into China’s economy
through lost labor and leisure time from 1975 to 2005. The Inclusive Wealth Report
suggests that the high magnitude increase in produced capital in China from 1975 to
2005 may actually compensate for the reductions in human capital from air pollution
over the same period.
Using IWI to evaluate prospective policies requires a comparison across policy
outcomes. Collins et al. (2017) present the first prospective policy analysis using
the IWI. They examine 2050 electricity policy options at the national level in the
oil-producing countries of Saudi Arabia, Kuwait, and the United Arab Emirates,
taking into consideration produced capital, natural capital represented by oil stocks,
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and human capital represented by educational attainment and applicable impacts
on wages. They do not consider a health component of human capital. They find
policy options that lead to reduced oil consumption can result in a net increase in
inclusive wealth (incorporating human capital) for Saudi Arabia and Kuwait, but a
net decrease for the United Arab Emirates.
Siddiqi & Collins (2017) argue that low spatial resolution of index results is a
weakness of the Inclusive Wealth analyses performed to date. National level IWI
results conceal variations in the allocation of wealth provided by the various capital
stocks, making it difficult to draw conclusions on a policy’s ability to achieve inclusive
growth and development (Siddiqi & Collins, 2017). Inclusive growth and development
is the concept that people across the socioeconomic spectrum benefit from a changing
economy where growth occurs across sectors, an idea that aligns well with the 2030
Sustainable Development Agenda intent to ensure “no one is left behind” (Siddiqi &
Collins, 2017; Samans et al., 2015; UN General Assembly, 2015). Evaluating inclusive
growth using IWI requires country-specific studies that capture the distributional
impacts of a national policy as close to the local level as possible.

3.2

A Framework for Evaluating Climate Policy in
China Using IWI

In this chapter, I suggest a framework for comparing prospective climate policies in
China at the sub-national level using the IWI by drawing on the methodologies used
by Arrow et al. (2012), the 2014 Inclusive Wealth Report (UNU-IHDP & UNEP,
2014), and Collins et al. (2017). I suggest utilizing provincial-level economic data
from the C-REM model analysis on climate policy and PM2.5 co-benefits performed
by Li et al. (2017b) to calculate produced capital and natural capital. I also suggest a
method for incorporating high-resolution health data (1/2∘ × 2/3∘ latitude-longitude
grid) into the IWI analysis. The climate policy scenarios I discuss here are from Li
et al. (2017b) and are listed in Table 2.5. For a discussion of the analysis performed
by Li et al. (2017b), see Chapter 2.

3.2.1

Produced Capital

The 2014 Inclusive Wealth Report defines produced capital by combining a base year
of capital, investment in each year since the base year, and a capital depreciation rate
(UNU-IHDP & UNEP, 2014).
𝐾𝑡 = (1 − 𝛿)𝑡 𝐾0 +

𝑡
∑︁
𝑗=1

where
𝐾𝑡 = Produced capital in the current year
𝛿 = Capital depreciation rate
𝐾0 = Produced capital in the base year
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𝐼𝑗 (1 − 𝛿)𝑡−𝑗

(3.1)

𝐼𝑗 = investment in each year between the base year and the current year
𝑡 = current year
𝑗 = interim years between the base year and the current year
Essentially, Equation 3.1 states that produced capital in the current year is the
sum of depreciated capital from the base year and new capital investments in the
interim years. Taking the difference of K𝑡 for two different policy scenarios with the
same base year simplifies the data required to perform the calculation.
The economic evaluation performed by Li et al. (2017b) using C-REM analyzes
2030 policy scenarios with a base year of 2007. C-REM outputs “Total Investment in
Current Value” for each province and policy scenario in the year 2030 (Springmann
et al., 2015; Zhang et al., 2013, 2016a). I approximate the difference in produced
capital based on the discounted difference in investment between the climate policy
scenarios and the 2030 BAU case.
Δ𝐾𝑝 = 𝐼𝑝,𝑝𝑜𝑙𝑖𝑐𝑦 (1 − 𝛿)𝑡−𝑗 − 𝐼𝑝,𝑏𝑎𝑢 (1 − 𝛿)𝑡−𝑗

(3.2)

Here, 𝑝 represents each province in China. I use a capital depreciation rate of 4%
per year, which is aligned with the methodology of the 2014 Inclusive Wealth Report
(UNU-IHDP & UNEP, 2014).

3.2.2

Natural Capital

I use fossil fuel resources to represent natural capital in China. The climate policies
evaluated in Li et al. (2017b) are essentially implemented as a carbon tax, making
coal resources a good indicator of changes in natural capital across the climate policy
scenarios.
The 2014 Inclusive Wealth Report (UNU-IHDP & UNEP, 2014) and Arrow et al.
(2012) define natural capital from fossil fuels as the product of the resource stock,
production, and shadow price subtracted from fossil fuel reserves in a base year. CREM includes estimates of the fossil fuel reserves in each province in the model’s base
year, 2007. C-REM also outputs fossil fuel production for each province and policy
scenario in 2030.
To find the natural capital in a future year of interest to policy, this calculation
should be performed for each year between the base year and policy year. However, I
estimate production in interim years between 2007 and 2030 by multiplying production in 2030 by 23 years. In the absence of data on shadow price and coal price for
each province and policy scenario from Li et al. (2017b), I use the 2015 coal price in
Asia from British Petroleum (2016) to approximate the 2030 price.
Change in natural capital from coal between the climate policy scenarios and the
2030 BAU case in a province of China can be calculated as follows.
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Δ𝑁𝑓 𝑓,𝑝 = (𝑆2007 −23*𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑗,𝑝,𝑝𝑜𝑙𝑖𝑐𝑦 )*𝑝𝑐 −(𝑆2007 −23*𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑗,𝑝,𝑏𝑎𝑢 )*𝑝𝑐 (3.3)
where
Δ𝑁𝑓 𝑓,𝑝 = Difference in natural capital from fossil fuels
𝑆2007 = China coal stock in C-REM’s base year, 2007, mtce
𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑗,𝑝 = Production in each year between 2015 and 2030 in each province
of China, mtce
𝑝𝑐 = Price of coal, Asia, British Petroleum (2016), $60USD/tonne

3.2.3

Health Capital to Represent Human Capital

The component of human capital most likely affected by climate policy in China is
health capital. Arrow et al. (2012) defines health capital (𝐻) for an individual as “the
expected discounted years of life remaining multiplied by the value of an additional
year of life”.
𝐻=

10
∑︁

𝑉 𝑆𝐿𝑌𝑎 (𝐿𝑎 − 𝐴𝑎 )(𝑃 𝑜𝑝𝑎 − 𝑀 𝑜𝑟𝑡𝑎 )

(3.4)

𝑎=1

𝑉 𝑆𝐿𝑌𝑎 =

𝑉 𝑆𝐿𝐶ℎ𝑖𝑛𝑎
(𝐿𝑎 − 𝐴𝑎 )

(3.5)

where
𝑎 = China’s population organized into 10 age groups
𝑉 𝑆𝐿𝑌𝑎 = Value of a statistical life year for the age group of interest, discounting
optional
𝐿𝑎 = Total life expectancy of age group 𝑎 (in years/life)
𝐴𝑎 = Average age of age group 𝑎 (in years/life)
𝑃 𝑜𝑝𝑎 = Population of age group 𝑎
𝑀 𝑜𝑟𝑡𝑎 = Mortality of age group resulting from the policy scenario of interest
𝑉 𝑆𝐿𝐶ℎ𝑖𝑛𝑎 = China’s value of a statistical life
Li et al. (2017b) calculate avoided mortality resulting from PM2.5 health cobenefits of climate policy using the 2010 Global Burden of Disease exposure-response
relationships in a 0.25∘ × 0.667∘ latitude-longitude grid over China (Burnett et al.,
2014). Health capital can be computed at this same grid resolution, and can be aggregated to the province level for comparison with produced capital and natural capital
data. Here, I estimate health capital at the province level. I combine equations 3.4
and 3.5 to give a simplified form of health capital, the sum of the VSL-value of the
age group populations for a given policy scenario. The difference in health capital
between two policy scenarios can be calculated using mortality data from each policy
scenario and combining age groups.
Δ𝐻𝑝 =

10
∑︁

𝑉 𝑆𝐿𝐶ℎ𝑖𝑛𝑎 (𝑀 𝑜𝑟𝑡𝑎 , 𝑝, 𝑏𝑎𝑢 − 𝑀 𝑜𝑟𝑡𝑎 , 𝑝, 𝑝𝑜𝑙𝑖𝑐𝑦)

𝑎=1
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(3.6)

Li et al. (2017b) monetize health benefits using several estimations of VSL. Here,
I use the VSL calculated using data for China from Wang & He (2010) converted to
2007 USD, at $165,000 2007 USD, and no discounting. Note that the health capital
calculation and subsequently the inclusive wealth index is sensitive to choice of VSL
value.

3.2.4

Results

Figure 3-2 shows the change in inclusive wealth between each of the climate policy
scenarios and the BAU case. In each policy scenario, Shanxi exhibits the greatest
increase in Inclusive Wealth ranging from $30 billion 2007 USD in the 3% climate
policy scenario to over $400 billion 2007 USD in the 5% climate policy scenario. Most
provinces experience higher inclusive wealth in the climate policy scenarios, although
there are a few provinces that have slightly higher inclusive wealth in the BAU case.
Produced capital primarily decreases in the climate policy scenarios, whereas natural capital and health capital increase across the provinces and climate policy scenarios. Shanxi exhibits the highest magnitude change in produced capital and natural
capital in all climate policy scenarios, and Guangdong experiences the greatest change
in health capital in all climate policy scenarios. Figures 3-3, 3-4, and 3-5 show the
changes in produced capital, natural capital, and human capital, respectively, for the
4% climate policy scenario. The distribution of changes in the capital stocks is similar
across policy scenarios.

3.2.5

Discussion

This analysis shows that the difference in Inclusive Wealth between the BAU case
and climate policy scenarios in China varies across provinces (see Figure 3-2). Most
provinces experience higher Inclusive Wealth under the climate policy scenarios compared to the BAU case, indicating that the climate policy scenarios could be considered more sustainable than the 2030 BAU trajectory.
Only produced capital is lower in the climate policy scenarios in some provinces
compared to the BAU case, indicating that climate policy results in lower built capital
stock investment. Natural capital savings in the climate policy scenarios is an order
of magnitude higher than the change in either produced capital or human capital.
Practically speaking in the context of this analysis, this means that China ends up
with greater coal stock in the climate policy scenarios compared to the 2030 BAU
case.
This analysis does not provide insight into the interaction between China’s Inclusive Wealth and the rest of the world. Particularly, I cannot make a determination on
what China might do with the additional coal stock. If they sell it to other countries,
this would likely have a negative impact on health capital elsewhere in the world, but
could perhaps improve produced capital assets.
I note that I do not account for trends in changing investment and coal production
over time in the calculation of produced capital and natural capital, respectively. If
these trends are somewhat linear or behave similarly in the climate policy scenarios
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Figure 3-2: Change in Inclusive Wealth Index Compared to 2030 BAU Case
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Figure 3-3: Changes in Produced Capital
4% Climate Policy Scenario Compared to 2030 BAU Case
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4% Climate Policy Scenario Compared to 2030 BAU Case
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and the BAU case, then this methodology choice likely does not impact the results.
However, differing trends between the climate policy scenarios and the BAU case
could change the results.
Additionally, I am not using a shadow price to calculate natural capital as recommended by the 2014 Inclusive Wealth Report (UNU-IHDP & UNEP, 2014). Shadow
price expresses hidden value consumers place on a good that is not expressed by
market price, i.e. it is the utility value of a good (Kerr, 2015b). In the case of coal,
hidden value could be tied up in its ability to provide cheap energy to a coal plant
in rural China that supplies homes with reliable electricity that previously did not
have access. Including shadow price in the natural capital calculation would likely
increase Inclusive Wealth within a given year and policy scenario.
Overall, this framework provides an alternative method for monetizing the effect
of policy options. It gives different results from evaluating gross domestic product
(GDP) alone. Li et al. (2017b) provide changes in consumption across the provinces
for the 4% climate policy scenario, which can serve as a proxy for GDP. With the
exception of Liaoning, Hebei, Jiangxi, and Gansu, all other provinces experience a
decrease in consumption in the Li et al. (2017b) study, whereas Inclusive Wealth
increases in nearly all provinces based on the same set of economic output in the
4% climate policy scenario. Additionally, this framework has the flexibility to take
into account more factors than a co-benefits analysis such as the one performed in
Chapter 2. The following section describes how cropland and human capital effects
of mercury pollution could be incorporated into this Inclusive Wealth evaluation.

3.2.6

Options for Incorporating Mercury Pollution

Cropland could also be another form of natural capital evaluated under climate policy
options. In the context of China, cropland could be impacted by climate policy
through mercury pollution. Rice is a possible human exposure pathway for mercury
(Meng et al., 2011, 2014). In Chapter 2, I analyze the mercury co-benefits of climate
policies and find that climate policy could provide substantial reductions in total
mercury deposition compared to the BAU case across China. Evaluating the change
in deposition over rice-growing areas in China could be included in the natural capital
calculation.
The 2014 Inclusive Wealth Report defines natural capital from cropland on the
basis of the crop’s average rental price per hectare, R𝑝𝑎 (UNU-IHDP & UNEP, 2014).
𝑅𝑝𝑎 =

𝑅𝑃 𝑄
𝐴

(3.7)

where
𝑅 is the rental rate of the crop
𝑃 is the price per quantity of crop
𝑄 is the quantity of crop produced
𝐴 is the total area harvested
Mercury contamination of rice paddies could be represented in the calculation of
natural capital as reduced values of 𝐴 and 𝑄. Geospatial data on rice-growing areas
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overlaid with mercury deposition could determine 𝐴. Expected effects of the level of
deposition on production quantity could be evaluated for 𝑄. Future work is required
to develop a framework for evaluating changes in cropland natural capital for climate
policy scenarios in China on the basis of mercury contamination of rice paddies.
Additionally, long-term, low-dose health effects of methylmercury exposure through
fish consumption and rice consumption could be incorporated into the human capital
component of inclusive wealth. Pregnant women and their young children exposed as
developing fetuses are considered the most sensitive population to mercury exposure,
with exposure in utero linked to neurologic functions in children such as “cognitive
development, attention and behavior, and motor skills,” (Axelrad et al., 2007). Researchers also recognize cardiovascular effects in adults as an effect of long-term,
low-dose exposure to methylmercury (Roman et al., 2011). Other possible health
impacts include carcinogenic, reproductive, and immunological effects (Yorifuji et al.,
2013; NRC, 2000).
The neurologic effects of mercury could contribute to components of human capital
besides health, including education, skills, and lifetime earnings. Other health effects
of mercury could be incorporated as health capital, similar to the evaluation of PM2.5
health effects provided above. This would require analysis of fish tissue and rice plant
concentration changes with the policy scenarios, and corresponding dietary data for
the affected population, in addition to an atmospheric fate and transport analysis
such as the one performed in Chapter 2 (Giang & Selin, 2016). However, data on fish
tissue concentration for seafood consumed in China, rice plant concentrations, and
Chinese population dietary data are not currently available.
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Chapter 4
Policy Recommendations and
Conclusions
In this chapter, I consider my final research question on how decision-makers can consider interacting factors of climate change, air pollution, and economic development in
evaluating regional effects of national-level policy options that address international
commitments.

4.1

Taking Action on Climate Change and Meeting Environmental Goals Effectively

The results of the mercury co-benefits study presented in Chapter 2 show that China
has policy options for addressing climate change and mercury pollution simultaneously. The flexibility already exists within the Paris Agreement on climate change and
the Minamata Convention on Mercury to design implementation strategies that utilize
co-benefits. As discussed in Chapter 1, countries are free to create their own NDCs
tailored to their domestic needs under the Paris Agreement. Similarly, the Minamata Convention directs Parties to create a National Implementation Plan to control
emissions. Multi-pollutant control strategies that take advantage of co-benefits are
included in the list of measures countries can choose from for controlling emissions
from existing sources. A National Implementation Plan taking advantage of mercury
co-benefits of climate policy would thus fall under the requirements of the Minamata
Convention on Mercury.
Furthermore, the international environmental governance community has already
recognized the link between climate change and other forms of pollution within the
framework of the Montreal Protocol on Substances that Deplete the Ozone Layer.
Negotiators recently provided a new motivator for chemical companies to develop
alternatives to hydrofluorocarbons (HFCs), gases with high global warming potential relative to CO2 . HFCs became the primary replacement for chlorofluorocarbons
(CFCs), substances commonly used for refrigeration and air conditioning that were
shown to deplete the ozone layer (Deol et al., 2015; Solomon, 1999). In October
2016, at the 28th Meeting of the Parties to the Montreal Protocol, the member par75

ties adopted the Kigali amendments to phase-down HFCs on the basis of their global
warming potential, although climate change was not the original focus of the Protocol
(UNEP, 2016b).

4.2

Sustainable Development and Meeting Environmental Goals Effectively

The analysis presented in Chapter 2 finds substantial reductions in mercury deposition
for the 4% and 5% Climate Policy scenarios compared to the BAU case. However,
this environmental indicator taken by itself does not tell the full story of mercury
co-benefits in the country because we cannot draw conclusions about the impact of
mercury and climate policy on human health from deposition data alone.
Humans are primarily exposed to mercury through seafood consumption. Mercury
combines with a methyl group (CH3 + ) in the environment to form methylmercury, a
compound that is particularly harmful to humans (Selin, 2009). According to Selin
(2009), methylmercury is a neurotoxin that “accumulates through multiple levels in
the aquatic food chain” (Selin, 2009). This means that aquatic predators consume
food contaminated with methylmercury, concentrating the amount of the substance in
the predator’s tissues (Selin, 2009). As a result, humans can consume methylmercury
by eating contaminated fish (Selin, 2009).
Another possible human exposure pathway is through rice consumption. Methylmercury in soil is absorbed by plant roots, transferred first to the leaf and stalk, and then
to the rice seed during the growing season (Meng et al., 2011). Once ripened, Meng
et al. (2014) have postulated that methylmercury is incorporated into the inedible
hull, edible bran, and edible white rice of the plant grain.
The accumulation of methylmercury in fish and rice is nonlinear, and the corresponding physiological response in humans to methylmercury from food consumption
is also nonlinear. Furthermore, a person’s diet also influences mercury exposure, and
certain demographic populations may be particularly vulnerable to exposure such as
subsistence fishing and rice farming communities living below the poverty level nearby
a coal-fired power plant. As a result, examining geospatial deposition data does not
capture enough information on nonlinearities of human exposure to mercury, environmental justice issues associated with various policy scenarios and the status quo,
and distributional effects of policy benefits to draw robust conclusions about health
effects of mercury. However, understanding the health effects of mercury is vitally
important.
The two most prominent high-dose methylmercury exposure episodes occurred
in Japan in the 1950s and 1960s (Minamata and Niigata) and Iraq in the 1970s
(Yorifuji et al., 2013). Chemical manufacturers Chisso (with a factory in Minamata)
and Showa Denko (with a factory in Niigata) released methylmercury associated with
manufacture of acetaldehyde into local waterways, contaminating seafood consumed
by residents (Yorifuji et al., 2013). In Iraq, mercury used in fungicides in the 1970s
contaminated mislabeled seed grains meant for making bread (Yorifuji et al., 2013).
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The health impacts resulting from these high exposure episodes served as a motivator for controlling mercury releases to the environment. The symptoms of human
MeHg exposure in these two cases included difficulty walking and speaking, loss of
peripheral vision, and impaired hearing (Yorifuji et al., 2013). Additionally, children
in Minamata, Japan, born to mothers who had consumed large doses of methylmercury while they were pregnant exhibited intellectual disabilities, reduced motor skills
and reflexes, physical deformities, and impaired growth (Yorifuji et al., 2013). Over
2000 people are officially diagnosed with Minamata disease from the exposure incidents in Japan, while tens of thousands exhibit some of these neurological symptoms
characteristic of a high-dose methylmercury exposure (Yorifuji et al., 2013). The
Iraq exposure episode likely resulted in thousands of hospitalizations and hundreds
of deaths (Yorifuji et al., 2013).
As a result of the high-dose methylmercury exposure episodes, scientists and
policymakers now consider the effects of long-term, low-dose human exposure to
methylmercury. Pregnant women and their young children exposed as developing
fetuses are considered the most sensitive population, with exposure in utero linked to
neurologic functions in children such as “cognitive development, attention and behavior, and motor skills,” (Axelrad et al., 2007). Researchers also recognize cardiovascular
effects in adults as an effect of long-term, low-dose exposure to methylmercury (Roman et al., 2011). Other possible health impacts include carcinogenic, reproductive,
and immunological effects (Yorifuji et al., 2013; NRC, 2000).
In addition to the severity of mercury exposure effects on individuals, monetizing health effects shows that human exposure to mercury can present a significant
economic burden to a society as a whole. Giang & Selin (2016) performed a comprehensive analysis of the health benefits associated with several policy scenarios
controlling mercury emissions in the United States. The policy scenarios are based
on the Mercury and Air Toxics Standards as well as the US commitments under the
Minamata Convention on Mercury. They monetize IQ effects in children and cardiovascular effects in adults on an economy-wide basis (accounting for labor productivity
and wages) and a lifetime basis (“cost-of-illness and value of a statistical life”). They
estimate that the more stringent mercury control scenario based on the Minamata
Convention results in monetized economy-wide welfare benefits of $43 billion to $104
billion and $147 billion to $339 billion in lifetime welfare benefits.
A health impact analysis like the one performed by Giang & Selin (2016) requires
atmospheric analyses on the fate and transport of mercury, analysis on fish tissue
concentration changes with the policy scenarios, and corresponding dietary data for
the affected population. The analysis performed in Chapter 2 could serve as the
atmospheric fate and transport input to an evaluation of mercury health impacts in
China. However, data on fish tissue concentration for seafood consumed in China
and Chinese population dietary data are not currently available.
Another dimension of health impact analysis of mercury exposure in China could
focus on rice consumption. Few studies have focused on human exposure to mercury
through rice. Deposition results from the evaluation in Chapter 2 performed at a
higher spatial resolution could support a framework to evaluate human exposure
to mercury through rice consumption in China, combined with data on rice crop
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production, dietary data, and rice plant concentrations of mercury.
A health impact analysis on mercury exposure through fish and rice consumption
in China could contribute to a more comprehensive analysis of inclusive wealth, especially for the health capital component of the index. The 2014 Inclusive Wealth
report states that, “[Health capital] is likely the most important form of capital in
producing human well-being,” (UNU-IHDP & UNEP, 2014). Capturing multiple dimensions of human health through health capital could help make the IWI a more
robust indicator of sustainable policy options.
The health effects of China’s mercury emissions do not halt at China’s borders.
China’s domestic mercury and mercury policy influence human and ecosystem exposure not only within the country’s borders, but also in the world’s oceans, exerting
influence on mercury contamination of the global seafood market. Giang et al. (2015)
project emissions from coal-fired power plants to 2050 in China and India under Minamata Convention policy scenarios and find that deposition benefits are significant
to the Pacific and Indian Oceans, major sources of seafood to the world market. In
a later study focused on mercury emissions in the US, Giang & Selin (2016) reach
a similar conclusion on deposition in the Pacific and Atlantic oceans, where much
of the US commercial fish market sources its product. They find that deposition to
these oceans is “heavily influenced by emissions from non-US sources, including East
and South Asia,” (Giang & Selin, 2016).

4.3

Incentive for Collective Action

The crux of the analyses performed in this thesis is that local air pollution co-benefits
and a holistic examination of factors contributing to sustainable environmental policy
could provide incentive for collective action on global issues such as climate change.
Specifically, mercury co-benefits of climate policy in China can be realized within
the country as well as the rest of the world. This dual international and local behavior of mercury, and its interactions with climate policy, makes it a prime issue to
straddle the massive collective action challenge of international environmental governance discussed in Chapter 1. In particular, the 5% climate policy scenario provides
China with perhaps the greatest incentive to participate in collective action on climate change. This climate policy option is ambitious for China as it would reduce
their carbon intensity to the global mean level by 2030. Under this policy scenario,
the country can take advantage of domestic mercury co-benefits that help remedy
international mercury pollution while also meeting its commitments to global climate
action. Additionally, this policy option shows the highest level of Inclusive Wealth
compared to a business-as-usual trajectory. Regardless of their policy choice, China’s
commitments under the Paris Agreement and Minamata Convention are linked with
the rest of the world, and their continued involvement in international environmental
governance is crucial.
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